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The ultra-wide bandgap (UWBG) semiconductor aluminum nitride (AlN)

has conventionally been used in optoelectronics, and as piezoelectric layers

in radio-frequency (RF) micro electro-mechanical systems (MEMS). AlN, as an

electronics platform, is now positioned as a strong candidate to meet the de-

mands of next-generation high-frequency communication. This is thanks to its

unique capability of integrating RF active devices, such as transistors and pas-

sive RF devices, such as filters, antennas and waveguides, onto a single chip.

This dissertation represents a significant step towards realizing the vision

of integrated RF electronics on the AlN-platform. Conductive channels are re-

alized on this otherwise electrical insulator, by employing careful polarization

physics, heterostructure design and epitaxial growth, which are then used to

fabricate record-performance complementary n- and p-channel transistors.

First, the discovery of the long-missing undoped III-nitride 2D hole gas

(2DHG) in GaN/AlN heterostructures is presented. The suppression of impu-

rities from the substrate using carefully engineered blocking layers is found to

be crucial in achieving repeatable, large-area growths of these 2DHGs. These

2DHGs overcome the limitations of acceptor doping of GaN to exhibit record

high p-type conductivity. Combined with the best-in-class low-resistance Mg-

InGaN ohmic contacts, these 2DHGs are then used to enable the first nitride

p-channel transistors that break the GHz-speed barrier.



Next, by adding a thin AlN layer on top of the GaN/AlN heterostructure, a

parallel 2D electron gas (2DEG) is induced. Electroluminescence from this struc-

ture proves the presence of first-of-its-kind polarization-induced 2DEG-2DHG

bilayer. The high-density 2DEG in the AlN/GaN/AlN heterostructure is then

studied in detail for use as a channel in AlN high electron mobility transistor

(HEMT)-based mm-wave power amplifiers (PAs). This 2DEG provides access

to GaN conduction band electron states higher than previously possible in mag-

netotransport measurements, through which electron effective mass of 0.3.m0

is extracted at densities of 2-3×1013 cm−2. The state-of-art scaled AlN HEMTs

demonstrate output powers of ∼2 W/mm at operating frequencies upto 94 GHz.

A path to higher output powers is provided through a unique in-situ AlN passi-

vation technique which drastically reduces the RF-DC dispersion from the sur-

face states in AlN HEMTs. By scaling the GaN channel layer down to 3 nm,

enhancement-mode operation is achieved for the first time in AlN metal-oxide-

semiconductor (MOS)-HEMTs for use in complementary logic and RF circuits.

The dissertation then details the integration of these active RF devices on the

AlN-platform. Combined with the recent demonstrations of passive RF compo-

nents like epitaxial-AlN bulk acoustic waveguide (BAW) filters and SiC sub-

strate integrated waveguides (SIW) on the same materials as the active devices,

this work should unlock new high-efficiency and low cost applications spaces

for RF and complementary integrated UWBG electronics on the AlN-platform.
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line indicating where a high-density 2D hole gas (2DHG) is
present. (b) Energy band diagram showing the band alignment
at the GaN/AlN interface and the 2DHG. (c) Polarization dif-
ference at the undoped GaN/AlN interface gives rise to fixed
negative sheet charges, which together with a valence band off-
set between the GaN and AlN, leads to a tightly-confined mobile
2DHG channel. (d) The sheet resistance map shows the unifor-
mity of the 2DHG across the MBE-grown 2 inch wafer, pieces
of which were used for fabricating the devices in this work.
(e) Cross-sectional STEM scan showing highly uniform epitaxial
growth and sharp, abrupt GaN/AlN interface as desired. Figure
modified from Nomoto, Chaudhuri et al. [39], © 2020 IEEE . . . . . . 118

3.9 Fabrication process for scaled GaN/AlN p-FETs, which consists
of (a) MBE grown GaN/AlN heterostructure with the Mg-doped
In0.05Ga0.95N layer, (b) non-alloyed Pd/Au/Ni ohmics, (c) Cl2 -
based ICP etching for mesa isolation , (d) first ”global” recess
etch step for removing Mg-InGaN, (e) second recess etch with
electron-beam lithography (EBL) to thin the gate-channel dis-
tance and define the channel, and (f) Mo/Au Schottky T-gate.
(g) Enlarged cross-sectional schematic of the final device struc-
ture with a T-gate of LG = 120 nm, WG = 25 µm × 2, and 70◦

angled-view SEM images of the fabricated p-FETs and T-gate.
Figure modified from Nomoto, Chaudhuri et al. [39], © 2020 IEEE . . 119

3.10 Transistor characteristics of the p-channel FETs with LG = 120
nm, WG = 25 µm × 2, and LS D = 680 nm. (a) Output I-V curves
show current saturation and an on-resistance of 18.6 Ω mm at
VGS = -4 V. (b) Log-scale transfer curves show two orders of
Ion/Io f f modulation, limited by Schottky gate leakage. (c) The
linear-scale transfer curve shows normally-on operation and a
peak gm,ext of 66 mS/mm. (d) maximum drain current ID versus
gate length LG for scaled GaN/AlN p-channel FETs shows the ef-
fect of device scaling. From Nomoto, Chaudhuri et al. [39], © 2020
IEEE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

3.11 Small-signal measurements on the p-channel FETs with LG = 120
nm, WG = 25 µm × 2, and LS D = 680 nm. (a) S-parameter measure-
ment results on the GaN/AlN p-channel FETs showing cut-off
frequencies fT/ fMAX= 19.7/23.3 GHz. (b) and (c) show the VDS

and VGS bias dependence of the fT and fMAX respectively. The
colors indicate frequencies on the contour maps. From Nomoto,
Chaudhuri et al. [39], © 2020 IEEE . . . . . . . . . . . . . . . . . . . 121
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3.12 Fabricated GaN/AlN pFETs with (a) Schottky-gate and (b) ALD
SiO2 under the gate (MIS-gated), with similar device dimen-
sions. The MIS gate is expected to reduce the gate leakage com-
pared to a Schottky gated device. (c) SEM image of the sputtered
Mo T-gate head showing an intact gate head, which is expected
to reduce the gate resistance and thereby boost the fMAX . . . . . 122

3.13 DC characteristics comparing the Schottky gated and the MIS-
gated p-HFETs (a) shows a suppression of gate leakage in the
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on-off ratio. (b) the linear transfer curve shows the MIS-gated
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3.14 Low temperature DC characteristics of the Schottky gated pFET,
with (a) family curves, (b) linear output curves and (c) transcon-
ductance curves at 300 K, 200 K, and 77 K. The improvement in
the mobility of the 2DHG with cooling, leads to a lower chan-
nel resistance and therby high on-currents and higher peak gm.
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3.16 (a) Benchmark plot comparing on-currents reported in III-nitride
p-channel FETs in literature. This work represents the new
record highest on-currents, enabled by high-density GaN/AlN
2DHGs. (b) Comparison of the cut-off frequencies measured in
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3.17 Effect of source-drain separation LS D scaling for a given gate
length on GaN/AlN pFET transconductance (gm) and cut-off fre-
quency ( fT ). Both gm and fT are expected to increase by ∼ 50% on
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model in scaled GaN/AlN pFETs [39]. . . . . . . . . . . . . . . . 129
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4.1 (a) Heterostructure details, and (b) energy band diagram show-
ing the expected 2DEG and 2DHG in an AlN/GaN/AlN het-
erostructure. (c), (d) show the dependence of the 2DEG and
2DHG densities on the GaN channel and AlN barrier layer thick-
nesses, assuming the layers are pseudomorphic to AlN buffer
layers. A 2DEG density of ns ∼ 3 × 1013 cm−2 and 2DHG denisty
of ps ∼ 5×1013 cm−2 are expected in a 4 nm AlN/30 nm GaN/AlN
structure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

4.2 (a) Top view of soldered indium contacts on a sample, (b) a cross-
section schematic showing how the indium is expected to make
contact to both the 2DEG and 2DHG in the heterostruture. (c,
d) are the energy band diagrams along the indium-2DEG and
indium-2DHG contacts respectively. . . . . . . . . . . . . . . . . . 137

4.3 (a) Schematics of the AlN/GaN/AlN samples in this study. Sam-
ple A underwent a patterned etch to remove the AlN barrier
layer, leaving a cross-shaped pattern in the center unetched.
Sample B underwent a blanket etch, leaving a GaN/AlN het-
erostructure after the etch. (b) Optical image of the edge of
the pattern in sample A, across which (c) a cross-sectional scan-
ning transmission electron microscope (STEM) scan is taken.
The etched and unetched regions are clearly visible in the
cross-sectional STEM scan, indicating the interfaces where the
polarization-induced 2DEG and 2DHG are expected. . . . . . . . 139

4.4 Hall resistance RXY versus applied magnetic field B for (a) sam-
ple B, showing holes, (b) unetched region of sample A showing
electrons, and (c) etched regions of sample A showing holes. . . . 140

4.5 Temperature dependent Hall effect measurement results from
sample A (both sets of contacts) and sample B, along with Mg-
and Si-doped GaN control samples. These results confirm the
presence of 2DHG and 2DEG in the AlN/GaN/AlN hetersotruc-
ture. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

4.6 (a) The measured sheet resistance of sheet resistance Rsheet in the
etched area of sample A (contacts 2), as a function of excita-
tion current. A unique decrease in sheet resistance is observed
with increase in excitation current. The simple circuit model,
shown in figure 4.8, explains this trend. (b) This behavior is not
observed in as-grown GaN/AlN 2DHGs [3] or blanket etched
GaN/AlN (sample B), where the Rsheet has no dependence on the
excitation current as expected from a Hall effect measurement. . 143
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4.7 (a) Schematic showing the sample geometry and contact scheme
for the electro-luminescence (EL) measurement (b) Cross-section
STEM showing the energy band diagram of the vertical diode in
its OFF state, and turning ON at high currents. (c) The emission
spectra as a function of excitation currents, showing clear peaks
around 3.4-3.6 eV. No emission is detected below 10 µA. . . . . . 145

4.8 (a) Simple circuit model representing a straight line path be-
tween the two corner contacts by a network of resistors, and a
GaN diode. The GaN diode represents the vertical diode band
alignment between the 2DEG and 2DHG as shown in the inset.
(b) The trend of resistance vs excitation current according to this
model qualitatively agrees to the experimentally observed be-
havior in figure 4.6. . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
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4.10 Temperature dependent Hall effect mobilities of (a) an
AlN/GaN HEMT with 2DEG density of 1.1 × 1013 cm−2, and
(b, c) ALN/GaN/AlN HEMTs with 2DEG density of 2.3 × 1013
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optical phonon scattering at room temperatures and by inter-
face roughness scattering at low temperature. However, the
AlN/GaN/AlN 2DEG transport is affected by an unknown ex-
trinsic scattering mechanism at temperatures < 400 K. High-
temperature Hall-effect measurements were peformed by Sophia Handley.153

4.11 Calculated total mobility at room temperature of AlN/GaN/AlN
2DEG (density 2.3 × 1013 cm−2) as a function of the extrinsic scat-
tering mechanism limited mobility µExt. Total mobility considers
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4.12 Field effect (FE) mobilities as a function of 2DEG densities of an
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4.13 (a) Hall-effect measurement was performed on an as-grown
AlN/GaN/AlN bilayer sample, which was then etched down to
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(b), (c) show the extracted 2DEG, 2DHG mobility and density as
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4.14 Benchmark of all reported 2DEGs in Al(Ga)N/GaN/AlN het-
erostructures, grown on different substrates (Si, SiC, sapphire)
using different epitaxial growth techniques (PAMBE, NH3-MBE,
MOCVD) [40, 41, 42, 43, 44, 45, 46]. . . . . . . . . . . . . . . . . . 159

4.15 Room temperature 2DEG mobilities in Al(Ga)N/GaN/AlN het-
erostructures as a function of the GaN channel thickness, (a)
from literature reports, and (b) from a controlled growth study
in this work. A clear trend is observed - thicker GaN channel
layer results in higher room-temperature mobilities. . . . . . . . 161

4.16 (a) The electron channel velocity in an AlN/GaN/AlN het-
erostructure [47], extracted from a pulsed IV measurement
across a constriction of length/width of 10/2 µm, as shown in
the inset. (b) The extracted channel velocity of 8.45 × 106 cm/s
agrees well with the POP-limited theoretical model of velocity
as a function of 2DEG density [48]. Data from Romanczyk et al.
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4.17 (a) Representative STEM of showing the AlN/GaN/AlN het-
erostructure grown on 6H-SiC with tQW = 30 nm thin GaN chan-
nel layer. (b) Schematic cross-section of the fabricated Hall-bar
structure used for the magnetotransport measurements, with
low resistance MBE-regrown n++GaN ohmic contacts to the
2DEG and SiO2 dielectric under the gate. Samples A and B dif-
fer in the thickness of the GaN channel layer. (c) Longitudinal
resistance of sample A measured at selected gate voltages in a
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25 T. The Fast Fourier transform (FFT) spectrum of the oscilla-
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of SdH oscillations. (d) The frequencies of these oscillations vary
as 1/ cos θ on rotating the sample with respect to the magnetic
field, θ being the angle between the sample and field lines, con-
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4.18 (a), (b) Gate voltage VGS sweeps for samples A and B at 45
T showing the oscillations arising from sweeping through the
quantized Landau levels, and modulation of 2DEG density re-
sulting in modulation of longitudinal resistance RXX. (c),(d) Hall
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4.19 (a) The 2DEG density variation with gate voltage VGS as experi-
mentally measured by Hall-effect nHall

s and from SdH oscillation
frequencies nSdH

s . The solid lines for comparison are calculated
electrons densities populating the first sub-band n1, second sub-
band n2, and the total density nsim

s . (b) The relative energies of
the first E1 and second E2 sub-bands in the triangular quantum
well as a function of VGS . Insets contrast the expected conduction
band profiles at the AlN/GaN 2DEG interface in samples A and
B at total 2DEG density of nsim

s = 2.4 × 1013 cm−2. . . . . . . . . . . 170
4.20 (a) Temperature-dependent SdH at VG = 0V for sample A show-

ing the thermal damping of the oscillations (b) Extracted elec-
tron effective mass as a function of 2DEG density from samples
A and B, compared to other reports from AlGaN/GaN 2DEGs.
(c) Transport (τtransport) and quantum (τquantum) lifetimes extracted
from the damping of SdH oscillations, along with their ratios for
(c) sample A and (d) sample B. . . . . . . . . . . . . . . . . . . . . 175

4.21 (a) Raw data of measured RXX in sample B plotted as a function
of B and 1/B at two selected gate voltages VGS . Beat like pattern
is observed in the SdH oscillations (arrows marking nodes). (b)
Second derivative of the SdH oscillations in sample B at VGS = 4
V amplifying the beats in the measured raw data. Inset shows
the corresponding FFT spectra, with two closely space peaks at-
tributed to spin-up and spin-down electrons with densities n↑
and n↓ respectively. Similar double-peaked FFT spectra is ob-
served for VGS > −6 V. (c) Gate voltage VGS dependence of the
extracted n↑ and n↓. The total electron density ns = n↑ + n↓ agrees
well with the measured Hall densities nHall

s . (d) High zero-field
spin splitting energies ∆ extracted from the SdH beats in sample
B as a function of total charge density. . . . . . . . . . . . . . . . 176

4.22 Schematic showing an undoped AlN/GaN/AlN bilayer sample,
with individually contacted and gated 2DEG and 2DHG. The
2DHG contact is realized using p-type ohmic regrowth, is elec-
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4.24 (a) Hall bar configuration for measuring the longitudinal resis-
tance RXX and Hall resistance RXY across an uncoupled 2DEG-
2DHG bilayer. (b) Table showing the assumed values of 2DEG
and 2DHG transport for cases I, II and III. (c - f) Show the ex-
pected behaviour of the Hall coefficient (RH), measured Hall den-
sity nHall, RXY and RXX for cases I-III when the magnetic field is
swept from 0 to 14 T. A large change in RXX and field depen-
dence of nHall is expected for parallel 2DHG-2DHG conduction
in case III - which represents the case when the AlN/GaN/AlN
sample is at a temperature of < 10 K. . . . . . . . . . . . . . . . . 190

4.25 Investigations into the effect of Si doping at the GaN/AlN back
barrier in an AlN/GaN/AlN HEMT. (a) Shows the energy band
profile for samples A, B and C with different Si doping concen-
trations and doping thicknesses, each one of them effectively
compensating the charges to result in no electric field in the GaN
channel layer below the 2DEG. (b) The Hall-effect measurement
results at room temperature and 77 K for samples A, B, C and D.
Even though the Si doping increases the total 2DEG concentra-
tion slightly (inset), the 300 K and 77 K mobilities are similar to
that from a control heterostructure with no Si doping. . . . . . . 193

5.1 Benchmark plot comparing the normalized output powers of
amplifiers based on the AlN HEMTs versus other semiconductor
transistor technologies. The narrower bandgap material tech-
nologies (GaAs, InP) are unable to provide high power due to
their inherently low breakdown voltages. SiC provides higher
output powers but at lower speeds, and hence are mainly used
for high-voltage switching applications. The GaN HEMT-based
PAs currently provide the best output power-speed characteris-
tics, as a result of 3 decades of commercial research and devel-
opment. Within 5 years of its conception at Cornell, the AlN
HEMTs have shown great promise, showing output powers of 2
W/mm at 94 GHz which are comparable to the GaN numbers at
those frequencies. The output powers are expected to increase
with device processing and design improvements. . . . . . . . . 195
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5.2 (a) Thermal conductivities of some commonly used materials in
III-nitride electronics [50, 51]. Ternary and quartery alloys are
expected to have lower conductivities than their constituent bi-
nary counterparts. (b) Theoretical thermal boundary resistances
(TBR) calculated using Density mismatch model (DMM) [52] un-
der Debye approximation. AlN is expected to have a lower TBR
compared to GaN buffers on common substrates such as silicon
and silicon carbide. A perfect homoepitaxially grown AlN on
single crystal AlN substrates will not have any thermal bound-
ary resistance as a boundary is not defined in that case. Figure
from Hickman, Chaudhuri et al. [53] . . . . . . . . . . . . . . . . . . 198

5.3 (a) AFM scan of the surface showing low dislocation density in a
MBE-grown 500 nm AlN on SiC. (b) Transient thermoreflectance
(TTR) measurement results, with extracted AlN isotropic ther-
mal conductivity of κ > 80 W/mK and AlN/SiC TBR of < 10
m2K/GW (d) Channel temperature of AlN HEMT, cross-section
in (c), measured using Raman thermometery. AlN HEMTs show
atleast 20% reduction in channel temperature compared to GaN
HEMTs of similar dimensions at 8 W/mm power outputs. These
measurements were performed at Bristol University in Prof. Kuball’s lab.201

5.4 (a) Layer structure of high quality AlN ”buffer layer” grown
on 6H-SiC (b) surface morphology shown in atomic force mi-
croscopy scans, showing smooth, parallel features with low den-
sity of spiral features. (c) XRD rocking curves showing the low
screw type threading dislocation density. (d) Reciprocal space
map around the AlN (1 1 4) peak shows the AlN layer partially
relaxes by forming edge type dislocations, which is confirmed
by the AlN (102) FWHM in (c). . . . . . . . . . . . . . . . . . . . . 204

5.5 (a) Growth of AlN/GaN/AlN HEMT structure on a 3-inch SiC
wafer. The layer structure is shown in the inset (b) Contactless
sheet resistance mapping (performed by Dr. Shinohara at Tele-
dyne Technologies) shows the presence of the 2DEG across the
surface of the wafer. (c) Smooth surface morphology with rms
roughness ∼ 0.5 nm, which is desired for device fabrication. . . . 206

5.6 (a) Cross-section of a state-of-art AlN/GaN/AlN HEMT, with
200 nm GaN channel and ex-situ SiN passivation layer. A top-
side SEM shows the 60 nm long T-gate. (b) Output character-
istics, (c) Transfer characteristics, and (c) small-signal measure-
ment results show high on-currents and high speeds on opera-
tion. (d) load-pull power sweeps of a 2 × 25 µm device biased
in Class AB operation, at 6 GHz, 30 GHz and 94 GHz. Figures by
Austin Hickman. Load-pull measurements were performed at AFRL
and UCSB by Neil Moser and Matt Guidry respectively. . . . . . . . . 207
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5.7 (a) Pulsed ID-VD measurement results for the the current state-
of-art AlN/GaN/AlN RF HEMTs [54], showing a ∼ 20% DC-
RF dispersion due to surface states. (b) Schematic of the state-
of-art AlN/GaN/AlN RF HEMTs with ex-situ SiN passivation.
The surface states on the as-grown surface is present ∼ 6 nm
away from the 2DEG, and is not effectively supressed using
the PECVD SiN. (c) Schematic of the proposed AlN/GaN/AlN
HEMT with in-situ crystalline AlN passivation layer. A > 30 nm
AlN top layer acts both as a barrier for the 2DEG and makes
sure the surface states are far from the 2DEG channel. A re-
cessed gate is required to keep the gate close to the channel and
maintain the transconductance and speeds. (d) A self-consistent
1D Schrodinger Poisson band simulation [55] of an as-grown
AlN/GaN/AlN structure with 50 nm of AlN passivation layer
and 15 nm GaN channel layer. A 2DEG of density ∼ 3.5 × 1013

cm−2 is expected at the top AlN/GaN interface. . . . . . . . . . . 209
5.8 (a) The calculated dependence of the critical coherent thickness

of the AlN passivation/barrier layer on the compressive strain
of GaN layer in the AlN/GaN/AlN structure. A higher GaN
compressive strain results in larger AlN critical thickness. A
GaN channel layer almost pseudomorphic to AlN with > 2%
compressive-strain is desired to grow thick > 30 nm AlN bar-
rier layers which will act as in-situ passivation. (b) and (d)
show the atomic force microscopy (AFM) scans of the surface
of AlN/GaN/AlN samples A and C with 15 nm and 200 nm of
GaN channel layers respectively. Hexagonal cracks are observed
on the surface of sample C, which form to relieve the tensile
strain in the AlN barrier, as illustrated in (e). Sample A however
shows smooth surface with no cracks as the whole structure is
pseudomorphic to AlN as shown in (c). . . . . . . . . . . . . . . 214

5.9 (a) X-ray diffraction reciprocal space map (RSM) of a control bulk
GaN substrate showing the (114) reciprocal reference space point
of a relaxed GaN layer. (b), (c), (d) show the RSM for a series of
AlN/GaN/AlN samples with GaN layer thicknesses of 15 nm,
30 nm, 200 nm. The in-plane compressive strain in the GaN lay-
ers, extracted with respect to the relaxed GaN (114) point, de-
creases with increase in the GaN layer thickness. . . . . . . . . . 216
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5.10 Experimental dependence of the in-plane compressive strain
in the GaN layer as a function of its thickness in an MBE-
grown AlN/GaN/AlN heterostructure grown on 6H-SiC. The
strains are extracted from X-ray diffraction reciprocal space
maps shown in figure 5.9. The results show a GaN channel thick-
ness of < 15 nm results in the > 2% compressive strain desired
for growing > 30 nm thick AlN passivation layers. The finite lat-
tice constant difference between the strained GaN channel and
fully relaxed AlN is a result of a slight elastic relaxation, which
is not expected to generate extra dislocations. . . . . . . . . . . . 217

5.11 (a) Sheet resistance map of an in-situ passivated 50 nm AlN/15
nm GaN/500 nm AlN heterostructure, sample D, grown on a
quarter-of-4 inch SiC wafer. The 2DEG is present across the
whole wafer. (b), (c) and (d) present the results of tempera-
ture dependent Hall-effect measurements comparison between
an in-situ passivated and a thin-barrier AlN/GaN/AlN struc-
ture. The in-situ passivated sample shows higher charge and
lower mobility compared to the thin-barrier structure. However
both show almost similar sheet resistance, confirming the suit-
ability for transistor fabrication. . . . . . . . . . . . . . . . . . . . 221

5.12 2DEG transport in in-situ passivated AlN/GaN/AlN samples
B and D as a function of remaining AlN barrier/passivation
layer thickness to characterize the effect of the gate recess etch
on the channel. Hall-effect measurements are performed after
each step to remove the top passivation layer in short steps us-
ing low-power ICP dry blanket etches. (a) A good agreement to
the measured and expected 2DEG charge density as a function
of AlN thickness is observed, confirming good charge control of
the channel. (b), (c) present the 2DEG mobility as a function of
barrier thickness, which remain constant at large thicknesses but
drop below remaining AlN barrier thickness of ∼ 10 nm. (d),
(e) show the sheet resistance remains ∼400 Ω/sq as the remain-
ing AlN barrier thickness decreases to ∼ 3 nm, after which the
sample becomes resistive. . . . . . . . . . . . . . . . . . . . . . . . 224
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5.13 (a), (b) DC characteristics of a scaled, in-situ passivated
AlN/GaN/AlN HEMT with a recessed gate length LG = 230
nm and gate-channel distance of 15 nm. The device shows
good transfer characteristics with on/off ratio of 7 orders and
a maximum on-current of > 1 A/mm. (c), (d) Pulsed ID-VD

measurement results from two representative in-situ passivated
AlN/GaN/AlN HEMTs with different gate dimensions. The low
DC-RF dispersion of ∼ 2% and ∼ 6% across multiple devices
confirm the efficacy of this in-situ crystalline AlN passivation
scheme compared to the ex-situ PECVD SiN (shown in in figure
5.7 (a)) for AlN/GaN/AlN HEMTs. . . . . . . . . . . . . . . . . . 226

5.14 1D-Poisson simulation showing the control of the as-grown
2DEG, 2DHG densities in the AlN/GaN/AlN heterostructure by
adjusting the GaN channel thickness. A heterostructure with 2
nm AlN barrier/3 nm GaN channel layer is not expected to have
any 2DEG in the as-grown structure. . . . . . . . . . . . . . . . . 231

5.15 (a) Layer structure and band diagram of the sample used in this
work, showing an expected 2DHG in as-grown structure and
2DEG induced by applying positive gate bias. (c) Photolumines-
cence and AFM scans (inset) of the MBE-grown heterostructure,
confirming high-quality epitaxial growth and presence of a thin
GaN quantum well. . . . . . . . . . . . . . . . . . . . . . . . . . . 233

5.16 (a) Schematic cross-section of the long channel AlN MOS-HEMT
with regrown source drain contacts and self-aligned, overlap-
ping gates. (b) SEM images of the fabricated devices, showing
the overlapping regions of the gate. . . . . . . . . . . . . . . . . . 234
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CHAPTER 1

INTRODUCTION

1.1 Brief History of Semiconductors in Communication

This dissertation advances the material growth and electronic device per-

formance on the ultra-wide bandgap aluminum nitride (AlN) platform. It

presents record p-type and n-type high-speed transistors, enabled by discovery

of polarization-induced high-conductivity 2D holes and electrons and material

innovations such as low-resistance ohmic contacts. These transistors, together

with the recently demonstrated epitaxial AlN passive RF devices, represent a

significant advancement in electronics on AlN platform. The high-power, high-

frequency integrated electronics on AlN is now just a step away, which shall ful-

fill the demands of faster wireless communication networks for next-generation

technologies such as internet of things (IoT), cloud computing etc.

Interestingly, this human need for faster and better communication has al-

ways been a key driver for semiconductor technology innovations throughout

its ∼ 150 year history. Humans are social animals. By their very nature they have

an inherent need to communicate, be it among themselves or with extraterres-

trial intelligence [67]. Therefore, before getting into the technical details of this

work, it is worth taking a tour of the rich history of semiconductors in com-

munication to learn valuable lessons and to place the results of this work in

the larger context. It is especially intriguing to note how paradigm shifts in the

communication sector creates new demands, which are more often than not met

by new semiconductor materials. These transitions, right from PbS in 1900s to

GaAs and GaN in 2000s, took place when the new semiconductor material of-
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fered some new capability which the incumbents did not, and therby solved the

burning issue of that era.

As it not possible to comprehensively document the vast advancements of

this rich field in the few pages of this chapter, interested readers are encouraged

to read The Idea Factory [68], Fire in the Belly [69], and books by John Orton [70,

71] for more detailed discussion on the fascinating history of semiconductors.

Every communication system, be it a conversation between two people or

5G cellphone networks, can be broken down to 3 basic elements [72]:

• The Transmitter; that takes the information from the source and transmits

it through the channel as an information-carrying ”signal”.

• The Channel; that carries the signal from the transmitter to the receiver.

The channel has some characteristic loss and introduces noise into the sig-

nal. Minimizing both is desired.

• The Receiver; that receives the signal from the channel, interprets it by

discarding the noise and recovering the loss, and the relays it to the desti-

nation.

Back in the 1800s, Samuel Morse’s electrical telegraphy dominated commu-

nication [73], in which single wires served as the channel carrying the informa-

tion in the form of electrical signals. Due to the inherent loss of electrical energy

from the wires, sending signals over large distances (for example, US coast to

coast) was infeasible as the signal would ”leak” during travel and not reach the

receiver. Added to it, was the challenges in physically laying and maintaining

cables across the two points, especially when they are separated by an ocean

(US to Europe). By late 1800s, alternative forms of communication were being
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explored. The then-recently discovered (1888) Hertzian or electromagnetic ra-

dio waves offered the possibility of wireless communication, where the air itself

acted the channel. Radio waves could be generated using sparks from a Leyden

jar (early form of electrical charge storage device, or capacitor). However the

practical applications of this wireless communication were limited by the lack

of a suitable detector on the receiver side.

A solution was offered by the Indian scientist Sir Jagdish Chandra Bose [74]

at the turn of the century. His invention, the tejometer (tej means radiation

in Sanskrit) used a galena crystal in contact with a metal as a signal detector.

Galena or naturally occurring lead sulphide (PbS) crystal, is a semiconductor

with bandgap of 0.4 eV. The tejometer is believed to be the first semiconduc-

tor device ever patented. When a voltage is applied across a relatively-unstable

junction of galena and a thin tungsten wire (”cat’s whisker”), a non-linear asym-

metric current-voltage (IV) characteristic is observed. This property was very

unlike that seen in metals, and was first reported by Karl Braun back in 1874

[75] in what can be considered the first paper on semiconductors. However

Bose identified the true technological potential of this scientific discovery and

used it as a rectifier to detect radio waves [74]. This marked the beginning of

the age of wireless telegraphy, making it possible to beam messages across the

seas without physical cables.

To explain the asymmetric IV characteristic in the metal-semiconductor junc-

tion in the cat whisker detector, Boris Davydov, Nevill Mott, and Walter Schot-

tky independently proposed the theory of rectification in 1929. Their theories

still affect our daily lives through the eponymous Schottky diodes used in high-

efficiency power supplies in electric vehicles, trains, microprocessors of DSPs
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etc. Thus, technological need of communication led to the invention of a semi-

conductor device, and the study of the underlying physical phenomena in this

devices in turn led to discovery of new physics, which in turn improved the so-

ciety in ways beyond originally intended. This cycle is a key feature which can

be seen throughout the history, and is supported by the sheer number of Nobel

Prizes awarded to studies related to, or enabled by, semiconductor devices.

Back to the crystal rectifiers/detectors, the unreliability of a thin metal wire

contact to a crystal meant it needed regular adjustment to be usable. Because

of this unreliability, radio communication (operating at signal frequencies of 30-

300 MHz) moved to thermionic valve or vacuum-tube based diodes for both

for detection and transmission of signals during the 1920s. However solid-

state semiconductor devices made a comeback with the advent of the World

War II. In the wake of the Pearl Harbor attack, the development of RADARs

for early detection of the enemies was deemed high priority by the US govern-

ment. In a RADAR, higher frequency signals translate to higher resolutions.

Therefore, the need for detectors which operated at frequencies (300 MHz - 3

GHz) higher than radio communication frequencies (3-300 MHz) arose. Vac-

uum tubes were fundamentally unsuitable for high frequency operation be-

cause of the limit of electron transit time across a cm-scale length. This is

solved by a semiconductor-based rectifier, where the electron can transit faster

across a micron-scale junction. Therefore renewed research efforts driven by

the wartime government funding, both in the US and UK, went into realiz-

ing a more stable, field-deployable semiconductor-based detector. Soon, it was

found that purified germanium (Ge) crystal based detectors performed better

and more reliably than galena. This was partly due to the higher purity of the

material compared to a naturally occurring crystal, and party due to a larger
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energy bandgap of 0.7 eV. This enabled comparatively robust rectification per-

formance at microwave frequencies and served a critical role in the allied power

victory in the World War II [76].

It is worth mentioning that the wartime research efforts in the mid-1940s

not only renewed interest in solid-state semiconductor devices but more sig-

nificantly, it laid the foundation for US government funding into fundamental

scientific research. This was thanks to pioneering vision of Vannevar Bush. His

1945 influential report ”Science, The Endless Frontier” [77] (a must-read for any

budding engineer or scientist) was instrumental in the estabilishment of the Na-

tional Science Foundation, which funds cutting-edge fundamental research to

this day (including this work). Additionally, the wartime efforts was the first

time that the importance of materials research was identified by the scientific

community - (1) for meeting new demands using new semiconductor materials

with desired properties, and (2) to improve these properties by enhancing the

material purity. The significance of semiconductor material purity is obvious to

any device scientist at the current day and age, but it took experimental efforts

of teams led by Russel Ohl at Bell Laboratories and Prof Karl Lark-Horovitz at

Purdue University [78] to realize that the higher chemical purity germanium

crystal is what led to more reliable crystal detectors over naturally-occurring

impure galena. Since then, research and development of semiconductor device

physics research has always gone hand-in-hand with materials research, with

the achievements in the former always being enabled by a key breakthrough

in the latter. This is applicable even to the work presented in this dissertation

- where the discovery of the long-missing undoped 2D hole gas in GaN and

record performance p-channel transistors were possible due to chemically-purer

epitaxial crystals [8].
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Building on the momentum from the wartime activities, the post-war decade

of 1950s-1960s would prove to be a golden-era for semiconductor research. The

Bell Laboratories [68] served as one of the key centers for the developments in

the field. The ”holy-grail” driving the research in the Bell Labs, and the field in

general, was the solid-state semiconductor amplifier. The amplifier, located on

the transmitter side, is a component that amplifies or intensifies the information

carrying signal so that it can travel farther. A robust amplifier was therefore

critical to realize the vision of cross-continental telephone networks, by acting

as repeaters along long-distance telephone lines to counter the loss in the chan-

nel. The crystal-rectifier and p-n junction diodes are passive devices that cannot

amplify signals, and the vacuum tube amplifiers were fragile and difficult to

deploy. Even though the concept of a semiconductor based solid-state amplifier

had been proposed back in 1925 by Lilienfeld [79], experimental realization was

proving to be tougher than expected. The search of the field for a solid-state

”active device” that could provide power gain culminated in the discovery of

the transistor by William Shockley, Walter Brittain and John Bardeen in 1947

[80, 81]. The working transistor realization was an p-n-p point contact tran-

sistor made on germanium. Two closely spaced contacts, made by a sliced gold

foil wrapped on a spring loaded triangular plastic, were placed on the surface of

the germanium crystal. They found that, on application of a voltage to the base

of the germanium crystal, a small change in current in the first contact led to a

large change in current in the second contact - thus amplification was achieved!

The invention of this new device, called a ”transistor” by combining ’transcon-

ductance’ or ’transfer’ and ’varistor’, was a momentous culmination of many

person-decades of research. The transistor is rightfully believed to be the sin-

gle most important semiconductor device invention - one which was motivated
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by, and ultimately instrumental in satisfying, the need of faster communication

over greater distances (through the telephone network).

For a layperson in the 21st century, semiconductor is almost synonymous

with silicon because of its ubiquity in our daily lives. Therefore, it is actually

surprising that most of the foundational developments in the field till 1950s, in-

cluding the discovery of the transistor, were on germanium. It is worth looking

into why it was so, and what subsequently motivated the field’s transition from

germanium to silicon and the silicon dominance.

Silicon as a semiconductor material for devices was known in the 1940s,

when the growth of germanium and silicon crystals were both investigated in-

ternally at Bell Labs. However, germanium was preferred for device investi-

gations primarily because it was easier to purify. The purification of a crystal

requires melting it, removing the impurities and then re-crystallizating it. Ger-

manium has a lower melting point than silicon (∼900◦C vs ∼1400◦C) making it

easier to purify. In fact, the serendipitous discovery of the p-n junction by Russel

Ohl in the 1940s was a result of his investigations into the growth of pure sili-

con. Phosphorous and boron atoms had inadvertently collected into two parts

of a cracked silicon crystal, forming a p-n junction. Even though accidental, this

was first demonstration of chemical doping of a semiconductor. He used the

p-n junction to patent the silicon solar cell in 1946. However, till the early 1950s,

the different types of transistors studied such as point-contact, alloy-junction

were all on germanium because of its higher electron mobility than silicon.

The move from germanium to silicon for transistors in the late 1950s was

originally motivated by higher thermal stability of operation in silicon. Because

of its narrow bandgap, the leakage current in germanium transistors increases
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exponentially with temperature to high thermal generation of intrinsic carri-

ers, making it difficult to turn off. The higher bandgap of silicon (1.12 eV) of-

fers higher stability of operation compared to germanium due to lower density

of intrinsic carriers. Additionally, by the 1950s, the growth of silicon crystals

(Czochralski method, still used today!) was well understood along with con-

trolled doping, thanks to efforts of Morris Tenenbaum and Gordon Kidd Teal

at Bell Laboratories. Teal later moved to Texas Instruments and led the effort

to demonstrate the first silicon transistor in 1954, again critically enabled by the

know-how of silicon crystal growth he brought from his days at Bell Labs.

However, the real reason of the success of silicon in electronics is because of

its stable native oxide - the silicon dioxide (SiO2). Silicon dioxide is easily grown

by oxidizing the silicon surface (a serendipitous discovery [82]) and results in

a low density of interface states. It was initially developed by Jean Hoerni as

an insulating layer to protect (passivate) the key interfaces in silicon transis-

tors and to improve their reliability. However its real power was unleashed

when used as a masking layer for device fabrication processes. Because of this

property, the silicon dioxide is key to now ubiquitous processes such as planar

technology [83], photolithography [84], integrated circuits [85, 86], metal-oxide-

semiconductor (MOS) FETs [87], complementary MOS [88]. In retrospect, it is

fascinating that all these technologies, which are still very much in use today,

were developed over a short period of 1955-1963 at Fairchild, TI, Bell Labs, In-

tel. Analogous to the impact of assembly lines during the industrial revolution,

these processes increased the manufacturing through-puts and drastically re-

duced the costs of circuit components. This kick-started the Electronics age,

and truly established the dominance of silicon in the industry from there on.
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Over the next 30 years or so, silicon dominated the electronic communication

devices. It was soon realized that speed of a planar transistor, characterized by

its operating frequency, can be increased by scaling down the dimensions of the

transistor [89]. This increase however comes at the expense of the decreased

power handling capability. This fundamental trade-off in operating frequency

vs output power is a disadvantage for an amplifier where both are desired to be

high. However, it was realized that, if the transistor used as a high-frequency

switch instead of an amplifier at low operating powers or voltages, it could be

used to perform Boolean logic calculations for computation!

Thus began the era of computing in the 1970s. Computers which were room

size machines run by vacuum tubes, started getting smaller, eventually fitting

on our desks. Push for increase in calculation speed, led to further scaling down

of the transistor from centimeter scale to 100s of nanometer scale, governed by

Moore’s Law [90]. Billions of transistors could now be fit into the same area,

increasing the computing speed, and decreasing the computer sizes. Personal

desktop computers entered homes in 1990s and in 2000s, portable laptops and

cellphones, which were more powerful than supercomputers from few decades

back, became mainstream.

After decades of scaling, in the early 2000s, the physical limit was hit when

the silicon transistor became < 50 nm small [91]. Scaling beyond this limit with

the existing CMOS technology would lead to deviation from expected behavior

and unreliable performance. Novel materials (high-K dielectric at 45 nm node)

and device architectures (finFETs at 32 nm node) were introduced to circum-

vent this physical limit. In-spite of these innovations speed of silicon transistors

have slowed down and hit a wall [92] in 2010s. The industry is finding ways
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to get around this on a higher level of abstraction by exploring new computing

paradigms and machine learning which use parallel, high-performance com-

puting. These computing hardware have a much larger footprint and are no

longer personal to the user. Instead, the ”computer” is hosted in large data

centers and remote servers farms, physically separated from the user, some-

times even located halfway around the globe. New applications such as cloud

gaming, cloud computing, cloud storage are moving to this model to maintain

progress. Because the computation is done remotely, the size is no longer a

restriction and hence can be scaled up dynamically as per requirements. The

performance bottleneck is therefore no longer the speed of the computation,

but instead, it is the speed of the data communication link between the user and

remote computer. For example, in cloud gaming, console-level gaming perfor-

mance is now possible on a mid-level cellphone if the internet connection speed

is high enough. Therefore, in the 2020s, faster wireless communication systems

are needed more than ever because even computation relies on it.

Going back, how did the semiconductor communication systems evolve

from the 1960s, during the silicon computing revolution? In the 1970s, opto-

electronic devices such as Lasers and LEDs were seeing rising demand from

applications such as compact disk (CD) readers and fibre optic communication.

For all its advantages in electronics, silicon is not suitable for optoelectronic

applications because of the 1.12 eV bandgap (below visible range) and indi-

rect bandgap. Hence the industry turned to III-V compound semiconductors -

gallium arsenide (GaAs) and family with a direct bandgap of 1.42 eV. As al-

ways, the new semiconductor material also brought with it innovations in crys-

tal growth. Initially, GaAs crystals were grown in a method similar to silicon,

by pulling from molten GaAs to form ingots. In the mid 1960s and 1970s epitax-
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ial growth of GaAs using vapour phase epitaxy (VPE) and liquid phase epitaxy

(LPE) was developed in RCA Corporation to reduce the background impurities.

However for optoelectronic device heterostructures, accurate control of the dop-

ing and layer thicknesses (down to nanometers) was desired. This need led to

the invention of epitaxial growth techniques of Metal-organic VPE (MOVPE) in

1968 [93] and molecular beam epitaxy (MBE) in 1969 [94]. These techniques had

slow growth rates (∼ µm/hr), accurate thickness control, repeatable growths.

This proved crucial not only for success of electronic and optoelectronic devices

but also supported scientific study of 2D confined carrier physics in nanostruc-

tures, which resulted in discovery of interesting physical phenomena such as

fractional quantum Hall effect. The initial rewards of these new purer, epitaxial

materials were reaped by LEDs and Laser Diodes in the 1970s and 1980s. But

soon the real strength of the GaAs material family in electronics was realized

on in high speed, high-power signal amplification for wireless communication.

GaAs based power amplifiers (PAs) performed better than silicon PAs thanks

to their higher electron velocity. In 1960s, state-of-art silicon, germanium tran-

sistor speeds were sub-1 GHz, while RADAR and satellite was already starting

to move to 1-10 GHz bands. Subsequently in the 1970s, GaAs n-type MESFETs

operating at 20-30 GHz were reported for the first time. The speeds kept in-

creasing by scaling the transistor. In 1976 the first microwave integrated circuit

(MMIC) was demonstrated on GaAs, which integrated the transistor with other

high-frequency circuit components such as waveguides, capacitors, inductors.

A major advancement in heterostructure growth was the invention of mod-

ulation doping in 1978 by Ray Dingle, Horst Störmer and team at Bell labs. In

this setup, the electrons provided by chemical dopant atoms were confined at a

sharp interface between two semiconductors with different bandgaps. The elec-
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trons were free to move in the plane (2D) and were hence called a 2D electron

gas (2DEG). These 2DEGs were used to make high electron mobility transistors

(HEMTs) in GaAs, which were first introduced in the 1980s as GaAs HEMTs and

soon replicated in other III-V semiconductors like InP. Initial applications of the

HEMT in the 1980s were pretty niche, mainly as low-noise amplifiers (LNAs) on

the receiver side of television sets, satellites (SATCOM) and military RADARs.

Operating frequencies of upto 200 GHz are reported in GaAs HEMTs, and upto

1 THz in InP HEMT today.

The GaAs HEMTs found renewed commercial, mainstream interest in the

1990s when it became clear that the mobile communication would be the tech-

nology of the future. High profit margins of the consumer market injected re-

sources and drove research and development for optimizing the HEMT. The

application focus shifted from LNAs to PAs for use in the cellular base stations.

PAs are characterized by their frequency and output powers. The former dic-

tates the speed of communication and latter the range of the signal. Hence,

PAs with high output powers at high frequencies were the critical to the success

of the cellular communication network. GaAs HEMTs provided high speeds

thanks to relatively high electron velocity. Additionally, the wider bandgap of

GaAs gave it advantage of higher breakdown voltages over silicon and silicon-

germanium high-frequency PAs introduced in 1980s. GaAs amplifiers exhibited

output powers of ∼ 10 W at upto 10 GHz (compared to < 0.01 W for silicon at

same frequencies), which was able to meet the demands of sub-2 GHz 1G and

2G cellular networks. GaAs soon became the semiconductor material of choice

for radio frequency (RF) power amplifiers the during years rise of mobile com-

munication in the 1990s, taking over from silicon in this application space.
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Survival in the uber competitive commercial space of the mobile network

market needs rapid progress [95]. The demand for faster data transfer rates

and larger bandwidths can be met by using higher frequencies signals to carry

the information. Every successive generation (G) of cellular networks therefore

operated higher frequency bands - 1.8 GHz (2G) in 1990s to the 2-8 GHz (4G) in

2010s. This drove the RF power amplifier research at systems, circuits, devices

level. Soon, the GaAs semiconductor material itself posed a fundamental limit

to the output powers of an amplifier at high frequencies [96, 97].

Efforts to identify semiconductor material with desired properties renewed

thanks to this immense rise in demand. Gallium nitride or GaN slowly gained

adoption in the late 1990s and 2000s for RF power amplification. Its main ad-

vantage over GaAs is wider bandgap of 3.4 eV, which leads to higher power

handling capability, and the higher electron velocity which translates to higher

operation frequencies. The III-nitride semiconductors, GaN, AlN, InN and their

alloys, were already being studied for optoelectronic applications to access blue

emission in LEDs [98]. Therefore, even though GaN was a new material in the

RF space, it brought with it years of research results into the epitaxial growth,

doping control and device fabrication. In fact, GaN’s shift from optoelectronics

to RF electronics space in the 2000s mirrors GaAs’s journey 20 years back!

GaN-based high electron mobility transistors (HEMTs) were first demon-

strated in the laboratory mid-1990s [99]. Interestingly it was found that, unlike

the GaAs HEMTs, the 2D electron gas in GaN HEMTs could be generated with-

out chamical dopants. The theory of polarization in GaN was proposed [100]

to explain this unique observation. Thanks to heavy investment from defense

in the 2000s and 2010s into GaN research, it now finds use both in commercial
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high-power RF amplifiers [101] and high-voltage switches [102]. State-of-art

GaN amplifiers show output powers of 10 W at upto 40 GHz [103] and 3 W at

upto 100 GHz [104, 105]. In addition, its mechanical robustness and high tem-

perature operation meant the initial applications were in defense radars and

SATCOM, and recently entered the communication space in 4G-LTE base sta-

tions [106, 107].

Into the 2020s, with millimeter(mm)-wave (>30 GHz) 5G cellular networks

gaining widespread adoption [108] and 6G around the corner [109, 110], wire-

less communication soon to enter the 100+ GHz territory on the electromagnetic

spectrum. This will be critical to support the high-speed, low latency data trans-

fer demands of cloud computing. Current GaN PA technology, with output

powers of <1 W at 100+ GHz, is not sufficient to meet these demands. The poor

thermal performance of the GaN transistors, which results in the heating up and

degradation of the transistor during high-power operation of performance, has

been identified as the key bottleneck for GaN PA power outputs [111].

Therefore, with the advent of 6G, the search for new semiconductor mate-

rials for high-power amplifiers at these high frequencies has begun. Similar

to how the choice of semiconductor evolved from Ge to Si to GaAs to GaN to

meet the demands of communication, it is now time for the next semiconductor

technology to take over. Massive multi-center academic research with pooled

resources from across the industry [112] is being performed to support a top-to-

bottom redesign of the communication setups to meet the new demands - right

from the semiconductor atoms to the antenna systems and software.

What are the desired characteristics of this new semiconductor technology

for PAs? Apart from the fundamental requirements of a PA of a high power
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handling capability (wider bandgap) and speed (high electron velocity), it needs

to outperform GaN thermally (higher thermal conductivity) [111]. Ultra-wide

bandgap semiconductor materials (UWBG) such as aluminum gallium nitride

(AlGaN), aluminum nitride (AlN), gallium oxide (Ga2O3) and diamond are the

main players in the arena vying for the top spot as the new semiconductor tech-

nology for the future of communications. However, only one of these meets all

the key requirements - aluminum nitride (AlN).

AlN, lying right above GaN in the periodic table, has a bandgap of 6.2 eV

(2× that of GaN) resulting much higher breakdown fields to access higher pow-

ers. More critically, AlN has a thermal conductivity of 340 W/mK, almost 30%

higher than that of GaN (260 W/m.K) at room temperature. This makes it poten-

tial platform of high-power RF electronics with never-seen-before opportunities

for integration with existing RF technologies.

As opposed to Ga2O3 and diamond, AlN not a ”new” material in semicon-

ductor research. It has been used to make UV-C LEDs in the 2010s. More in-

terestingly, thanks to its high piezoelectric property [113], AlN has been a huge

player in high-frequency circuits in RF passive devices right from 1980s and

1990s. Poly-crystalline AlN has been used in resonators, filters and duplexers.

In fact all cellphones in the market at present have multiple AlN-based filters to

discern the signal information among the noise. This filter sits right next to the

GaN-, GaAs-, InP- or Si-based amplifier in an RF front-end circuit (circuit which

is right next to the antenna which connects to the outer world) which handles

communication link with the cell phone tower.

Therefore, not only is AlN a promising material for high-power, high-

frequency amplifiers, but also for high-frequency filters. This offers a new pos-
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sibility of integration which is not possible on any other semiconductor technol-

ogy! Currently each passive components (filter, duplexers) and active devices

(power amplifiers, LNAs) in an RF front end are made from different semicon-

ductor materials, forcing each component to be discrete and integrated at the

chip packaging level. If both actives and passives are realized on AlN, then the

full RF front end circuit can be integrated onto a single crystal of AlN, drastically

reducing the cost and size of the circuits (no chip level wire bonds required),

and increasing the speed of operation (lower parasitic delays). This concept of

the AlN integrated platform for high-frequency application space is analogous

to silicon integrated circuit (IC) technology, which brought a paradigm-shift in

low-voltage circuits.

Since AlN as a material has been in use commercially for past 30 years and

clearly holds advantage over other semiconductors in RF applications, the ques-

tion arises - why has it not been adopted for RF electronics already?

There are two main challenges. The first is the structural and chemical pu-

rity of material. The AlN films used in RF filters are polycrystalline. They have

a high tolerance for chemical impurities as the AlN films are used for its me-

chanical properties. However, for electronic applications like transistors, AlN

with high chemical and structural purity is desired. The second challenge is

that AlN is inherently an electrical insulator. The difficulty in making AlN con-

duct electricity stems from its fundamental property of wide energy bandgap.

Introducing chemical dopants, like how it is done in silicon or GaAs, does not

produce the desired density of carriers (electrons or holes) at room temperature

to date. A highly conductive carrier channel is necessary to make transistors.

These two fundamental scientific challenges need to be addressed before the
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realizing the vision of AlN integrated platform.

Over the next 4 chapters, this dissertation addresses and solves these chal-

lenges. High-quality electronic-grade AlN growth is achieved through molec-

ular bem epitaxy (MBE). Instead of making the AlN bulk crystal itself con-

duct, record high-conductivity hole (p-type) and electron (n-type) channels are

achieved by growing a very thin GaN layer on top of an AlN crystal, without

any chemical dopants. This configuration of high-conductivity channels on an

electrically insulating but thermally conductive base is highly advantageous for

a transistor.

As has been the case historically, purer material enables better device perfor-

mance. The same is seen here, where the p-channel and n-channel AlN transis-

tors reap the rewards of the material advancements. They show record perfor-

mance in terms of high currents, high speeds and high output powers compared

to GaN-based transistors - a remarkable feat for semiconductor devices within

5-6 years of their conception. Apart from these active devices, individual pas-

sive devices such as filters, waveguides and antennas are also realized, thus

bringing us to the cusp of realizing integrated high-frequency electronics on the

AlN platform.

Before moving on to the technical results, it is worth highlighting that Cor-

nell University has always been at the forefront of the communication advance-

ments over the past century. In fact, the very founding of the university was pos-

sible thanks to Ezra Cornell’s fruitful partnership with Samuel Morse to spread

the telegraph’s reach across the country [73]. The department of Electrical En-

gineering at Cornell, established in 1885, was one of the first ones in the world,

and was setup to train engineers for the telegraph revolution. In the later half
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of the 20th century, under the leadership of Prof Lester Eastman, the first high

speed operation of a GaAs HEMT was demonstrated in the 1980s [114], laying

down the route to commercial use of GaAs in high-frequency power amplifiers

in the 1990s to usher in the mobile communication era. Meanwhile in 1990s,

Cornell was the center of GaN research [100], and was instrumental in under-

standing this then new and fascinating material [115]. Thanks to their pioneer-

ing work, GaN has now found commercial adoption in cellular base stations

and is pushing the wireless communication limits. Hence, it is very symbolic

that the aluminum nitride (AlN) platform, believed to be key to next-generation

communication, is also conceptualized and realized here at the Electrical Engi-

neering department in Cornell. This dissertation adds many more ”firsts” to the

illustrious list - the first undoped 2DHG in GaN [3], the first GHz-speed AlN

pFETs [39], the first high-power AlN HEMTs [54] - continuing the rich legacy of

this institution in pushing the boundary of communication technology.

1.2 Layout of this Dissertation

The discovery of the undoped 2DHG in GaN/AlN heterostructures [3], and its

chemical and transport properties are presented in Chapter 2. This p-type ana-

log to the AlN/GaN 2DEG ends the long search of the field of high-conductivity

p-type layers without chemical doping. The key innovation comes by first iden-

tifying the role of the Si, O impurties at the GaN/AlN interface which act as

compensating dopants and scattering centers, and then blocking them by using

AlGaN impurity block layers (IBLs) in the AlN buffer layers [8]. This results

in record high conductivity p-type GaN layers and the highest hole mobility

recorded in GaN.
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The high-conductivity GaN 2DHG is used as a channel to make record p-

channel GaN transistors, which are presented in Chapter 3. These are enabled

by best-in-the-class low-resistance p-type ohmic contacts to the 2DHG (Rc < 5

Ω.mm) using Mg-InGaN epitaxial layers [38]. Thanks to these material in-

novations, scaled p-channel FETs exhibit record high on-currents of upto 0.5

A/mm [39], which are orders of magnitude higher than those in previously re-

ported GaN pFETs. Furthermore, these p-FETs, both Schottky gated and with

gate dielectric, break the GHz-speed barrier for the first time in GaN pFETs

( ft/ fmax ∼ 23/40 GHz), and marks the entry of GaN p-channel FETs into the

RF application domain which has so far been dominated by GaN n-channel

HEMTs.

Chapter 4 moves the discussion to the n-side, by adding a AlN barrier layer

on top of the GaN/AlN structure. An undoped 2DEG-2DHG bilayer is ob-

served for the first time in these AlN/GaN/AlN heterostructures. When a bias

is applied, these 2DEG-2DHGs recombine and emit light around the GaN band-

edge in a unique quasi-lateral LED configuration. The focus is then shifted to

the transport of high-density 2DEGs specifically for application as a transistor

channel for AlN-based RF HEMTs. Low-temperature magnetotransport studies

have been performed, and Shubnikov-de Haas oscillations have been observed

for the first time in these AlN/GaN/AlN heterostructures with very high den-

sity 2DEGs.

Chapter 5 presents the device applications of these AlN/GaN/AlN 2DEGs,

specifically in AlN HEMTs for mm-wave power amplifiers (PAs). A new in-situ

crystalline AlN passivation technique is proposed, and demonstrated which

provides a path to higher output powers in next generation AlN HEMTs by
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suppressing the DC-RF dispersion from the surface states. Enhancement-mode

AlN HEMTs are demonstrated by scaling down the GaN channel layer to 3

nm. These transistors show operation similar to a silicon-on-insulator (SOI)

n-MOSFET where a 2DEG channel is induced by applying a positive bias in

a structure which has an as-grown 2DHG.

The possible strategies to integrate these n- and p-type devices on the AlN-

platform are discussed in Chapter 6. The in-situ sublimation selective etch of

GaN, believed to be one of the key steps for this integration effort, is demon-

strated and studied. A short discussion of the ongoing work on passive RF

components such as filters, waveguides, antennas on the MBE AlN on SiC is

presented.

The future research directions and open scientific questions are presented at

the end of each chapter to provide a better context for the reader. Appendix

A contains the detailed plasma-assisted molecular beam epitaixal (PA-MBE)

growth recipes of the GaN/AlN and AlN/GaN/AlN heterostructures stud-

ied in this work for reference, including investigations into the in-situ clean-

ing of 6H-SiC substrates, nucleation of high-quality AlN on SiC and full wafer

growths. Appendix B briefly discusses the potential performance advantages

for the AlN-platform devices on recently available single-crystal AlN substrates

to motivate future work.

With the large repertoire of RF passives and active devices now available

on materials enabled by this work, the vision of integrated RF electronics on

the AlN platform is very close to being realized, and will hopefully prove to be

greater than the sum of its parts.
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CHAPTER 2

POLARIZATION-INDUCED 2D HOLE GASES IN UNDOPED

(IN)GAN/ALN HETEROSTRUCTURES

2.1 Introduction

The discovery of efficient p-type impurity doping of the wide-bandgap semi-

conductor gallium nitride (GaN) around 1990 changed the field of semiconduc-

tor physics [98]. It ended a decades long search [116] and enabled the immediate

realization of bright blue light emitting diodes and lasers, and started the solid-

state lighting revolution, which today has transformed the lives of a large frac-

tion of the population of the planet [117, 118]. To make energy-efficient visible

lighting successful, it is necessary to inject both electrons and holes from supply

layers in GaN into InGaN quantum wells, where they recombine and produce

photons of desired wavelengths. This requires the complementary n-type dop-

ing of GaN too, which was fortunately available for several decades before the

discovery of p-type impurity doping. While holes are generated by substitution

of Ga atoms in the GaN crystal by Mg acceptor atoms, n-type doping is achieved

by replacing Ga by Si or Ge donor atoms.

In the mid 1990s, high conductivity quantum-confined 2D electron gases

were discovered at the heterointerface of AlGaN/GaN structures [99]. These

2D electron gases (2DEGs) remarkably did not require the presence of dopants.

A few years later, the reason for the formation of the 2DEG was tracked down

to the existence of broken inversion symmetry in the GaN crystal, combined

with the very high polarity of the metal-nitrogen bond in GaN and AlN [100, 1].

These properties lead to the existence of spontaneous and piezoelectric elec-
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tronic polarization fields along the [0001] axis of the wurtzite nitride semicon-

ductor crystal. The resulting polarization-induced 2DEG at Al(Ga)N/GaN het-

erojunctions has, in the last two decades, enabled high-voltage and ultra-high

speed transistors that are being adopted in power electronics, and high-speed

cellular communications in the radio and millimeter-wave frequencies [101].

The transport of these 2DEG and its applications for RF/mm-wave frequencies

electronics is discussed in chapter 4 and 5.

The p-type analog of the undoped polarization-induced 2DEGs - the un-

doped 2D hole gas (2DHG), however had remained elusive until recently. Al-

though low density 2D hole gases have been previously inferred in nitride het-

erojunctions in several reports [12, 13, 14, 15, 16, 17, 18, 19], they have been

either modulation Mg-doped heterostructures, or structures in which both elec-

trons and holes are present. The missing dual piece of the undoped 2D hole gas

has held back the widespread use of GaN for complementary logic electron-

ics for digital applications till today, just like the absence of bulk p-doping had

held back high efficiency photonic devices till the 1990s. Significant advances in

energy-efficient electronics can be enabled by GaN based high-voltage comple-

mentary low loss switches exploiting the large bandgap of the semiconductor,

if a high conductivity undoped 2D hole gas can be found.

In this chapter, after a primer on the origin of polarization induced charges

in III-nitride semiconductor heterostructures, the recent discovery of the high-

conductivity, high-density (∼ 5 × 1013 cm−2) undoped GaN/AlN 2DHG is pre-

sented. Then we delve deeper into how the discovery was achieved via careful

epitaxial growth techniques to block detrimental impurities from the substrate

away from the 2DHG interface. Analysis of the room temperature transport
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of this 2DHG answers the question of why it took so long for the undoped

2DHG to be discovered. Finally, by introducing some In in the thin GaN layer,

very high density 2DHGs (> 1014 cm−2) are obtained in undoped, pseudomor-

phic InGaN/AlN heterostructures. These (In)GaN/AlN 2DHGs represent the

highest conductivity single channel p-type GaN layers reported so far in III-

nitride semiconductors, and have had high scientific [5, 8] and technological

impact [38] on the scientific community’s understanding and use of holes in

wide bandgap semiconductors.

2.2 Polarization Charges in III-nitride Heterostructures

This section provides a very brief discussion on origin of the polarization-

induced carriers at III-nitride semiconductor interfaces on relaxed GaN and AlN

buffer layers. More comprehensive analyses can be found in [100, 119, 1] and

references therein.

GaN, InN, AlN and their alloys demonstrate broken inversion symmetry

along the [0001] axis or the c-direction of their wurtzite crystal structure, lead-

ing to the existence of spontaneous polarization Psp [1]. The magnitude of the

spontaneous polarizations in the III-nitride semiconductors is given in table

2.1. The presence of this spontaneous polarization leads to fixed charge sep-

aration on the crystal surfaces which is on the order of 1013 cm−2, that results

in large intrinsic electric fields of 1-5 MV/cm along the c-axis. These intrinsic

fields are one of the unique properties of III-nitride semiconductors as the elec-

tronic band profile bends without the application of external bias (steady state)

- which is different from other non-polar semiconductors. Manipulating these
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polarizations at epitaxially-controlled discontinuities in the crystal determines

the charge distribution. More uniquely, these result in generation of mobile car-

riers even without the introduction of chemical donor/acceptor atoms.

The direction of Psp in the III-nitride wurtzite crystal implies the existence

of two distinct crystal polarities - metal-polar and nitrogen-polar depending on

the direction of Psp in the epitaxially grown crystal. This dissertation focuses on

metal-polar heterostructures unless otherwise specified.

Table 2.1: Spontaneous and piezoelectric polarization constants for III-nitride
semiconductors AlN, GaN and InN [1, 2] used in this work.

AlN GaN InN
Psp (C/m2) -0.90 -0.029 -0.032
e31 (C/m2) -0.60 -0.49 -0.57
e33 (C/m2) 1.46 0.73 0.97
C13 (GPa) 108 106 92
C33 (GPa) 373 398 224

a0 (Å) 3.112 3.189 3.545
c0 (Å) 4.982 5.185 5.703

In addition to the spontaneous polarization, III-nitride semiconductors also

exhibit piezoelectric polarization Ppz in response to a stress/strain in the crystal.

Ppz in GaN, InN, AlN and their alloys are order of magnitude higher than those

in other III-V semiconductors such as GaAs, InP, InSb etc [119]. In fact, because

of this property, AlN has found widespread commercial use for its piezoelectric

properties in microelectromechanical systems (MEMS) devices such as acoustic

resonators and filters [113], long before its recent foray into mm-wave electron-

ics.

In III-nitride heterostructures, the piezoelectric polarization arises when a

layer with a relaxed lattice constant a0 is epitaxially grown on top of a relaxed

buffer layer with different lattice constant a′0, and is thus strained. The resultant
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in-plane strain in the top layer εxx determines the piezoelectric polarization Ppz

through the relation :

Ppz = 2εxx

(
e31 − e33

C13

C33

)
= 2

a(r) − a0

a0

(
e31 − e33

C13

C33

)
, (2.1)

where e31/33 are the piezoelectric coefficients and C13/33 are the elastic con-

stants of the top layer. The values of these coefficients and the lattice constants

for the III-nitride semiconductors are listed in table 2.1 for reference. a(r) is the

strained lattice constant of the top layer with a relaxation r. r = 0 means the layer

is fully or pseudomorphically strained to the bottom layer so that a(r = 0) = a′0.

If the top layer is fully relaxed (r = 1), then a(r = 1) = a0.
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Figure 2.1: Polarization-induced fixed charge densities at the interfaces of (a)
pseudomorphic AlInGaN on relaxed GaN and (b) pseudomorphic AlInGaN on
relaxed AlN, as a function of the indium and aluminum compositions in the
layer. The sign indicates the polarity of the charge.

Now consider a metal-polar heterostructure consisting of a pseudomorphic

ternary alloy AlxInyGa1−x−yN grown on relaxed GaN, x and y being the atomic
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compositions of Al and In respectively. All layers are undoped. This is illus-

trated in the inset of figure 2.1 (a). Then due to the polarization difference at the

heterointerface, a fixed (not mobile) sheet charge σπ is expected, given by :

σπ(x, y) = Ptop
tot (x, y) − PGaN

tot

= (PAlInGaN
sp (x, y) + PAlInGaN

pz (x, y)) − PGaN
sp

= ∆Psp(x, y) − 2
aGaN

0 − a0(x, y)
a0(x, y)

(
e31(x, y) − e33(x, y)

C13(x, y)
C33(x, y)

)
, (2.2)

where a0(x, y) is the relaxed in-plane lattice constant of the AlxInyGa1−x−yN layer.

The physical constants for AlxInyGa1−x−yN are calculated by linear interpolation

(Vegard’s Law) of the corresponding values for GaN, InN and AlN from table

2.1. The sign of σπ indicates the type of charge generated.

The interface polarization sheet charge density is plotted as a function of x

and y in figure 2.1 (a). It ranges from around +7 × 1013 cm−2 in AlN/GaN to

−10 × 1013 cm−2 in InN/GaN, and changes sign when the polarization cancels

each other out across the heterointerface. Importantly, these charges are fixed at

the interface, i.e. they can not contribute to any current transport.

However, if the top AlInGaN layer is grown thicker than a certain critical

thickness d0, then the polarization dipole is neutralized by carriers of opposite

sign from the donor or acceptor states at the surface of AlInGaN [120, 121]. A

positive σπ is compensated by electrons and negative σπ by holes, which are

then electrostatically confined by the conduction or valence band offsets be-

tween the two layers to form a 2D electron gas (2DEG) or a 2D hole gas (2DHG)

respectively. The salient features of these 2D carrier gases are as follows :

• Polarization-induced :

No chemical impurity dopants is needed to be introduced in the crystal for
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the generation of these 2DEGs. This is in contrast to 2DEGs generated in

GaAs by modulation doping using impurities [122], or inversion channels

in silicon MOSFETs [28] by applying an external bias. Consequently, no ef-

fect of temperature is expected in the polarization-induced carrier density

because the carriers are not thermally generated.

• Highly mobile :

As opposed to the polarization-induced fixed charges, these 2DEGs/2DHGs

are mobile in 2 dimensions, while being confined in the third. Since there

are no impurity atoms present in the crystal, the mobility of these 2D car-

riers are ideally are limited by intrinsic scattering by phonons at room

temperatures. This leads to higher carrier mobilities compared to bulk,

impurity doped layers.

• Tunable:

The 2DEG/2DHG densities are tunable through heterostructure design

and epitaxial growth [100]. The thickness and composition of the top layer

electrostatically determines the densities. Since these are compensating

the fixed charges, σπ represents the maximum 2D mobile carrier density

possible at the interface.

Conventional GaN electronics have been developed on thick, relaxed GaN

buffer layers. This is because the initial growth efforts in GaN were motivated

by the realization of blue LEDs, which require InGaN quantum wells in thick

GaN layers [98]. According to figure 2.1 (a), the AlGaN/GaN structure results

in σπ > 0, which generates a 2DEG of densities in the range of low-1012 to mid-

1013 cm−2 at the interface. This 2DEG was discovered back in 1992 [99] and has

been the workhorse of the GaN electronics ever since. Because of the high 2DEG
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mobilities and densities, AlGaN/GaN 2DEGs form high conductivity channels

of high electron mobility transistors, or HEMTs, which are used for both high-

power switching and high-frequency signal amplification. Lattice-matched In-

AlN [123] and binary AlN barriers [124] have been used in place of AlGaN to

reduce the barrier thickness and increase the operation speeds of GaN HEMTs.

More details about HEMTs and RF signal amplification are discussed in chapter

4 and 5 of this dissertation.

On the other hand, if a pseudomorphic In(Al)GaN layer is grown on GaN

with high indium composition, a 2DHG is expected as σπ < 0, according to fig-

ure 2.1 (a). Similar to the AlGaN/GaN 2DEG, the generation of this 2DHG also

should not need any impurity doping. However, the undoped 2DHG has not

been observed so far. This, added with the difficulty in efficient p-type chemical

doping of GaN using magnesium, means the conductivity of p-type GaN layers

to be 2-3 orders of magnitude lower than typical n-type of same thickness. Only

a couple of reports exist so far of metal-polar In(Al)GaN/GaN 2DHGs [125, 15]

with very high resistance using Mg. Other groups have reported low-density,

low-mobility 2DHGs by growing a GaN layer on top of an AlGaN/GaN 2DEG

structure [12, 13, 14, 16, 17, 126, 60] - but also needed the magnesium doping in

the heterostructure to generate the holes. No undoped 2DHG has been observed

or measured so far in the field.

Are there other III-nitride heterostructures which are expected to generate

a 2DHG? Instead of a conventional GaN buffer layer, consider a relaxed AlN

layer on which the AlxInyGa1−x−yN layer is grown. This is illustrated in the in-

set of figure 2.1 (b). The fixed polarization charge at the interface is calculated

by equation (2.2) by replacing aGaN
0 by aAlN

0 . The calculated σπ is plotted in fig-
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ure 2.1 (b) as a function of indium and aluminum compositions. Since AlN has

the larger Psp than both InN and GaN, the ternary alloy AlxInyGa1−x−yN leads to

a negative polarization difference when grown on AlN for all x and y (except

x = 1, i.e. AlN on AlN). The magnitude of σπ ranges from very high ∼ 1.6 × 1014

cm−2 for InN/AlN to ∼ 5.3 × 1013 cm−2 for GaN/AlN to < 1 × 1013 cm−2 in

Al0.9Ga0.1N/AlN. If the top AlInGaN layer is thick enough, while maintaining

pseudomorphic strain state, a 2DHG with density ≤ σπ is thus expected to be in-

duced. This AlInGaN/AlN heterostructure theoretically offers a large tunability

of the 2DHG density over two orders of magnitude.

The explorations into conducting III-nitride layers on AlN has been very

limited so far. There has only been one previous report [46] of a 2DHG grown

on AlN, using a thin, strained Mg-doped GaN layer. Even though the 2DHG

density was as expected of ∼ 6 × 1013 cm−2, the hole mobility was very low at

∼ 6 cm2/Vs. Furthermore, the growth was found to be not as robust as the

AlGaN/GaN 2DEGs, and were not repeatable across samples and growth runs.

Magnesium doping of the GaN layer was found to be necessary to obtain the

2DHG. The undoped GaN/AlN 2DHG has remained elusive so far, almost 3

decades after the discovery of p-type chemical doping of GaN and the undoped

2DEG.

2.3 The Undoped GaN/AlN 2DHGs

From figure 2.1, GaN/AlN is simplest structure for generating a 2DHG and is

the p-type analog of the AlGaN/GaN 2DEG. If a thin layer of metal-polar GaN

is grown on a relaxed AlN substrate, the net interface polarization difference,
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[(PGaN
sp + PGaN

pz ) − PAlN
sp ] · n̂ = σπ is negative in sign, and should induce holes.

The valence band offset of AlN and GaN confines the 2DHG as schematically

shown in the energy band diagram of figure 2.2(a), a self-consistent solution of a

multiband k.p, and Poisson equations [55]. A mobile 2D hole gas of sheet density

roughly equal to the fixed interface polarization charge σπ ∼ 5 × 1013 cm−2 is

expected to form at the heterojunction, depending on the thickness of the GaN

layer. The holes are formed due to the field-ionization (or quantum tunneling)

of electrons out of the valence band states into empty, localized surface states.

Figure 2.2 (b) shows the layer structures that were grown for this study. A

metal-polar AlN surface on a c-plane sapphire crystal was used as the substrate.

An GaN/AlN layer was grown on it by molecular beam epitaxy (MBE). The de-

tails of the growth are provided in appendix A. Figure 2.2 (c,d) shows a zoomed

in lattice image of the crystal heterointerface. A sharp heterojunction is ob-

served, across which GaN and AlN are in the wurtzite crystal structure, and

the GaN layer is coherently strained to the AlN layer. The atomic resolution

image confirms that the structure is indeed metal polar. Further structural and

chemical details of the heterojunction are shown in figure 2.3. Figure 2.3 (a)

shows a smooth surface morphology of the as-grown surface, with rms rough-

ness less than 1 nm in a 10 µm × 10 µm scan area, and clearly resolved atomic

steps. Figure 2.3(b) shows the X-ray diffraction spectrum of the heterojunction.

The fringes and multiple peaks indicate a smooth, uniform heterostructure over

the entire mm-size beam scale. This is further corroborated by the large width

TEM images in figure 2.4. Figure 2.3 (c) is the reciprocal-space X-ray map, which

proves that the GaN epitaxial layer is coherently strained to the underlying AlN

layer, with an extracted biaxial compressive strain of 2.4 %. The strain state de-

termines the net piezoelectric polarization charge in the heterostructure, which
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is this case is ∼ 2 × 1013 cm−2. Figures 2.2, 2.3 and 2.4 thus collectively show

that the heterostructure is structurally and chemically in a form that should ex-

hibit the undoped polarization-induced 2D hole gas, and the transport studies

discussed next indicate indeed this is the case.

Figure 2.5 (a) shows the layer structure of two GaN/AlN 2DHG samples:

Sample A is an undoped ∼13 nm GaN layer on AlN. Sample B is identical to A,

except the top 10 nm of GaN are doped with Mg to lock the surface potential.

The doping screens any mobile carriers that may form at the buried heterojunc-

tion quantum well from the variations of the surface condition. The effect of the

Mg-doped GaN top layer on the quality of ohmic contacts is discussed in sec-

tion 3.3. For comparison of these 2DHGs with conventional chemical doping,

a thick Mg-doped GaN (sample C), which is expected to have thermal ioniza-

tion of holes [127], is measured as a control sample. The doping density is [Mg]

∼ 1×1019 cm−3. Corner ohmic contacts were made to the three samples by using

soldered Indium in a van der Pauw geometry. Temperature-dependent Hall-

effect transport properties of the three samples were measured from 300 K - 10

K.

Figures 2.5 (b, c, d) show the measured data for the three samples. The Hall

data for a fourth Mg-GaN sample labelled ”Horita 2017” is also included, which

represents the highest reported [4] hole mobility in Mg-doped GaN. The Hall-

effect sign was observed to be positive for all samples, ensuring we are studying

and comparing only holes in this study, and the interpretation is not clouded by

parallel electron conduction. From figure 2.5 (b) it is seen that the resistivity

of the Mg:GaN doped bulk control sample (Sample C) increases sharply with

the lowering of temperature, from ∼40 kΩ/sq at 300K to 2000 kΩ/sq at ∼180 K.
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D

Figure 2.2: Epitaxially grown GaN/AlN heterostructures. (A) Energy-band dia-
gram of a 13 nm undoped GaN on AlN heterostructure, showing the formation
of quantum well in the valence band, and the high-density of confined holes
accumulated at the GaN/AlN interface. (B) Schematic of the epitaxially grown
layer structure. (C) High resolution scanning transmission electron microscopy
(STEM) image showing the metal-polar wurtzite crystalline lattice of the het-
erointerface, as in (D). The valence band edge, and probability density of the
holes from (A) are overlaid on the interface. Figure modified from Chaudhuri et al.
[3]
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Figure 2.3: Structural properties of the MBE-grown GaN/AlN heterostructures.
(A) Atomic Force Microscopy (AFM) scans of the as-grown surface. The rms
roughnesses are ∼0.69 nm and ∼0.46 nm for the 10 µm and 2 µm scans respec-
tively (B) X-ray diffraction (XRD) 2θ scan across the symmetric (002) reflection
and the simulated data (19), confirming the targeted thicknesses and sharp in-
terfaces. (C) Reciprocal space map (RSM) scan of the asymmetric (105) reflec-
tions of GaN and AlN shows the 13 nm GaN layer is fully strained to the AlN
layer. Figure from Chaudhuri et al. [3]

Figure 2.5 (b) shows that this increase in resistivity in the control sample C is

almost entirely due the decrease of the mobile hole density, which freezes from

∼ 1.5 × 1013 cm−2 (bulk density of ∼ 4.1 × 1017 cm−3) at 300 K to ∼ 2 × 1011 cm−2

(bulk density of ∼ 5.5 × 1015 cm−3) at ∼ 180 K. Thus, the thermally ionized holes

freeze out with temperature T as e(−EA/kbT ) with activation energy EA ∼ 170 meV,

making the sample too resistive to measure below ∼ 180 K. The hole mobility

of sample C increases very nominally from ∼ 10 cm2/Vs at 300 K to ∼15 cm2/Vs

at 180 K. On the other hand, a dramatically different behavior is seen for the

undoped heterostructure sample A, and the same heterostructure with the Mg-
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Figure 2.4: STEM annular dark field (ADF) images of the cross-section of the
GaN/AlN heterostructure along [-110] zone-axis. The wide-area image and the
zoomed-in regions clearly show the coherently sharp interface between the GaN
and AlN (∼1-2 ML) is maintained over large areas of the wafer, which is essential
for a high mobility and high uniformity of the polarization-induced 2D hole gas
over the entire wafer. Figure from Chaudhuri et al. [3]

doped cap layer Sample B. They are metallic, with the resistivity decreasing

with temperature, showing the tell-tale signatures of a 2D hole gas.

Figure 2.5 (b) shows that the resistivity of the undoped GaN/AlN het-

erostructure Sample A decreases from ∼11 kΩ/sq at 300 K to ∼4 kΩ/sq at 20 K.

The resistivity of the doped heterostructure Sample B decreases from ∼8 kΩ/sq

to ∼2 kΩ/sq over the same temperature range. Figures 2.5 (b,c) show that unlike

the doped sample, the temperature dependencies are flipped: the hole density

in samples A and B are nearly independent of temperature, and all the change

in the resistivity is due an increase in the hole mobility as the temperature is

lowered. The hole sheet densities measured are nearly identical for the doped

and undoped heterostructures in samples A and B. This would be impossible
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Figure 2.5: Temperature-dependent Hall-effect measurement data from 300 K to
10 K at 1 T magnetic field of 2DHG samples A and B, along with Mg-doped GaN
control sample C. Also included for comparison is the Hall data of the highest
hole mobility reported [4] in Mg-doped GaN, labelled Horita (2017). (A) The
2DHG samples A and B exhibit a metallic behavior of decreasing sheet resis-
tance with decreasing temperature, whereas the Mg-doped GaN samples are
insulating in behavior, becoming too resistive below ∼180-200 K for measure-
ment. (B) The measured mobile hole concentrations show freeze-out of holes
in the Mg-doped GaN (sample C) holes below 180 K. The density in the 2DHG
of Samples A and B show almost no change in the hole concentration down to
cryogenic temperatures. (C) The measured hole mobilities in samples A, B, C
and Horita (2017) for a range of temperatures. The 2DHG in Samples A and B
show significantly higher mobilities than C. Even though Horita (2017) shows
a higher mobilities than 2DHG samples A and B (due to low charge concen-
trations), the 2DHGs survive till much lower temperature. Sample A at 10 K
represents the highest hole mobilities ever reported in GaN. (Inset) Hall resis-
tance versus magnetic field measured at room temperature indicates a positive
Hall coefficient (holes) in both samples A and B. Figure from Chaudhuri et al. [3]
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without the polarization charge at the interface because the integrated acceptor

sheet density in sample B is only ∼ 5 × 1011 cm−2, orders of magnitude lower

than the measured mobile hole gas density. This measurement constitutes the

first unambiguous proof of the presence of a high-density polarization-induced

2D hole gas in undoped nitride heterojunctions. In these heterostructures, there

simply are no other carriers such as parallel electrons channels or parallel 3D

hole channels that can mask the direct and unambiguous measurement of the

properties of the 2D hole gas. Although the Mg-doped cap layer offers very lit-

tle mobile holes to the 2D hole gas, it can enable low-resistance tunneling p-type

contacts to the 2D hole gas because of the high electric field it generates near the

surface.

Figure 2.5 (d) shows that the mobility of the 2D hole gas in undoped Sample

A and doped Sample B increases substantially, by ∼6-9X from 300 K to 20 K. The

mobility of the doped GaN/AlN heterostructure 2D hole gas increases from ∼20

cm2/Vs at 300 K to ∼120 cm2/Vs at 20 K, and from ∼23 cm2/Vs to ∼190 cm2/Vs

for the undoped GaN/AlN heterostructure. Also plotted in figure 2.5 (c) is the

highest hole mobility reported in Mg-doped GaN [4]. This was achieved by sup-

pressing the dislocation and impurity scattering by using an ultra-low doping

density of 6.5 × 1016 cm−3 and low dislocation density (4 × 106 cm−2) substrates.

However, the low carrier density resulted a very high sheet resistance at room

temperature of 3 × 105 Ω/sq, which sharply rose to > 5 × 106 Ω/sq at 180 K due

to the freezing-out of the thermally-generated carriers. In comparison, the un-

doped GaN/AlN 2DHG (sample A) shows a higher hole mobility at 10 K of

∼190 cm2/Vs, which is a new record for hole mobility in GaN at any tempera-

ture. But more importantly, it does so while maintaining the high charge density

of > 1013 cm−2 down to cryogenic temperatures - which offers never before pos-
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sible access to the valence band of GaN via low temperature magneto-transport

experiments.
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Figure 2.6: (a) Numerical [5] and (b) analytical model of the GaN/AlN 2DHG
mobility over a wide range of temperature (10 K - 500 K). Both models show
reasonable agreement with the experimental data, and concur that the room-
temperature mobility is acoustic phonon scattering limited. Figure (a) from Bader
et al. [5]

What limits the mobility of this undoped GaN/AlN 2DHG? The room tem-

perature mobility of the chemically-pure undoped GaN/AlN 2DHG has been

shown to be limited by the strong acoustic phonon (AP) scattering [5, 128]. Fig-

ure 2.6 (a) shows the numerically calculated GaN/AlN 2DHG mobility using

37



multi-band k · p models [5]. This includes intrinsic scattering from acoustic

phonons (AP), polar optical phonons (POP). The extrinsic scattering mechanism

includes the effect of crystal non-idealities like disclocation, interface roughness

etc, and is assumed to be constant with temperature. The numerically calculated

value [5] shows good agreement to the experimental data in the range 10 - 500

K. This confims that the room temperature mobilities are intrinsically limited by

AP scattering to ∼ 60 cm2/Vs. This in contrast to the case of GaN 2DEGs where

POP scattering limits the room-temperature mobility at room temperature (see

figure 4.10).

Analytically, the AP-limited hole mobility of a 2DHG with density ps in a

single parabolic valence band at temperature T is given by [129, 8] :

µAP ≈
16e ρ v2

s ~
3

3kBT D2 m2
eff b(ps)

, (2.3)

where kB is the Boltzmann constant, ~ is the reduced Planck’s constant, e is the

electron charge and ε0 is the vacuum permittivity. εs = 8.9 is the low frequency

dielectric constant of the GaN channel. This expression considers a simplified

single parabolic valence band (VB) with hole effective mass [130] meff = 2.0 m0.

b(ps) =
[(

33meffe2 ps

)
/
(
8~2ε0εs

)]1/3
is the variational Fang-Howard wavefunction

parameter that quantifies the spatial spread of the 2DHG. Because the 2DHG

is located in the GaN layer, the properties of GaN mass density ρ = 6.15 × 103

kg/m3 and sound velocity vs = 7963 m/s are used with a scalar equivalent

valence band deformation potential of magnitude D = 6.2 eV considered as a

simplification of the deformation potential matrix for a single parabolic valence

band approximation. This D value also concurs with the sets of GaN VB defor-

mation potentials reported in the literature [21, 131].

Under the same assumption of a single parabolic valence band, the POP-
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limited hole mobility of for a 2DHG at temperature T is [132, 30] :

µPOP ≈
κ∗ε0 k0 ~

2

2π ω0 me f f N G(k0)

(
1 +

1 − e−y

y

)
, (2.4)

where ~ω0 = 92 meV is the optical phonon energy in GaN, k0 =√
2me f fω0/~ is the hole wave vector corresponding to the phonon energy,

N(T ) = (exp(~ω0/kBT ) − 1)−1 is the Bose-Einstien distribution function and

G(k0) = b(8b2 + 9k0b + 3k2
0)/8(k0 + b)3 is the Fang-Howard waveform form-factor.

y = π~2 ps/me f f kBT depends on the 2DHG density.

The calculated analytical AP- and POP-limited mobilities for the GaN/AlN

2DHG are plotted in figure 2.6 (b). A value of ∼ 200 cm2/Vs is used to repre-

sent the effects of the other extrinsic scattering mechanisms. The total mobility,

calculated using Mattheisen’s rule, is also plotted in figure 2.6 (b). The model

agrees reasonably well with the experimental data over the wide range of tem-

perature. It also captures the salient feature of the AP-limited room tempera-

ture hole mobility. Slight discrepancy from the full-blown numerical simulation

is mainly due to the ignorance of the second light hole valence band. The an-

alytical expressions are useful for quick evaluation and comparison of other

extrinsic scattering mechanisms such as impurity scattering and alloy disorder

scattering, as will be seen in the upcoming sections.

Sample B from figure 2.5 was sent to collaborators at Air Force Research

Laboratories (AFRL) for a Hall effect measurement across a wider temper-

ature range. Corner Ni/Au contacts were put down via photolithogra-

phy/evaporation, and used for Hall-effect measurements in the range ∼ 5− 800

K. The results are shown in figure 2.7. Also plotted is the temperature depen-
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Figure 2.7: Comparison of temperature-dependent Hall effect measurements
performed at Air force research labs (AFRL) and Cornell on a GaN/AlN 2DHG
sample as shown in inset of (b). Corner soldered indium were used at Cornell
and alloyed Ni/Au contacts were used for ohmic contacts to the 2DHG for Hall
measurement. The close agreement of the results serves as a independent con-
firmation of the discovery of the 2DHG. Additionally, the AFRL measurements
also provide valuable data points above room temperature, showing that the
2DHG not only survives upto ∼ 800 K, but also the hole concentration increases
slightly. This makes it suitable for high-temperature circuit applications. Mea-
surements at AFRL were performed by Dr. Adam Neil.

dent Hall measurement data taken at Cornell using corner Indium contacts. A

good agreement is observed between the two sets of data, providing an inde-

pendent confirmation of the discovery of the GaN/AlN 2DHG.

At temperatures above 300 K, the 2DHG mobility decreases with increase

in temperature and reaches ∼ 1 cm2/Vs at 750 K. This is expected as the num-

ber of phonon increases at higher temperatures (more lattice vibrations) and

hence the 2DHG undergoes stronger scattering. More interestingly, the 2DHG

density rises with increase in temperature, and almost doubles from its 300 K

value to > 1014 cm−2 at ∼ 750 K. Even if all Mg donors are thermally ionized,

it will result in ∼ 1 × 1013 cm−2 holes, which does not explain the 2× rise in the

2DHG density. This trend in the 2DHG Hall density is also seen in a purely
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Figure 2.8: Contactless sheet resistance measurements of an undoped GaN/AlN
2DHG wafer performed Teledyne Technologies. (A) 2-inch MBE-grown
GaN/AlN heterostructure wafer with the corresponding layer structure shown,
along with a bare substrate wafer used as a control sample (B) Sheet resistance
map for wafer A shows sheet resistances in the range of ∼ 16 − 33 kΩ/sq across
the surface, whereas wafer B is highly resistive (> 350 kΩ/sq). These results
provide an independent confirmation of the presence of a polarization-induced
2D hole gas as a conductive channel in the undoped heterostructure on wafer
A. Figure from Chaudhuri et al. [3]

polarization-induced undoped GaN/AlN 2DHG, which varies from ∼ 3 × 1013

cm−2 at 10 K, to ∼ 5 × 1013 cm−2 at 300 K to ∼ 8 × 1013 cm−2 at 500 K. This

trend is not observed in polarization-induced III-nitride 2DEGs, and neither in

other (Mg-doped) GaN/AlGaN/GaN 2DHGs [133]. These observations point

to be some fundamental origin of this variation of 2DHG density related to the

GaN/AlN structure or the nature of the 2DHG, and is under further investiga-

tion (see section 2.7). However, the high density of holes ∼ 1014 cm2/Vs at high
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temperatures is attractive for scientific and technological applications.

Contact-less sheet resistance measurement using a Lehighton setup was per-

formed on the GaN/AlN structure by collaborators at Teledyne Corporation.

The results are shown in figure 2.8. Since the instrument can handle only full

wafers, a heterostructure with ∼15 nm undoped GaN on AlN was grown on

a 2-inch substrate wafer (wafer A). A bare substrate wafer without any grown

layers was used as a control sample for the measurement (Wafer B). Wafer A

showed a sheet resistance in the range of ∼16-33 kΩ/sq across the wafer sur-

face. The higher sheet resistance compared to the samples in figure 2.5, and

the non-uniformity across the surface can be attributed to the growth not be-

ing optimized for large area substrates at that point in time. Since the bare

AlN on Sapphire substrate wafer was highly resistive (sheet resistance >350

kΩ/sq), we conclude that the conductive 2DHG channel is present in the un-

doped GaN/AlN heterostructure wafer A. Subsequent Hall-effect measurement

results on a diced 8 mm × 8 mm piece from the wafer with corner Indium con-

tacts corroborate the measured sheet resistance by the contactless method. The

presence of the 2D hole gas detected by a contactless measurement is further

confirmation of the fact that the holes are polarization-induced, and are not

supplied by the metal contacts in a Hall-effect measurement. Additionally, op-

timized large area MBE-growths of GaN/AlN heterostructures [63] since then

have achieved low sheet resistance ∼ 10 kΩ/sq across a 2-inch wafer (see ap-

pendix A).

The results of the transport measurements of the GaN/AlN 2DHG at Tele-

dyne Corporation and Air Force Research Laboratories (AFRL) serve as inde-

pendent confirmation of the discovery of the undoped GaN/AlN 2DHG.
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Figure 2.9: Dependence of the properties of the polarization-induced 2D hole
gas on the thickness of the undoped strained GaN layer grown on AlN. (A)
shows the valence band edge and the spatial hole density distribution as a func-
tion of the GaN layer thickness. The triangular quantum well at the heterojunc-
tion is clearly visible, with the large valence band offset to confine the 2D holes
to a width of ∼1 nm in the vertical direction. The 2D hole gas density increases
and saturates for GaN layer thicknesses above ∼30 nm. (B) shows the measured
2D hole gas densities in various undoped (solid circles) and Mg-doped (hollow
circles) GaN/AlN samples with varying GaN thicknesses. The numerical sim-
ulations for the variation of the hole gas density with the thickness of the GaN
cap layer, for various surface barrier heights is also shown for reference. There
clearly exists a critical minimum thickness of GaN for the existence of mobile
holes at the GaN/AlN interface - a characteristic of the polarization-induced
nature of the 2D hole gas. Figure from Chaudhuri et al. [3]

As further evidence for the polarization-induced origin of the 2DHG, figure

2.9 shows the variation of the density of the 2D hole gas with the thickness of the

GaN layer, marking a well-defined critical thickness. Figure 2.9 (a) shows the

expected change in the 2D hole gas density with thickness in the energy band

diagram of the valence band, and the mobile hole concentration with depth, as

simulated using a self-consistent multiband k.p Schrodinger-Poisson solver [55].

A typical bare-GaN surface valence band edge barrier height of 2.9 eV was used

for the simulations in figure 2.9 (a). The solid lines in figure 2.9 (b) show the ex-
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pected variation of the polarization-induced hole density versus GaN thickness

for various surface hole barrier heights. For example, for a surface barrier height

of ∼3 eV, the solid lines indicate a critical thickness of ∼4 nm below which the

2DHG is depleted from the surface potential, a sharp rise in the 2DHG density

from ∼5 - 20 nm, beyond which the hole density saturates to the interface polar-

ization sheet density. The critical thickness is lower for a smaller surface barrier

height, reaching ∼1 nm for a barrier height of 0.6 eV. The measured 2D hole

gas densities should follow this trend. To test this, undoped and doped GaN

on AlN samples of various thicknesses were grown and their sheet hole den-

sities were measured by Hall-effect at 300 K in a Lakeshore Hall measurement

system at a magnetic field of 1 T. The measured 2DHG densities are plotted in

figure 2.9 (b) alongside the solid lines predicted from the polarization discon-

tinuity for various surface barrier heights. We observe a critical GaN thickness

of ∼3 nm, below which no hole gas is measured. The measured 2DHG den-

sities variation with the GaN layer thickness indicates that the surface barrier

height may not be fixed, but is likely dependent on the thickness of the GaN

layer, as has previously been observed in 2D electron gases [134, 135]. Although

the qualitative agreement to the simulated model is a further proof that the 2D

hole gas is indeed polarization-induced, it is difficult with the available Hall

data to conclusively claim values of the surface barrier height for the doped or

undoped samples due to its dependence on variations in epitaxial growth con-

ditions, chemical surface modification due to exposure to atmosphere, etc.

Contactless electroreflectance (CER) spectroscopy was performed [7] on the

GaN/AlN structures to probe the built-in electric fields in the GaN/AlN het-

erostructures. In a modulation spectroscopy technique such as CER, a modu-

lating field signal is applied to the heterostructure which varies the complex
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Figure 2.10: Results of contactless electroreflectance (CER) to probe the electric
fields in the GaN layer in a GaN/AlN 2DHG sample. (a), (b) show the CER
spectra measured from samples 1 and 2 respectively. The layer structures are
shown in the insets. Oscillations are observed in both the spectra due to the
Franz-Keldysh effect [6]. (c) The extrema from the spectra are then fitted to
extract the electric fields of 1.5 MV/cm and 0.6 MV/cm in the top GaN layer of
samples 1 and 2 respectively. (d) Extracted surface Fermi level in the samples
by comparing to 1-D Schrodinger-Poisson simulation results is ∼ 1.9 eV above
the valence band in both the samples. Figures from Janicki, Chaudhuri et al. [7]

dielectric constant of the film thereby giving rise to a change in the reflectance

of an incident light beam [136]. The resulting spectra contain Franz–Keldysh

(FK) oscillations that are dependent on the built-in electric field.

Figures 2.10 (a,b) show the CER spectra (normalized change in reflectance

signal) from two GaN/AlN 2DHG samples 1 and 2 with and without Mg-

doping in the top layer. Signature FK oscillations are visible in both spectra,
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which is due to the electric field in the top GaN layer. The FKO extrema in

sample 1 and 2, labelled in figures 2.10 (a,b), are of the form [6] :

nπ =
4
3

(
En − Eg

~θ

)3/2

+ φ (2.5)

where En is the energy of nth extremum, Eg is the GaN bandgap energy, and

φ is a phase angle. ~θ is the electro-optic energy given by (~θ)3 = (qe~
2F2)/2µ,

where F is the built-in electric field in the GaN layer being probed, and µ is

the electron–hole-reduced mass of GaN. The slope of the fitted line through

the plot of 4/(3π)(E − Eg)3/2 versus n is proportional to F. From figure 2.10 (c),

the extracted electric field values in the GaN layers are ∼1.5 and ∼0.6 MV/cm

for Sample 1 and 2, respectively. The obtained values of electric fields scale

inversely with GaN channel thickness (1500/600 ≈ 34/13). This indicates the

Fermi levels are at similar energies on the surface of both these structures as on

the other end the energy band is pinned to the valence band at bottom of the

GaN layer. The surface Fermi levels are extracted by comparing the experimen-

tally obtained value of the fields to a 1D Schrodinger-Poisson simulation of field

vs surface barrier height in GaN. The extracted barrier heights of samples 1 and

2 of 1.9 and 2.0 eV are shown in figure 2.10 (d). These barrier heights for the air

exposed surface of GaN in these structures are in reasonable agreement to the

Hall measurements shown in figure 2.9.

Further work is necessary to elucidate the ”true” surface Fermi level (uncon-

taminated by air exposure) and its pinning - by either passivating the sample

surface in-situ after epitaxy, or by directly measuring the electrical properties

of a processed metal-semiconductor Schottky barrier, in both cases ensuring the

GaN surface is buried and protected.
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2.4 Impurity Blocking Layers in the AlN Buffer Layer

Following the discovery of the 2DHG in undoped GaN/AlN structures, the nat-

ural question arises as to why did it remain elusive nearly 2 decades after its pre-

diction and the experimental discovery and subsequent technological impact of

its n-type dual, the Al(Ga)N/GaN 2DEG. As has been the case in semiconductor

physics [70], the control of impurities during material growth plays a decisive

role in all semiconductors, and especially in wide-bandgap semiconductors. For

example, the presence of Hydrogen limited the conductivity of MOCVD grown

Mg-doped GaN for decades, before its effect was discovered, understood and

solved [98]. Driven by the commercialization of GaN RF HEMTs, the growth

of GaN buffer layers has been studied and optimized on various substrates

for high-quality Al(Ga)N/GaN 2DEGs. Taking advantage of this established

platform, most of the earlier 2DHGs reported have been on GaN buffer layers,

in metal-polar AlInGaN/GaN [16], InGaN/GaN [15], GaN/AlGaN/GaN [12]

structures.

Only in 2010s has the availability of AlN as a photonic and electronic de-

vice platform led to the exploration of AlN as a buffer layer for growing 2DEGs

[42, 134] and 2DHGs. In 2013, the first 2DHG in a GaN/AlN heterostructure

with Mg-doped GaN layer was reported [19]. However, they were not as robust

as their n-type analog, the undoped AlGaN/GaN 2D electron gases (2DEGs).

In structurally similar GaN/AlN samples, mobile 2DHGs were either absent al-

together, or if present, had widely varying sheet densities and mobilities. Mg

doping in the top GaN layer [19] was found to stabilize the 2DHG and demon-

strate p-channel FETs using such 2DHGs. Only recently were these variations

solved to demonstrate the high-conductivity 2DHGs in undoped GaN/AlN
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structures [3]. In this section we identify the reason for the earlier variations,

and demonstrate a method to obtain these repeatable high-conductivity 2DHGs

with a tighter control over densities and transport properties.

Using such GaN/AlN 2DHGs as the channel, scaled GaN p-channel het-

erostructure field effect transistors (p-HFETs) with record high on-currents ex-

ceeding 500 mA/mm were reported in this work recently [39] which, for the

first time, broke the GHz speed barrier with cut-off frequencies in the 40

GHz regime. With key p-channel FET device parameters making a climb to-

wards that of GaN n-channel HEMTs, this result represents a significant step

towards enabling high-voltage RF wide-bandgap complementary device plat-

forms [137]. The high polarization-induced 2DHG densities are crucial for

achieving low contact and access resistances and the resulting high on-currents

in these p-HFETs. Variation in 2DHG density directly translates to variations in

the transistor threshold voltage and drive current that are undesirable. Repeat-

able growth of these 2DHGs with tight control on the density and high conduc-

tivity is therefore critical.

We find that silicon (Si) and oxygen (O) impurities originate from the start-

ing substrate and float up and incorporate in the GaN layer at the GaN/AlN

heterojunction. Because both are donors in GaN, they partially compensate the

2DHG and act as scatterers of mobile holes, resulting in inconsistent densities,

lower mobilities and higher sheet resistances. We present a new approach of

impurity blocking layers (IBLs) buried in the underlying AlN. The IBLs effec-

tively prevent the impurities from reaching the GaN/AlN interface where the

holes are located, significantly enhancing the repeatability and control over the

densities, mobilities, and conductivity of the undoped 2DHGs.
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Table 2.2: Summary of the samples under study and their Hall-effect measure-
ment results. Samples A, B and C were conductive at 300 K and 77 K with a pos-
itive Hall coefficient and increased mobility at low temperatures. The control
sample with only AlN buffer layer was highly resistive. Therefore the measured
conduction in samples A, B and C are expected to arise from the polarization-
induced 2DHG at the GaN/AlN interface.

ID Structure Technique Used in AlN Buffer Layer
300K ps

(1013 cm−2)
300K Rsheet

Ω/sq
µ300K

( cm2/Vs)
µ77K

( cm2/Vs)
Sample A 15 nm GaN/420 nm AlN N-rich nucleation layer (NL) 5.48 22.4×103 5.11 19.1
Sample B 15 nm GaN/430 nm AlN Impurity Blocking Layers (IBLs) 4.86 8.67×103 14.8 54.2
Sample C 15 nm GaN/440 nm AlN N-rich NL + IBLs 5.24 11.78×103 10.1 48
IBLs only 440 nm AlN N-rich NL + IBLs - > 2 × 106 - -

The heterostructures studied here were grown by plasma-assisted molecu-

lar beam epitaxy (MBE). The active nitrogen (N) species is supplied from a RF

plasma source. Gallium (Ga) and aluminum (Al) metal fluxes were supplied

from effusion cells. The starting substrate surface contains chemical impurities

such as Si, O, H, C from exposure to atmosphere. For layer-by-layer epitaxial

growth of AlN or GaN, films are grown under metal-rich condition [138, 139],

i.e. the incident metal to nitrogen flux ratio is > 1. When AlN is nucleated on

a substrate in Al-rich conditions, the Si impurities present on the surface are

thermodynamically inhibited from incorporating into the crystal. The relative

thermodynamic formation energies of the resultant species during growth [140]

dictates that the preference of incorporation of competing cation species into the

crystal is Al > Si > Ga > In. Thus, the Si atoms must either desorb, or float up on

the Al metal adlayer while the AlN layer is grown. Typical MBE growth tem-

peratures of 800◦C-1000◦C necessary for smooth epitaxy is insufficient to desorb

Si from the AlN surface, implying the Si must float on the Al adlayer.

When a GaN layer is grown on top of the AlN layer, it now becomes ther-

modynamically favorable for the Si which floated up to incorporate [141, 142].

For GaN/AlN heterostructures where the mobile holes are expected at the in-

terface, this Si incorporation poses a significant problem. In GaN RF HEMTs
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grown on SiC substrates, the initial AlN nucleation layers are typically grown

in the nitrogen-rich (N-rich) condition (Al:N flux ratio < 1) to suppress Si out-

diffusion from a SiC nucleation interface. This forces the Si to incorporate into

the N-rich AlN nucleation layer (NL) [141, 142]. However N-rich MBE growth

condition also leads to incomplete coverage and structural defect densities in

the film [139, 138] which are undesirable for 2DHG transport.

High conductivity 2DHGs with tight density control should then be possi-

ble by introducing impurity blocking layers (IBLs). The thermodynamic pref-

erence of incorporation [143, 144] dictates that though Si cannot incorporate in

metal-rich AlN, it readily incorporates in AlGaN layers by substituting the Ga

sites. For a constant dopant flux the Si incorporation in AlGaN shows almost

no change with Al% in the crystal till 100% Al content (ie. AlN), is reached

[64], where the Si incorporation abruptly drops to zero. Thus ultrathin high Al-

composition AlGaN layers inserted in the AlN should effectively suppress the

Si up-diffusion from the substrate. Furthermore, high-composition > 90% and

thin < 1−2 nm AlGaN layers will allow the layers to remain fully-strained to the

AlN substrate without introducing additional structural defects. The thin layers

also prevent parallel conduction channels in the form of 2DEGs due to polariza-

tion difference at the AlGaN/AlN interfaces. The small band offsets make the

bound states in the quantum well shallow. These thin, high-composition > 90%

AlGaN layers IBLs are investigated in this study in comparison to the N-rich

nucleation layers mentioned above. The effect of such IBLs on the chemical,

structural and transport properties of the UID-GaN/AlN 2DHG heterostruc-

tures is next described.

Table 2.2 shows a series of samples that were grown using a Veeco Gen10
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Figure 2.11: (a) Heterostructure details of sample C, with an AlN nucleation
layer (NL) grown under N-rich conditions and impurity blocking layers (IBLs)
marked in the buffer layer. (b) Scanning transmission electron microscope
(STEM) images of the cross-section of a GaN/AlN heterostructure of sample
C. The bright-field (BF) image shows the presence of the N-rich NL. The IBLs
are visible in both BF and high angle annular dark field (HAADF) image. (c)
X-ray diffraction Reciprocal space maps (RSM) around the AlN (105) peak con-
firms that the GaN layers in sample A and C are fully strained to the AlN buffer
layer. Figure from Chaudhuri et al. [8]

MBE system under nominally similar conditions. All samples included a ∼

420−440 nm AlN buffer layer grown at a substrate temperature Tsub = 780◦C, fol-
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lowed by a 15 nm layer of undoped GaN grown at Tsub = 750◦C. The three sam-

ples differed structurally with respect to the type of the AlN buffer layer.These

differences are qualitatively highlighted below, and described in Table 2.2:

• In sample A, the first ∼30 nm of AlN nucleation layers (NL) was grown

under N-rich conditions with Al:N flux ratio ∼0.9. The rest of the buffer

layer was grown under metal-rich condition with Al:N flux ratio ∼1.33, for

a total thickness of ∼420 nm. No IBLs were introduced in the buffer layer

in this sample.

• In sample B, the AlN was grown under Al-rich conditions throughout.

Thin IBLs with high-composition Al were incorporated periodically every

∼55 nm in the AlN buffer layer. A total ∼430 nm thick AlN buffer layer

was grown with 8 IBLs.

• In sample C, the AlN buffer layer with ∼30 nm of N-rich AlN nucle-

ation layer followed by Al-rich AlN with 5 IBLs separated by ∼55 nm was

grown, for a total thickness of ∼440 nm. The layer structure is shown in

figure 2.11 (a).

• A control sample with only AlN with IBLs and no GaN to investigate the

background resistivity.

After the ∼ 420 − 440 nm AlN buffer layer growth, the substrate was cooled

down to Tsub = 750◦C for the growth of the UID GaN layer. The 2DHG is ex-

pected to form at this GaN/AlN interface. The thickness of the UID GaN layers

was ∼15 nm for all three samples. The MBE growth recipe details are provided

in the Appendix A.
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Figure 2.11 (b) shows STEM scans of the cross-section of sample C, taken us-

ing a bright-field (BF) detector and a High-Angle Annular Dark Field (HAADF)

detector. Threading dislocations propagating through the substrate to the sur-

face are visible, a signature of heteroepitaxial AlN growth. The N-rich nucle-

ation layer is visible in the BF scan, and shows contrast due to the slightly higher

dislocation density in the layer. Most of these dislocations, originating from

the N-rich nucleation interface, do not propagate beyond the N-rich layer. The

scans from the HAADF detector, which detect the atomic number Z contrast

clearly show the periodic high-composition AlGaN IBL layers located ∼ 55 nm

apart. The zoomed-in scan of the IBLs shows the Ga incorporation in the AlN

over 2-3 monolayers (MLs). The GaN /AlN interface where the 2D hole gas is

expected is also shown, which is smooth and abrupt as desired.

The thin GaN layers are expected to be compressively strained to the AlN

buffer layer due to the 2.4% in-plane lattice mismatch. X-Ray diffraction re-

ciprocal space maps (RSMs) shown in figure 2.11 (c) confirm this. The relative

position of the AlN and GaN (105) peaks show that the GaN layers are pseudo-

morphically strained to AlN buffer layer in both sample A and C. Only the AlN

and GaN diffraction peaks are visible with no discernible peak from the AlGaN

IBL layers due to their composition and thinness. The RSMs confirm there was

no structural effect of the IBLs on the GaN layer, and that the samples are sim-

ilar structurally and as targeted for generating a 2DHG. Omega rocking curve

scans taken around the GaN (002) peak (not shown here) confirm that all three

samples have similar screw-type threading dislocation densities of ∼ 108 cm−2.

Results of room temperature Hall-effect measurements, performed at mag-

netic field of 0.32 T using soldered corner Indium contacts to the 2DHG, are
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summarized in table 2.2. The three samples with the undoped GaN epitaxial

layer showed a repeatable positive Hall coefficient confirming the presence of

mobile holes. The control sample with IBLs only was found to be highly resis-

tive, confirming that the IBLs in the buffer layer do not form parallel conduction

channels. Since no p-type acceptor doping is present in the sample, the conduc-

tion in samples A, B and C are entirely due to the 2DHG at the GaN/AlN inter-

face. The fact that it indeed is a 2DHG is confirmed by the fact that the density

does not freeze out at 77 K, and the mobility increases. Before discussing the

hole transport properties further, we report the chemical effect of the IBLs.

Secondary ion mass spectrometry (SIMS) analysis was performed on the

three samples to investigate the impurity profiles of the films and the effect of

the different buffer layers and IBL designs. The measured concentration profile

for Si and O impurities are shown in figure 2.12, along with the Ga atomic frac-

tions. The SIMS detection limits are 1−2×1017 atoms/cm3 for Si and O. The three

regions of interest from the right side are: (c) the AlN/substrate nucleation in-

terface, (b) the AlN buffer layer with IBLs, and (a) the GaN-AlN interface where

the 2DHG is expected. They are plotted separately for ease of comparison.

In sample A, concentration spikes of Si and O are observed at the

AlN/substrate nucleation interface. The peak concentrations are ∼ 3×1019 cm−3

and ∼ 1 × 1021 cm−3 respectively. The Si profile tails into the AlN buffer layer

for a distance of ∼20 nm. No Ga is detected in the AlN buffer layer. This is

expected as no IBLs were grown in Sample A. No Si, O peaks are observed in

the buffer layer, with the Si and O impurity levels remaining at the detection

limit of around ∼ 1 × 1017 cm−3 and ∼ 5 × 1017 cm−3. It is noted that the O level

starts rising slowly in the top 100 nm of the AlN buffer layer. However, at the
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Figure 2.12: Secondary ion mass spectrometery (SIMS) profiles showing the
impurity levels and Ga atomic fractions : (a) at the GaN-AlN interface where
the 2DHG is expected, (b) in the AlN buffer layer, and (c) at the AlN-substrate
nucleation interface, for the three samples A, B and C. The positions of the IBLs
are marked by the peaks in the Ga atomic compositions in (b). The Si peaks cor-
responding to the IBLs in sample B and C are also indicated. The results show
that the high-concentration AlGaN IBLs are effective in blocking the impurities
from floating up and incorporating in the GaN layer. Figure from Chaudhuri et al.
[8]

GaN/AlN interface, a clear concentration spike is observed for both Si and O

profiles. The peak concentrations are ∼ 6 × 1018 cm−3 and ∼ 1 × 1019 cm−3 re-

spectively. This points to the fact that despite using an N-rich NL layer in the

AlN, some of the Si and O floated up during the growth of the metal-rich AlN

buffer layer and incorporated in the initial layers of the epitaxial GaN layer. The

Si spike extends over ∼ 3 nm into the GaN layer, where the 2DHG is expected

to reside. Clearly, the ∼ 30 nm N-rich NL in this sample is not effective enough
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to prevent the impurities from floating up during the growth of the AlN buffer

layer.

The panel labeled Sample B shows the impurity profile when IBLs are in-

troduced. The SIMS profile shows the incorporation of Ga, each peak corre-

sponding to an IBL. The resulting AlGaN layers have > 95% Al composition,

in agreement with the STEM scans in figure 2.11. The Si concentration exhibits

peaks at the nucleation interface, and subsequent peaks coincide with the posi-

tion of the IBLs. The Si peak density is ∼ 2 × 1019 cm−3 for the first IBL at the

nucleation interface, ∼ 1 × 1019 cm−3 for the next and then drops to ∼ 1 × 1018

cm−3 for the next 3. No Si peak is observed after 5 IBLs, beyond which the Si

concentration remains at the detection limit of ∼ 1 × 1017 cm−3 even at the IBL

positions. This confirms that the Si observed at the GaN/AlN interface is not

from the growth chamber ambient but is floating up from the substrate surface,

as otherwise Si peaks would have occurred at every IBL position and not just

the first 5. A small apparent Si spike of ∼ 5 × 1017 cm−3 in figure 2.12 (a) visible

at the GaN/AlN interface is around the same magnitude of the Si concentration

in the adjacent AlN buffer layer in figure 2.12 (b). However this concentration

is an order of magnitude lower than the concentration in sample A. The O con-

centration profile in the AlN buffer layer does not show any spikes and is at the

detection limit of ∼ 2 × 1017 cm−3. There is no O peak observed at the GaN/AlN

2DHG interface. This evidence suggests that the IBLs in sample B are far more

effective in blocking Si and O compared to the N-rich NL in sample A. Further

investigations are underway to determine the difference in the chemical behav-

ior of the blocking of oxygen and silicon impurities.

The SIMS profile of sample C shows the impurity concentrations when both
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the the N-rich NL and IBLs are used in the AlN buffer layer. Si and O concentra-

tion spikes are observed at the AlN nucleation interface, with peak concentra-

tions of ∼ 5 × 1019 cm−3 and ∼ 1 × 1021 cm−3 respectively. The Ga atomic fraction

profile in the AlN buffer layer that the IBLs are spaced ∼55 nm apart with a

concentration of > 95% AlGaN. A small Si peak of ∼ 5 × 1017 cm−3 is observed

only at the first IBL, beyond which the Si profile remains at the detection limit

of ∼ 1×1017 cm−3. The O profile does not show any peaks in the buffer layer and

remains at ∼ 2 × 1017 cm−3. Importantly no Si and O peaks are observed at the

GaN-AlN interface. The impurity levels at the interface are an order lower than

that seen in sample A at ∼ 1 × 1017 cm−3 and ∼ 1 × 1018 cm−3 for Si and O respec-

tively. These results suggest that the combination of N-rich NL and IBLs used

in sample C is most efficient in blocking the Si, O impurities floating up from

the substrate from reaching the GaN layer where the 2DHG is located. Indeed

this is borne out in the transport properties of the 2DHGs.

The measured 300 K and 77 K Hall-effect data for the three samples A, B

and C is presented in table 2.2. Temperature-dependent Hall-effect measure-

ments were performed compare the 2DHG transport between samples A and

B/C, which have an order of magnitude difference in the impurity levels at the

GaN/AlN interface. The samples were measured from 300 K to 20 K, at 1 T

magnetic field in a Van der Pauw configuration with soldered Indium corner

contacts. The results are shown in figure 2.13. Both samples show similar mo-

bile hole densities ∼ 5 × 1013 cm−2 throughout measured the temperature range.

These densities are expected from the difference in polarization at the AlN/GaN

heterojunction. The holes do not freeze-out even at 20 K, confirming the 2DHG

is highly degenerate and metallic in nature for both samples.

57



x3

Revised 
manuscript

x3

Sample C

ref [4]

Sample A

2DHGs 
without IBLs

2DHGs with 
IBLs

(a) (c)

(b)
Sample B

Figure 2.13: Temperature dependent Hall-effect measurement results for sam-
ple A, B and C. (a) Comparing the holes mobilites, 3× boost in mobilities is
observed in sample B and C compared to sample A throughout the temperature
range due to the suppression of impurities at GaN/AlN interface. Data from
other samples grown under similar conditions [3] is also included, and shows
high hole mobilities upto ∼190 cm2/Vs at 20 K. (b) The 2DHG sheet concentra-
tion is approximately the same in all the samples. (c) This results in 3× higher
conductivity in sample B and C compared to sample A. Figure from Chaudhuri et
al. [8]

A significant difference is observed in the measured Hall-effect mobilities.

Sample A shows a room temperature mobility of ∼ 5 cm2/Vs, whereas the sam-

ple B and C have a 2× higher mobility of ∼ 10− 14 cm2/Vs. The samples show a

similar trend of mobility as a function of temperature. This is explained by the

freeze out of acoustic and optical phonons [5], and agrees with previous report

[3] of GaN/AlN 2DHG. However, the 2DHG mobility in sample B, C is consis-

tently 2-3× higher that of sample A, with the highest mobilities of 85 cm2/Vs

and 64 cm2/Vs respectively at 20 K. Other samples under similar growth con-

ditions with IBLs have exhibited even higher mobilities, the highest [3] among

58



them is also plotted in figure 2.13 for reference. This boost in mobility of sample

B and C results in 3× lower sheet resistivity compared to sample A throughout

the measured temperature range, as seen in figure 2.13 (c).

The comparison of SIMS provides clear evidence that the presence of

charged donor impurities at the GaN-AlN interface plays an important role

in limiting the mobility of the 2DHG in these structures. Quantitatively, the

mobility of a 2DHG of density ps limited by Coulomb scattering from ionized

background impurities of uniform 3D concentration Nimp is given by [129] :

µimp ≈
4(2π)5/2~3(ε0εs)2

m2
eff e3

·
p3/2

s

Nimp
, (2.6)

where ~ is the reduced Planck’s constant, e is the electron charge and ε0 is the

vacuum permittivity. εs = 8.9 is the relative dielectric constant of the GaN chan-

nel. This expression considers a simplified single parabolic valence band (VB)

with hole effective mass [130] meff = 2.0 m0. The value of the mobility for the

GaN 2DHG of density ps = 5 × 1013 cm−2 due to ionized background impuri-

ties is plotted as a function of Nimp in figure 2.14(a). It reduces from µimp ≥ 100

cm2/V·s at Nimp ∼ 5 × 1018cm−3 to µimp ∼ 5 cm2/V·s at Nimp ∼ 1.5 × 1020cm−3.

The dominant intrinsic scattering mechanism at room temperature for

GaN/AlN 2D holes is due to acoustic phonons (AP) [5] through the deformation

potential coupling. Using the simplified and calibrated model in equation (2.3),

the expected room-temperature AP-limited mobility of the GaN/AlN 2DHG is

∼ 60 cm2/Vs, which is plotted in figure 2.14 (a).

Other scattering mechanisms affecting the 2DHG that are less effective at

room temperature are also included in figure 2.14 (a). The room-temperature

polar optical phonon (POP) limited mobility is set [5] at 110 cm2/Vs. An ex-

trinsic scattering mechanism limited mobility, which encompasses the effect of
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mechanisms such as interface roughness, dislocations, etc., is set to 200 cm2/Vs.

Since the acoustic and optical phonon scattering modes are frozen out at low

temperatures, the extrinsic value of 200 cm2/Vs corresponds to the highest 10

K Hall mobility measured in GaN/AlN 2DHGs [3]. The resultant total mobility

(µTotal) approximated by Matthiessen’s rule is plotted as a function of ionized

donor concentration in figure 2.14 (a).

In a chemically and structurally pure GaN/AlN heterostructure in the low

impurity limit, AP scattering is the dominant scattering mechanism for 2D holes

at room temperature. However, it is evident from figure 2.14 (a) that there exists

a critical background impurity concentration above which the ionized impurity

scattering becomes the dominant scattering mechanism, and lowers the 2DHG

mobility to below its intrinsic AP-scattering limit. This critical impurity concen-

tration Ncr
imp is obtained by equating equations (2.6) and (2.3):

Ncr
imp ≈ A′ T

D2 m1/3
eff (ε0εs)5/3

ρ v2
s

ps (2.7)

where A′ = (120 kB)/(~2/3 e10/3) is a material independent constant. For conve-

nient numerical estimates, equation (2.7) is cast in the form :

Ncr
imp ≈ 5 × 1017 cm−3 ×

ε5/3
s

( D
1 eV

)2 (
meff

m0

)1/3 ( ps

1013 cm−2

)
×103 kg/m3

ρ

 (103 cm/s
vs

)2

, (2.8)

where m0 is the free-electron mass. Substituting the values for the GaN/AlN

2DHG system, a Ncr
imp ∼ 1.2×1019 cm−3 is obtained. Thus it is expected that when

the background impurity density exceeds ∼ 1.2 × 1019 cm−3, impurity scattering

is dominant and the resultant 2DHG mobility is lower than the intrinsic AP-

limited mobility.
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Figure 2.14: (a) Theoretical room temperature (RT) mobility µ300K of a GaN/AlN
2DHG of density ∼5×1013 cm−2, as a function of concentration of ionized back-
ground impurities Nimp. The 2DHG scattering is limited by ionized impurity
scattering at impurity concentrations Nimp ≥ Ncr

imp ∼ 1.2 × 1019 cm−3. The 2DHGs
with IBLs ensure that Ncr

imp and thus have a higher phonon-limited mobility. (b)
300K mobility vs charge density of GaN/AlN 2DHG samples grown with and
without the IBLs under similar conditions. A polarization-induced 2DHG den-
sity of ∼ 5 × 1013 cm−2 is expected in all the samples. The samples without the
IBLs, exhibit a larger spread in the 2DHG densities and lower mobilities. The
samples with IBLs are in agreement to the expected 2DHG density and have
higher mobilities, resulting in high-conductivity 2DHGs. Figure from Chaudhuri
et al. [8]

To compare with this theoretical prediction, the experimentally measured

room-temperature Hall-effect mobilities of the GaN/AlN 2DHGs with AlN

buffer layers grown without IBLs (similar to sample A) and with IBLs (similar

to sample C) are plotted in figure 2.14 (a). They fall in two blocks. The impurity

densities at the 2DHG interface are estimated to be 1.6×1019 cm−3 for the for-

mer and 1018 cm−3 for the latter, following the SIMS results of sample A and C.

The experimental data agree with the trend predicted by the model: the 2DHGs
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with Nimp ≥ Ncr
imp have a lower mobility than those with Nimp ≤ Ncr

imp, support-

ing the hypothesis that impurity scattering plays a dominant role in transport

of 2DHGs without IBLs. Furthermore, since equation (2.8) is a function of basic

material parameters, it serves as a useful rule-of-thumb for designing and op-

timizing heterostructures with 2D carriers not limited to the GaN/AlN 2DHG

studied here. The deviation from theory in figure 2.14 (a) is attributed to the

single parabolic VB assumption for the mobility calculations, which ignores

inter-valence band scattering. The low mobility samples could possibly also

have impurity concentrations higher than 1.6×1019 cm−3 leading to the spread

in their mobilities.

If the donor impurity concentration is high enough that its integrated sheet

concentration in GaN becomes comparable to the mobile hole density of ∼

5 × 1013 cm−2, the donors can compensate the holes resulting in significant de-

viation from the expected hole density σπ ∼ 5 × 1013 cm−2. This will also affect

the mobility of the uncompensated holes due to neutral impurity scattering.

The strong effect on the hole density is clearly seen in figure 2.14 (b), where

the room temperature 2DHG mobilities versus densities are plotted for samples

with and without IBLs. The samples without IBLs show a significantly large

spread in the 2DHG densities with ∆ps ∼ 7 × 1013 cm−2 and low mobilities. The

2DHG in the samples with IBLs consistently exhibit a higher mobility, and den-

sities as expected of ∼ 5 × 1013 cm−2 in all samples. More importantly, they

exhibit tight control over the density which shows a 7× reduction in the spread

to ∆ps < 1 × 1013 cm−2. The variation in the 2DHG mobilities among these

samples with IBLs is believed to be due to other non-dominant extrinsic scatter-

ing mechanisms such as interface roughness scattering or dislocation scattering.

Varying the extrinsic scattering mechanism limited mobility from 200 cm2/Vs
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to 60 cm2/Vs is expected to cause a ∼ 10 cm2/Vs variation of mobilities at room

temperatures and ∼ 100 cm2/Vs at low temperatures. These are in agreement

with the measured mobility data spread observed in figures 2.13 and 2.14.

Thus, suppressing the impurities using IBLs not only results in higher mo-

bilities, it also enables tightly controlled 2DHGs densities. An AlN buffer layer

with 4 IBLs or a combination of N-rich NL and 1 IBL is efficient enough to block

the impurities from affecting the 2DHG. As a further confirmation of the effec-

tiveness of the IBLs, a UID-GaN/AlN 2DHG sample with a thinner ∼ 100 nm

AlN buffer layer with N-rich NL and only 1 IBL showed a room temperature

mobility of ∼ 10 cm2/Vs at density of 4.4×1013 cm−2. These optimized GaN/AlN

2DHGs offer the highest room temperature p-type conductivity compared to

other single-channel 2DHGs reported in III-nitrides [3].

2.5 Very High density InGaN/AlN 2DHGs

The GaN/AlN high density 2DHGs discussed so far have recently been used

as a transistor channel to break the GHz-speed barrier for the first time in a

GaN p-channel FET [39] with record high on-currents greater than 0.5 A/mm

and ft/ fmax of 23/40 GHz. As will be shown in detail in chapter 3, the as-grown

2DHG density in these devices is partially depleted under the gate using a recess

etch. However the access resistances are determined by the as-grown 2DHG

conductivity and therefore the density. If the 2DHG density is engineered to be

higher in the access regions, the resultant lower access resistance should further

enhance the on-currents, transconductance and therefore operation speeds of

these state-of-art GaN p-channel FETs.
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In this section very high 2DHG densities > 1×1014 cm−2 are demonstrated in

carefully designed and grown pseudomorphic InGaN layers on thick, relaxed

AlN buffer layers. It is shown that introduction of Indium in the strained GaN

channel of a GaN/AlN structure boosts the resulting mobile charge densities,

primarily because of the increase in piezoelectric component of polarization in

the strained InGaN layer. This work represents the first report of polarization-

induced carrier densities greater than 1×1014 cm−2 at a single III-nitride heteroin-

terface, which is just an order below the sheet atomic density of 1015 cm−2. The

best hole mobilities in these high-density 2DHGs are found to be ∼ 5 cm2/Vs at

300 K and ∼ 15 cm2/Vs at 10 K. These are lower than ∼ 25 cm2/Vs and ∼ 200

cm2/Vs at 300 K and 10 K respectively seen in GaN/AlN 2DHGs. These lower

mobilities are shown to be due to the dominance of alloy disorder scattering

at room temperature. By comparing the experimental data to a simple scatter-

ing model, the InGaN/AlN 2DHG system allows the direct measurement of the

alloy fluctuation potential of 1.0 eV for hole transport in InGaN.

When a metal-polar GaN or InGaN crystal is epitaxially grown on a thick

AlN buffer layer, as shown in figure 2.15 (a), a fixed negative sheet charge

σπ arises due to the intrinsic polarization field discontinuity (∆P) at the In-

GaN/AlN interface. The polarization in III-nitride semiconductors has two

components - the spontaneous polarization PS P and the piezoelectric polariza-

tion PPZ . The polarization-induced fixed sheet charge σπ at the InGaN/AlN

interface, as a function of In composition x and strain relaxation r in the InGaN

layer, is given by [100]:
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σπ(x, r) = PInGaN
S P − PAlN

S P − PInGaN
PZ

= PInGaN
S P − PAlN

S P − 2εxx

(
e31 − e33

C13

C33

)
= ∆PS P − 2

a(r) − a0

a0

(
e31 − e33

C13

C33

)
, (2.9)

where e31/33 are the piezoelectric coefficients and C13/33 are the elastic con-

stants of InGaN. εxx is the isotropic in-plane strain in the InGaN layer, given by

εxx = (a(r)−a0)/a0 where a0 is the relaxed in-plane lattice constant of InGaN, and

a(r) is the lattice constant of the strained InGaN film on AlN. a0, e31/33, C13/33,

PS P, PPZ are functions of the indium composition x and are assumed to be linear

interpolation of corresponding values for GaN (x = 0) and InN (x = 1) [1, 2].

An InGaN layer grown on AlN is ideally expected to be compressively

strained throughout the composition range as both GaN (aGaN
0 = 3.189 Å) and

InN (aInN
0 = 3.553 Å) have larger in-plane lattice constant than AlN (aAlN

0 =

3.112 Å). However, a real crystal tends to relax to release the built-up strain

energy. The actual epitaxial strain relationship between InGaN crystal and AlN

buffer layer underneath is represented by the relaxation r through the relation

a = r · (a0−aAlN
0 ) + aAlN

0 . The value r = 0 represents a pseudomorphic InGaN layer

on AlN whereas r = 1 represents a fully relaxed InGaN layer on AlN. Therefore

the σπ is a function of the InGaN composition x and film relaxation r.

The simulated charge and energy band profile for a metal-polar 11 nm In-

GaN layer on AlN with x = 0.07 are shown in figure 2.15 (b). The polarization-

induced negative fixed charge σπ at the InGaN/AlN interface is indicated in the

charge profile. If the InGaN layer is sufficiently thick [3], then σπ is partly com-

pensated by mobile holes which are confined by the valence band offset at the
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Figure 2.15: (a) Metal-polar undoped InGaN/AlN heterostructure with the ex-
pected 2DHG at the interface studied in this work. (b) A simulated band dia-
gram and charge profile for 11 nm In0.07Ga0.93N on AlN buffer layer, showing
the negative polarization-induced fixed sheet charge σπ at the InGaN/AlN in-
terface which is partly compensated by the mobile 2DHG of density ps. (c)
Contour plot of the expected σπ in this hetereostructure as a function of the In-
GaN layer relaxation r and In composition x in the InGaN layer. The 1D profiles
along the r = 0 and r = 1 is plotted in (d). An increase in polarization fixed
charge is expected on increasing In composition while maintaining pseudomor-
phic compressive strain in the layer.

InGaN/AlN interface to form a mobile 2D hole gas (2DHG). Within this model,

theσπ therefore represents the maximum achievable 2DHG density ps in a given

InGaN/AlN structure.

The upper limit of sheet density σπ in metal-polar InGaN/AlN heterostruc-

tures is calculated as a function of x and r using equation (2.9) and the known

values of elastic and polarization constants[1, 100]. The results are shown as
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on GaN to validate the model. (b) Pseudomorphic and relaxed InGaN on AlN
samples grown using MBE in this work, and the calculated critical coherent
thickness[11] of InGaN on AlN as a function of In composition. The extracted
strains agree with the theoretical model. The X-ray diffraction scans of samples
A and F are shown in figures 2.17 (c) and (d).

Table 2.3: Structural details of the InGaN/AlN heterostructures studied in this
work, with their corresponding 2DHG densities ps, mobilities µp measured via
Hall-effect at 300 K and 77 K. Sheet resistance Rs of > 103 kΩ/sq indicates re-
sistive samples in which the transport could not be extracted using Hall effect
measurements. All samples had a ∼400 nm thick AlN buffer layer grown on
metal-polar AlN on Sapphire template and were unintentionally-doped (UID).
The mean values of the Hall-effect results are shown here across multiple mea-
surements on co-loaded samples. All conductive samples exhibited positive
Hall-coefficient confirming the presence of mobile holes.

ID Channel layer
p300K

s
1014 cm−2

µ300K
p

cm2/Vs
R300K

s
kΩ/sq

p77K
s

1014 cm−2
µ77K

p
cm2/Vs

R77K
s

kΩ/sq
A 11 nm In0.07Ga0.93N 1.43 3.6 16.2 0.56 9.84 10.6
B 4 nm In0.05Ga0.95N 3.15 0.27 73.5 2.36 0.54 49
C 3.1 nm In0.02Ga0.98N - - > 103 - - > 103

D 6.2 nm In0.09Ga0.91N 4.29 0.95 15.3 2.29 2.27 21.34
E 15 nm In0.06Ga0.94N 1.5 2.2 17.6 0.52 9.5 10.7
F 50 nm In0.06Ga0.94N - - > 103 - - > 103

G 13 nm GaN 0.46 23.11 5.9 3.4 105 1.7
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a contour plot in figure 2.15 (c). The profiles along r = 0 and r = 1 are plot-

ted in figure 2.15 (d). At x = 0 and r = 0, i.e. in a pseudomorphic GaN/AlN

structure, σπ ∼ 5 × 1013 cm−2. This agrees with the experimentally measured

2DHG densities in undoped GaN/AlN interfaces[3]. In a fully relaxed InGaN

film (r = 1), σπ decreases with increasing In composition x. This is because InN

has a lower spontaneous polarization PS P than GaN. However, the lattice mis-

match between InGaN and AlN increases with x, increasing the strain εxx and

thereby increasing the PPZ contribution to the σπ. The net effect is a boost in σπ

from ∼ 5 × 1013 cm−2 for GaN/AlN to > 1.5 × 1014 cm−2 for InN/AlN. Therefore,

a pseudomorphically strained InGaN layer on AlN should result in a higher σπ

and consequently higher 2DHG concentrations than those in GaN/AlN struc-

tures.

The epitaxial growth of pseudomorphic InGaN layers on AlN is particularly

challenging due to different thermal stability and lattice mismatch. InN starts

decomposing at ∼ 630◦C, which is below the optimal MBE growth tempera-

ture [138, 64] of AlN of ∼ 750 − 1000◦C. This necessitates growth interruption to

lower the temperature before InGaN deposition. Additionally, due to the lattice

mismatch with respect to the AlN substrate, there exists a finite InGaN coher-

ent critical thickness hc beyond which it relieves the strain energy by forming

misfit dislocations [11, 145] and no longer remains pseudomorphic to AlN. Us-

ing the Fischer model [11] of strain relaxation, the critical thickness hc of InGaN

grown on (relaxed) AlN and GaN substrates are calculated as a function of the

In composition x. The calculated values are plotted as solid lines in figures 2.16

(a,b). Previous experimental reports of pseudomorphic InGaN grown on GaN

[9, 10] agree well with the calculation in figure 2.16 (a), validating the model.

For InGaN on AlN heterostructures, the expected hc decreases with increasing
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In composition x - from 15 nm for x = 0, to 3 nm for x = 1, as shown in fig-

ure 2.16 (b). The hc of 15 nm for GaN/AlN (x = 0) concurs with the previous

experimental observation [3] of 13 nm pseudomorphic GaN on AlN. According

to this model, low-composition x < 0.1 InGaN layers thinner than ∼ 15 − 10

nm should be pseudomorphically strained to the underlying AlN, and with ex-

pected charge σπ > 5 × 1013 cm−2.

Additionally, for the fixed charges σπ to be compensated by a mobile 2DHG,

the InGaN layer needs to be thicker than a certain critical thickness d0 beyond

which the polarization dipole is neutralized by carriers from the surface states.

For example, in an AlN/GaN 2DEG [146], d0 ∼ 1 nm. For a GaN/AlN 2DHG,

this critical thickness has been experimentally found [3] to be d0 ∼ 3 nm.

Thus, considering the above trade-offs, it is expected that ∼ 3 − 15 nm thick,

low-composition x < 0.1 undoped InGaN layers grown on AlN should be pseu-

domorphically strained and yield mobile 2DHGs with densities higher than

5 × 1013 cm−2.

To test this, a series of InGaN on AlN heterostructures were grown using

plasma assisted molecular beam epitaxy (PA-MBE) on metal-polar MOCVD-

grown AlN on sapphire templates. The growth followed a similar procedure

as the GaN/AlN 2DHG growths, and the growth process is summarized in ap-

pendix A. After unloading from the MBE system, all the samples were dipped

in concentrated HCl solution for ∼ 15 mins to remove any excess metal droplets

of Ga or In present on the surface before any further characterization. The struc-

tures grown and their transport properties are summarized in table 2.3. Table

Table 2.3 summarizes the structures of the InGaN/AlN samples, labelled A to

G, and their transport properties.
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Figure 2.17: (a) Representative AFMs of the surface of InGaN/AlN heterstruc-
tures, samples A and D in Table 1. Atomic steps are visible forming spirals
around threading dislocations with a screw component. (b) An X-ray diffraction
(XRD) symmetric coupled scan along (002) showing the position of the In peak
change with the InGaN composition which allows accurate extraction of the
thickness and the composition of the layer. (c) XRD reciprocal space map (RSM)
of sample A and sample F around the AlN (105) asymmetric peak confirming
an 11 nm In0.07Ga0.93N layer is psuedomorphically-strained to the AlN buffer
whereas a 50 nm thick In0.06Ga0.94N layer on AlN is relaxed. This agrees well to
the calculated curves in figure 2.16 (b) of critical thickness of InGaN/AlN.

Atomic force microscopy (AFM) scans of all samples showed smooth surface

morphology with root mean square (rms) roughnesses of < 1 nm. Scans from

samples A and B are shown in figure 2.17 (a). Atomic steps were visible forming

spiral features, a characteristic of a screw dislocation mediated MBE-growth

[147]. The other samples in Table 2.3 exhibited similar surface morphology. X-

ray diffraction (XRD) scans along (002) symmetric peak for selected samples A,

B and G are shown in figure 2.17 (b). The InGaN compositions and the layer

thicknesses are extracted accurately from the (002) peak position and the fringe

spacings respectively. The extracted data for all samples are summarized in

Table 2.3. XRD reciprocal space mapping (RSM) around asymmetric AlN (105)

peak was performed to characterize the strain in the InGaN layers and compare
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with the critical thickness predictions. Apart from sample F, the InGaN layers

in the other samples were also confirmed to be fully strained to AlN. One of the

scans from sample A with a 11 nm of In0.07Ga0.93N layer is shown in figure 2.17

(c). The relative positions of the InGaN and AlN (105) peaks clearly confirm that

the InGaN layer is pseudomorphically strained to AlN. The experimental data

also agree well to the theoretically predicted critical thickness of InGaN/AlN

plotted in figure 2.16 (b). To further validate this model, sample F with a thick

∼ 50 nm of In0.06Ga0.94N layer on AlN was also grown under similar conditions

and characterized. Since 50 nm is above the predicted critical thickness in figure

2.16 (b), the film is expected to relax. The XRD RSM for sample F, shown in

figure 2.17 (d), confirms that it is indeed the case and that the 50 nm InGaN layer

has party relaxed and is no longer pseudomorphically strained to the AlN. To

the authors’ best knowledge, this is the first controlled study of pseudomorphic

epitaxial growth of InGaN layers directly on AlN.

Thus, the InGaN/GaN samples A-E have the desired structures in which a

high-density 2DHG is expected. Hall-effect measurements were performed on

the samples using soldered corner Indium contacts confirm the presence of the

2DHG. First, a control sample with just the epitaxially grown AlN buffer layer

without any InGaN grown on top was measured and confirmed to be resis-

tive. Any measured conductivity in the other samples hence should arise from

mobile carriers at the undoped InGaN/AlN interface. All the samples except

sample C and F showed Hall conductivity with a positive Hall coefficient. The

results of the Hall-effect measurements are summarized in Table 2.3. Sample

G, the GaN/AlN sample, shows a 300 K 2DHG density of ∼ 4.5 × 1013 cm−2

as expected [3]. Among the InGaN/AlN samples, sample C and F are found

to be resistive. The polarization-induced 2DHG density is most likely absent
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in Sample C as the In0.02Ga0.92N thickness of 3.1 nm is very close to the critical

thickness d0 ∼ 3nm to induce the 2DHG. High resistance in sample F could be

due to the high density of mistfit dislocations at the InGaN/AlN interface gen-

erated by the relaxation of the InGaN layer. Interestingly, the room temperature

2DHG densities for all conductive InGaN/AlN samples are greater than 1×1014

cm−2, which is more than 2× the GaN/AlN 2DHG density! The Hall mobilities

range around 0.5 - 4 cm2/Vs at room temperature, and increase to 2 - 10 cm2/Vs

at 77 K. The carriers do not freeze-out at cryogenic temperatures and show an

increase in mobilities upon cooling - confirming the presence of high-density

2DHGs in these undoped InGaN/AlN heterostructures. The best measured

Hall mobilities and charge densities are 2.6/9.8 cm2/Vs and 1.47/0.59 × 1014

cm−2 at 300K/77K respectively for sample A with 11 nm In0.07Ga0.93N. These

represent the first time that such high 2D charge densities are measured in a

single channel III-nitride semiconductor system.

Figure 2.18 (a) compares the experimentally measured 2DHG Hall densities

in the InGaN/AlN samples to the expected densities ps calculated using a self-

consistent 1D Schrondinger Poisson solver [55]. The densities are calculated as a

function of InGaN thickness for the grown compositions. The GaN/AlN 2DHG

density (sample G) agrees with what is expected. A clear discrepancy is ob-

served in the expected and observed InGaN/AlN 2DHG densities. InGaN/AlN

heterostructures with thick InGaN and low In composition of 2 − 9% are expected

to have 2DHG densities in the range of ∼ 6 × 1013 cm−2. However we observe

high 2DHG densities of > 1 × 1014 cm−2 in all the InGaN/AlN samples grown

in this work, which is 2× the expected value at these In compositions. The Hall

densities are however repeatable across Hall-effect measurements and samples

grown on different MBE systems. The reason for this discrepancy is not yet
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understood and needs further investigation.

Sample A with 11 nm In0.07Ga0.93N 2DHG was chosen for further investi-

gation of hole transport in this high-density 2DHG system in comparison to

the control sample G. Figure 2.19 shows the temperature-dependent Hall-effect

measurement results from 300 K down to 10 K on samples A and G. The In-

GaN/AlN 2DHG density show a 2× increase compared to the GaN/AlN 2DHG

density throughout the temperature range down to 10 K, as seen in Figure

2.19 (a). This also shows the robustness of the 2DHG with temperature. The

InGaN/GaN 2DHG mobility is ∼3 cm2/Vs at 300 K and increases with cool-

ing, reaching ∼ 15 cm2/Vs at 10 K, as seen in Figure 2.19 (b). The trend in

temperature-dependent mobilities is similar to what is observed in GaN/AlN

2DHGs [3]. The GaN/AlN 2DHGs show mobilites ∼ 25/190 cm2/Vs at 300/10

K. The InGaN/GaN 2DHG mobilities are considerably lower than GaN/AlN

2DHG mobilities, albeit at a higher charge density. Their high charge density

however results in a InGaN/GaN 2DHG sheet resistance of ∼15/10 kΩ/sq. at

300 K/10 K, which is comparable to the GaN/AlN 2DHGs used in state-of-art

p-channel FETs [39, 5]. Hence, even with the lower room temperature hole mo-

bilities, the InGaN/GaN 2DHG is suitable for device applications as source of

drain regions to prevent source starvation.

How do we increase the room-temperature moblities of these high-density

2DHGs? To answer this, first the limiting carrier scattering mechanism needs to

be understood. In ”clean” GaN/AlN 2DHGs, the room temperature mobilities

are limited by acoustic phonon (AP) scattering [5]. The acoustic-phonon limited

hole mobility µAP(x) for a 2DHG in InxGa1−xN/AlN heterostructure with density

ps at temperature T under the single parabolic valence band approximation is
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Figure 2.18: The 2DHG densities in the InGaN/AlN structures plotted as a
function of InGaN layer thickness, and compared to simulated values.
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Figure 2.19: Temperature dependent Hall-effect measurement results for an
InGaN/AlN 2DHG (sample A) and a GaN/AlN 2DHG (sample G). (a) The
InGaN/AlN 2DHG charge density is double that of the GaN/AlN 2DHG
throughout the temperature range. (b) The 2DHG mobility however is about
10× lower in the InGaN/AlN 2DHG, with a 300 K (10 K) mobility of ∼3 cm2/Vs
(∼18 cm2/Vs). (c) The InGaN/AlN 2DHG room temperature sheet resistance of
∼ 15 kΩ/sq is competitive to the other 2DHGs demonstrated in III-nitrides.

given by [129] :

µAP(x) ≈
16e ρ v2

s ~
3

3kBT D2
ac m?(x)2 b(ps, x)

, (2.10)
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where where e is the electron charge, ~ is the reduced Planck’s constant and kB

is the Boltzmann constant. Dac = 6.2 eV is the acoustic phonon deformation

potential [8]. m?(x) is effective mass of holes in InGaN of composition x, in-

terpolated between the effective heavy-hole mass of GaN (2m0) and InN (1.6m0),

where m0 is the free electron mass. Note that the m? for holes in InGaN is always

lower than that of GaN. b(ps, x) =
[(

33m?(x)e2 ps

)
/
(
8~2ε0εs

)]1/3
is the variational

Fang-Howard wavefunction parameter that quantifies the spatial spread of the

2DHG.

Because of the ∼ 2× higher carrier density ps, acoustic phonon scattering lim-

ited mobility µAP is expected to be lower in the InGaN/AlN 2DHG system com-

pared to GaN/AlN. Additionally, scattering is also expected from mechanisms

specific to alloyed crystal channels. In particular, carriers experience scattering

from the disorder they see in the crystal potential, i.e. alloy disorder scatter-

ing. Quantitatively, under a single parabolic valence band approximation, the

alloy disorder limited mobility µAlloy of 2D hole carriers in an alloy channel with

composition x is given by [148] :

µalloy (ps, x) ≈

e~3

m?(x)2 Ω0(x)2 U2
AL x(1 − x)

·
16

3 b(ps, x)
, (2.11)

where Ω0(x) =
√

3/8 · a0(x) c0(x) is the effective volume each Ga or In atom occu-

pies in the crystal, where a0 and c0 are the interpolated in-plane and out-of-plane

lattice constants of InGaN. UAL, the alloy fluctuation potential, is the on-site po-

tential difference if a Ga atom is replaced by an In atom, or vice versa. The value

of UAL represents the strength or sensitivity of the alloy scattering, and is typi-

cally on the order of the corresponding band offset between the constituents of

the alloy. UAL for an alloy is typically extracted by fitting to experimental data.
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Effect of alloy disorder scattering on electrons has previously been investigated

in III-nitride semiconductors, both for 2D electrons in AlGaN [149] and InGaN

channels [150], and bulk polarization-doped graded structures [151]. Similar in-

vestigations of alloy scattering of holes have not yet been reported. Hole trans-

port has been studied in Mg-doped bulk alloys. In Mg-doped InGaN [152], a de-

crease in room temperature hole mobility with increasing In concentration upto

x = 0.25 is observed, mobilites remaining below 10 cm2/Vs throughout. How-

ever, the added presence of impurity scattering and the freezing out of holes

at low temperatures in Mg-doped InGaN layers do not allow for an in-depth

probe of the alloy disorder scattering. The polarization-induced, undoped In-

GaN/AlN 2DHG therefore offers a unique opportunity to study this scattering

mechanism.
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Figure 2.20: The theoretical room-temperature total hole mobility as a func-
tion of the InGaN composition, taking into account scattering due to acoustic
phonons (AP) and alloy disorder, for different 2DHG densities. Alloy scattering
is expected to dominate in InGaN/AlN 2DHGs, limiting the hole mobilities to
below the intrinsic limit. The experimental data measured in this work concurs
with the theoretical predictions.

Using equations (2.10) and (2.11), µAP and µAlloy for InxGa1−xN/AlN 2DHG
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at room temperature are calculated as a function of Indium content x = 0 to 0.1

for 2DHGs densities of ps = (0.5, 1, 1.5) × 1014 cm−2. GaN physical constants of

density ρ = 6.15 × 103 kg/m3 and sound velocity vs = 7963 m/s are used as

an approximation for low-composition InGaN with x < 0.1. The total mobility

µtot limited by AP and alloy disorder scattering is then calculated according to

Matthiessen’s Rule µ−1
tot = µ−1

Alloy + µ−1
AP. The results are plotted in figure 2.20, along

with the measured Hall data of InGaN/AlN 2DHGs from table 2.3.

A reasonable agreement is observed between the calculated hole mobilities

with UAL = 1.0 eV and the experimentally measured Hall mobilities. It is ob-

served that AP scattering does not change significantly within the indium con-

centration range of x = 0 to 0.1. The alloy disorder limited scattering is observed

to be the dominant scattering mechanism for 2DHGs in InGaN/AlN with In

composition x > 0.01. µalloy is a strong function of x, and decreases down from

∼ 50 cm2/Vs at x = 0.01 to ∼ 6 cm2/Vs at x = 0.1 for ps = 5 × 1013 cm−2. The

observed deviation from calculated value in sample B is attributed to the InGaN

layer being very thin (4 nm) and therefore the 2DHG being very close to other

possible remote scattering centers on the surface [153]. The alloy fluctuation po-

tential UAL = 1.0 eV for holes in InGaN agrees with the reported valence band

offset [154] between InN and GaN ∆Ev ∼ 1.07 eV. Interestingly, this potential is

lower than the UAL ∼ 2.4 eV for electrons in InGaN. This is physically expected

since the effect of Ga by In cation substitution has a lower effect on the p-orbital

like valence bands which primarily from the N atoms, than the s-orbital like con-

duction bands. If Ω0(x) is considered to be the effective volume Ga or In cation

occupies in the unit cell as Ω0(x) =
√

3/8 · a0(x) c0(x), then UAL = 1.9 eV results in

the best fit to the experimental data.
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It is clear from the calculated model and supporting experimental data

that, unlike the case in Si/SiGe [155], the effect of alloy scattering in these In-

GaN/AlN 2DHGs dominate over the effect of decreasing hole effective mass

in the alloy. Hence, a path to higher 2DHG mobility through alloying might

not be feasible. However carefully engineered in-plane strain [5, 156] could po-

tentially be used to boost the mobility of these InGaN/AlN and decrease their

sheet resistances further, as discussed in section 2.7.

The room temperature sheet resistances of these InGaN/AlN 2DHGs are

∼ 15 kΩ/sq, which make them candidates for enabling low-resistance p-type

regrown contacts to the GaN/AlN 2DHG for device applications. As-grown

p++InGaN contact layers to the GaN/AlN 2DHG channel have enabled the low-

est p-type contact resistivities [38] in GaN/AlN pFETs [39], as discussed in sec-

tion 3.3. However, the presence of these p-doped contact layers require compli-

cated fabrication process to monolithically integrate the GaN/AlN pFET with

its n-type analog, the AlN/GaN/AlN HEMTs [54]. The demonstration of the In-

GaN/AlN 2DHG opens up the possibility of a better alternative in the form of

selective-area regrown InGaN contacts. In a GaN/AlN heterostructure, the GaN

layer is etched away selectively in photolithographically-defined ohmic/access

regions and InGaN is regrown in those regions. This should yield high-density

InGaN/AlN 2DHGs in the ohmic/access regions which makes a 2D-2D valence

band contact to the GaN/AlN 2DHG under the gate. This should lower the

p-type contact resistances in these pFETs even further, while maintaining inte-

gration possibilities for wide-bandgap CMOS [53, 137]. Details are discussed in

chapter 3, 5, 6.
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2.6 Conclusions

Figure 2.21: Comparison of room-temperature transport properties of 2D hole
gases presented in this chapter with prior work. (A) Comparison with previ-
ously reported 2DHGs in nitride heterostructures [12, 13, 14, 15, 16, 17, 18, 19].
Unless labelled, the heterostructures have Mg-doping. The doped as well
as undoped structures reported in this work have much higher hole densi-
ties and decent mobilities, enabling record high p-type conductivity of ∼6
kΩ/sq. (B) Comparing across other semiconductor material systems such as ox-
ides SrTiO3/LaAlO3 [20], surface-conducting diamond [21, 22, 23, 24], strained
Ge/SiGe [25, 26, 27], Si inversion channels [28], and GaSb/InGaAs [29], this
work has the highest room temperature hole density, and the highest conduc-
tivities among wide-bandgap semiconductors (III-nitrides, oxides, diamond).

How do the observed polarization-induced 2D hole gases in the GaN/AlN

and InGaN/AlN heterostructures demonstrated in this chapter compare to

those reported previously in nitride semiconductors, and in general to hole

gases cutting across various semiconductor material systems? This is shown in

figures 2.21 (a,b). Figure 2.21 (a) shows that the 2DHG densities of ps ∼ 5 × 1013
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cm−2 measured the undoped and doped GaN/AlN heterostructures are close to

the limit of the difference in polarization between AlN and coherently strained

GaN. This is the dual of the 2D electron gas, where the corresponding limits

are also seen in binary AlN/GaN heterojunctions. The hole densities are much

higher than previously reported 2D hole gas densities in nitride semiconductors

[12, 13, 14, 15, 16, 17, 18, 19, 126].

In fact, these densities are among the highest among all semiconductor

heterostructures, including SrTiO3/LaAlO3 [20], surface-conducting diamond

[21, 22, 23, 24], strained Ge/SiGe [25, 26, 27], Si inversion channels [28], and

GaSb/InGaAs [29] as shown in figure 2.21 (b). Only B δ-doped diamond has a

higher sheet hole density, however the surface nature of the 2DHG makes them

unreliable. Introducing In in the strained GaN channel pushes the already high

2DHG density in the channel to ps > 1 × 1014 cm−2, which is just an order lower

than the 2D crystal limit of ∼ 1015 cm−2.

Compared to other semiconductors, the 2DHG mobilities in the wide-

bandgap nitrides are not on the high side because of the high valence band ef-

fective mass of both heavy and light holes [157] in GaN due to its large bandgap.

Narrower bandgap semiconductors such as Ge/SiGe and GaSb/InGaAs hetero-

junctions show higher 2D hole gas mobilities due to smaller valence band effec-

tive masses. However, narrow bandgaps also mean limited capacity to handle

high voltages, limiting them to low power applications. The large bandgap of

the III-nitride semiconductors means that the high 2DHG densities can be mod-

ulated effectively with a gate, because the semiconductor intrinsically is capable

of sustaining much larger electric fields.

These record high (In)GaN/AlN 2DHG densities and high mobilities are
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made possible by using a combination of N-rich nucleation layer and IBLs to

suppress the degradation of the density control and transport properties of the

2DHG by surface segregation of Si and O impurities. Though this technique

was demonstrated for MBE grown structures on AlN on sapphire templates,

the same principles apply to MOCVD growths and to AlN films grown on other

substrates (e.g. Silicon, SiC, single-crystal bulk AlN etc). These findings are also

important for UV photonic devices where p-type layers are grown on the top of

Si-doped n-layers. Similar precautions must be taken to avoid undesired com-

pensation of the very low hole densities and reduction in their mobilities. The

same issues are also expected to arise if the polarity of the films are flipped, and

a 2DEG is generated at the GaN/AlN interface on N-polar AlN buffer layer.

With the rising relevance of AlN as the platform for UV photonics and future

RF electronics [137, 53], significant interest exists in using 2DEGs and 2DHGs on

AlN to make RF p-channel [38, 39] and n-channel transistors [47, 54] and enable

wide-bandgap RF CMOS-type devices. Combining the results of this work with

recent advancements in homoepitaxial growths of AlN [64, 65] should enable

fundamental scientific studies of 2DEGs and 2DHGs in such polar heterostruc-

tures and simultaneously enable significant technological advances. Addition-

ally, the large density of holes in InGaN/AlN provide an epitaxial platform for

investigation of scientific phenomena by possible integration of other compat-

ible materials [33] such as ferrimagnetic Mn4N. AlGaN/AlN heterostructures

designed using similar principles as presented here could be used for applica-

tions which need ps < 5 × 1013 cm−2.

The discovery of the undoped 2D hole gas in (In)GaN/AlN heterostruc-

tures thus offers an attractive, clean, and technologically relevant platform to

study the materials science and physics emerging in wide-bandgap and polar
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semiconductor heterostructures due to very large built-in electric fields. Strong

effects of tunneling and Rashba-induced spin-orbit coupling are expected in

these structures. The first unambiguous observation of the elusive polarization-

induced 2D hole gas in undoped nitride semiconductor heterostructures thus

completes a long search for its existence. Because of the fundamentally different

origin of the 2D hole gas in the nitrides in the intrinsic polarization fields from

broken inversion symmetry, this form of doping is expected to scale down to the

individual unit cells, and not be affected by random dopant fluctuations. Future

generations of small transistors can take advantage of, and someday depend on

this unique scaling property of polarization-induced doping - now available in

both the n-type and p-type recipes.

2.7 Future Directions

Similar to how the discovery of the undoped AlGaN/GaN 2DEG [99] unmasked

the physics of polarization in III-nitride semiconductor hterostructures [100],

the discovery of the undoped GaN/AlN 2DHG presented in this chapter opens

up new scientific questions. It also allows new experimental investigations.

This section lays out these open scientific questions for future direction of re-

search.

• Experimental strategies to improve room-temperature GaN 2DHG mo-

bilities through strain engineering

Room temperature mobilities of holes in GaN are limited by acoustic

phonon scattering [5, 128]. It has been predicted that the phonon limited

hole mobility can be enhanced by applying suitable in-plane tensile strain
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in a bulk GaN crystal and pulling the GaN split-off valence band (VB)

up [128]. Since the GaN layer in the GaN/AlN 2DHG is already under

high compressive strain of 2.4%, this route is not feasible. Instead Bader

et al. [5] proposed application of uniaxial (1) tensile strain perpendicular

to the current flow, or (2) in-plane compressive strain along the current

flow direction. Both these configurations should reduce the heavy hole

effective mass and hence boost the phonon limited hole mobility. These

predictions however have not yet been validated experimentally. Experi-

mental demonstration of this effect will be very valuable for the theoretical

understanding of the GaN VB physics. Figure 2.22 shows the possible ex-

perimental setups to test this theoretical prediction.

In-plane, uniaxial strain relaxation is predicted to increase the room tem-

perature hole mobilities in GaN/AlN heterostructure from ∼ 25 cm2/Vs

at 2.4% compressive strain to ∼ 50 cm2/Vs in fully relaxed state [5]. A fin

structure [156] can be used to experimentally test the effect of strain relax-

ation on the GaN/AlN 2DHG. The experimental realization is shown in

figure 2.22 (a). The etched fin should result in strain release in the shorter

dimension. Since a dry etch results in sloped etch profile [158] which

might not be efficient in releasing the strain, a combination of wet and dry

etch to make vertical profile should be ideal. As-grown Mg-InGaN contact

layers (see chapter 3) can be used to contact the 2DHG at the edges of the

fin. This experiment can also be used to probe the orientation dependence

of the 2DHG mobility by designing suitable masks. Further, by taking

advantage of the higher lateral etch rate of AlN compared to GaN in hot

phosphoric acid [159], T-shaped fins could enhance the strain relaxation in

the GaN layer.
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strain engineering for mobility boost – figure a and b

(a)

(b)

p-InGaN
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AlGaN
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Compressive strain 
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Figure 2.22: Strategies to increase the 2DHG mobility in GaN by applying a uni-
axial, in-plane strain. The current flows along x direction, represented by the
red hollow arrow. (a) the compressive strain in the pseudomorphic GaN layer
on AlN is released by forming narrow fins parallel to the current direction. This
is strain relaxation expected to result in a 2× room temperature mobility boost.
(b) Compressive strain parallel to the current flow is applied to the pseudomor-
phic GaN on AlGaN, by regrowing AlN layers in trenches. This should result
in 3× boost in hole mobilities. The ohmic contact is made through Mg-InGaN
layers. The schematics are modified and updated from Bader et al. [5]

Application of a uniaxial, in-plane compressive strain along the carrier

flow in the GaN/AlN 2DHG is expected to increase the room temperature
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mobility from ∼ 25 cm2/Vs at 2.4% compressive strain to ∼ 75 cm2/Vs at

4.8% [5]. This can be potentially achieved by selectively etching trenches

and regrowing AlInGaN layer with larger lattice constant than GaN. How-

ever, when regrown on AlN buffer layer, the regrown AlInGaN layer will

always be compressively strained. Hence, a better configuration for this

experiment will be to use an GaN/AlGaN 2DHG and selectively regrow

AlN regions. This is shown in figure 2.22 (b). The 2DHG still remains

in GaN and as-grown Mg-InGaN ohmic layers are used to connect to the

2DHG. AlN is then regrown in etched trenches at the ends of the channel

region. Since AlN on AlGaN is tensile strained, the AlN regrowth region

will apply the compressive strain to the GaN channel. The mobility can

be extracted from either a Hall-bar configuration or from the channel con-

ductivity. A controlled experiment with a series of trench, channel thick-

nesses should reveal the experimental effect of varying the compressive

strain along the current direction.

• Route to higher 2DHG mobilties through lower charge densities

The room temperature mobility of the GaN/AlN 2DHG is limited by

acoustic phonon scattering [5], which is a function of both temperature

T and 2DHG density ps. Figure 2.23 shows the estimated dependence

of the AP- and POP-limited GaN/AlN 2DHG mobility on ps calculated

using equations (2.3) and (2.4). Clearly, another possible route to higher

room temperature mobilities is to reduce the 2DHG density.

In an FET structure, the 2DHG ps is controlled electrostatically by the

gate voltage VG. The dependence can be extracted through a capacitance-

voltage measurement. By then measuring the change in channel conduc-

tance gD as function of gate voltage the carrier mobility µp can be extracted
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Figure 2.23: Room-temperature, phonon scattering limited mobility of a
GaN/AlN 2DHG as a function of 2DHG density, assuming single parabolic va-
lence band [8, 30]. The 2DHG mobility is expected to increase if the density
is reduced either electrostatically by applying a gate voltage, or by tuning the
polarization-difference at the interface using alloys.

through the relation gD(V) = qe.µp.ps(V), where qe is the electron charge.

The resultant field effect (FE) mobility as a function of hole density will

be valuable data to probe the hole scattering mechanisms in GaN. This is

well studied in GaN 2DEGs [160], and 2DHGs on other semiconductors

[161] but the lack of high-conductivity GaN 2DHGs till recently has held

back the FE mobility study of holes in GaN. A couple of reports [32, 17]
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have extracted Hall mobility as function of ps by varying the polarization-

difference across different samples, however a FE mobility is much more

valuable for modelling since it is extracted from a single sample, and hence

all other variables are held constant. FE mobility is the relevant mobility

for electrical conductivity in a transistor channel.

Preliminary FE mobility extracted from an early-generation GaN/AlN

pFET [31] is shown in figure 2.24 (a). The data needs to be taken with

some caution since the CV curve and the conductance were measured on

different structures on the same die. Nevertheless, this serves as a useful

starting point. The density dependent Hall mobilities reported by other

groups [32, 17] are also plotted for reference.
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Figure 2.24: (a) Initial results from field effect mobility measurements from a
GaN/AlN 2DHG. The data was extracted from a GaN/AlN FET with LG = 20
µm, reported in Bader et al. [31]. The extracted mobilities are lower than the
Hall mobilities, and show an increase with decrease in densities. Also plotted
are Hall mobility as a function of density reported by other groups [32, 17]. (b)
Capacitance and normalized conductance vs applied gate biases on a p-MIS-
HFET (from device in figure 3.12). The capacitance value at 0 bias agrees with
the expected value from the gate stack (inset). However severe degradation
of the ∼ 4 nm SiO2 gate dielectric device is observed over successive measure-
ments.

Currently, the main challenge preventing reliable extraction of FE mo-
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bility is the high gate leakage and device degradation in the state-of-art

GaN/AlN 2DHG pFETs. A representative CV measurement for a scaled

GaN/AlN p-MIS-HFET is shown in figure 2.24 (b). The first CV sweep

looks reasonable with the capacitance value agreeing to the expected gate

structure and low leakage (indicated by the normalized conductivity) till

the channel pinch-off at ∼10 V. Successive voltage sweeps however de-

grade the device and the gate leakage increases with every sweep. Clearly,

ps in the channel cannot be extracted from these unreliable, unrepeatable

CV profiles. The gate leakage are being addressed in the future genera-

tions of GaN/AlN pFETs (see section 3.6). Field effect mobility, not just

at room temperature, but also for low temperatures, can then be extracted

and analyzed.

• Along the same lines, another way to control the 2DHG density is to make

use of its polarization-induced origin. This offers epitaxial control on

the 2DHG densities by tuning the polarization difference across the in-

terface by incorporating alloys in the barrier or channel layer. Figure 2.25

shows the calculated polarization-induced fixed charge at the metal-polar

GaN/AlGaN and AlGaN/AlN interfaces.

Initial growths of AlGaN/AlN 2DHGs have resulted in resistive films.

Two samples with 15 nm thick AlGaN films of 25% and 75% Al com-

position were grown on an AlN buffer with IBLs, along with a control

GaN/AlN 2DHG sample. The control sample showed a sheet resistance

of ∼ 7 kΩ/sq at room temperatures. The AlGaN/AlN samples however

were too resistive to be measured by Hall effect with resistances > 105

Ω/sq.

Why are the AlGaN/AlN films resistive, whereas InGaN/AlN films (stud-

88



sigma of GaN on AlGaN and AlGaN on AlN

0.0 0.2 0.4 0.6 0.8 1.0
0

1

2

3

4

5

6

Al composition, x

σ π
/e

(x
10

13
cm

-2
)

0.0 0.2 0.4 0.6 0.8 1.0
0

1

2

3

4

5

6

Al composition, x

σ π
/e

(x
10

13
cm

-2
)

relaxed 
AlN

pseudomorphic
AlxGa1-xN

[0001]

σπ

relaxed 
AlxGa1-xN

pseudomorphic
GaN

[0001]

σπ

(a) (b)

- -

Figure 2.25: Polarization-induced fixed charge density expected at the metal-
polar AlGaN/AlN and GaN/AlGaN heterointerfaces as a function of Al com-
position. The top layer is assumed pseudomorphic to the relaxed buffer layer.
It should be possible to tune the 2DHG density by varying the Al composition
during epitxial growth.

ied earlier in this chapter) grown under similar conditions, show high con-

ductivity 2DHGs? This discrepancy is explained by taking a closer look at

the charge densities and dominating scattering mechanisms.

Similar to the InGaN/AlN 2DHG, the hole mobilities in the AlGaN/AlN

2DHG are expected to be limited by alloy disorder scattering. Figure 2.26

compares the expected transport of the 2DHG in AlGaN/AlN heterostruc-

ture with the 2DHG in InGaN/AlN heterostructure. Figure 2.26 (a) shows

the alloy disorder limited mobility µAlloy as a function of alloy composi-
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Figure 2.26: Comparison of the expected transport properties of a metal-polar
InGaN/AlN 2DHG and AlGaN/AlN 2DHG. Due to low polarization-induced
hole densities and high alloy-disorder scattering, the AlGaN/AlN 2DHGs are
expected to have high sheet resistances > 100 kΩ/sq at room-temperatures for
Al composition > 20%. This model predicts a small-window of Al compositions
of 0-10% to obtain conductive AlGaN/AlN 2DHGs.

tion for InGaN/AlN 2DHG, calculated using equation (2.11). The curves

for three different 2DHG densities, 1, 5, 10 ×1013 cm−2, are shown. The

alloy limited mobility has a characteristic U-shape, with the lowest mo-

bility ∼ 1 cm2/Vs at 50% InGaN. Figure 2.26 (c) shows an increase in the
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polarization-induced charge σπ with increase in indium composition, as-

suming a pseudo-morphic InGaN layer. This should correspond to the

2DHG density if a suffienciently thick InGaN layer is grown. Figure 2.26

(e) shows the calculated resultant sheet resistance Rsheet = (qe psµp)−1, where

µp = (µAP + µAlloy)−1 is room-temperature mobility limited by alloy scatter-

ing and acoustic phonon scattering (from equation (2.10)), ps = σπ is the

2DHG density, and e is the electron charge. Thus, Rsheet represents the

theoretical lowest room-temperature sheet resistance attainable in the In-

GaN/AlN system. The calculation predicts a Rsheet ∼ 10 kΩ/sq at In com-

postion < 10%, which agrees well with the experimental data from table

2.3.

Along the same lines, the expected alloy disorder limited mobility µAlloy

as a function of alloy composition for AlGaN/AlN 2DHG is shown in

figure 2.26 (b). Similar U-shaped curve is is seen, with the lowest mo-

bility < 0.5 cm2/Vs due to a higher valence band offset between AlN and

GaN compared to InN and GaN. σπ at the AlGaN/AlN interface decreases

with increase in Al composition, shown in figure 2.26 (d). This results in

the expected sheet resistance Rsheet to monotonically increase with the Al

composition as shown in figure 2.26 (f). The expected sheet resistances of

2DHGs in 25% AlGaN/AlN and 75% AlGaN/AlN are 120 and 500 kΩ/sq

respectively. This low 2DHG density combined with the high alloy disor-

der scattering could be the reason why the AlGaN/AlN films were found

to be resistive experimentally. High-composition AlGaN/AlN 2DHGs

therefore might not be suitable for transport experiments. But it should

be worth growing AlGaN/AlN heterostructure with 0-10% Al composi-

tion to validate the model in figure 2.26 (f) and investigate the transport
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in AlGaN/AlN 2DHGs.

On the other hand, the effect of alloy scattering should be minimal in a

GaN/AlGaN 2DHG, since the mobile holes reside in the binary GaN chan-

nel. The 2DHGs in these heterostructures are therefore expected to result

in higher phonon-limited mobilities at lower densities. A controlled study

as a function of AlGaN composition will be very valuable to determine the

mobility as function of sheet density. Other groups have reported [32, 17]

similar series of growths, as shown in figure 2.24 (a). It will also be inter-

esting to determine whether there exists a trade-off between density and

mobility for application in transistors.

• What is the dominant extrinsic scattering mechanism limiting low tem-

perature mobilities of the undoped 2DHG?

Room-temperature mobility of holes in very high purity GaN has been

shown to be limited by acoustic phonon (AP) scattering [5]. However the

scientific question of which extrinsic scattering mechanism dominates at

low temperatures, i.e. when the phonons are frozen out, still remains

open. The answer to this question will determine the upper limit of

GaN hole mobility. Currently the highest hole mobilities in GaN is ∼200

cm2/Vs, in the undoped GaN/AlN 2DHGs. Because of their thermal ac-

tivated nature, holes in a Mg-doped GaN layer freeze-out upon cooling

and hence no investigations into their low temperature transport has been

possible so far. The GaN/AlN 2DHG not only survives down to 10 K,

but also becomes more conductive upon cooling - thus making it the per-

fect platform to study the extrinsic scattering mechanisms in this carrier

system. The 2DHG heterostructures studied here have binary semicon-

ductors and have minimal alloy scattering and impurity scattering from
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dopants, hence it is conceivable that the extrinsic scattering mechanism is

scattering due to charged dislocations [162] or interface roughness scatter-

ing [163, 164].

The 2DHGs studied in this chapter are grown on AlN on Sapphire tem-

plate substrates with dislocation densities ∼ 1010 cm−2. The recent avail-

ability of single-crystal AlN substrates with 6 orders of magnitude lower

dislocation densities have made it possible to experimentally observe the

effect of dislocations on the 2DHG. Initial results [30] show an increase in

low temperature mobilities reaching upto 280 cm2/Vs at 10 K (more de-

tails in appendix B). Carrier screening is also expected to play a role at

these high 2D densities.

It is possible that the low temperature 2DHG mobilities could be improved

by sharper interfaces. The very high charge densities and the built-in field

in the GaN [7] means the 2DHG is “pressed up” against the interface.

Therefore a small variation in the roughness of the GaN/AlN interface

could cause a large suppression in mobility previous. Theoretical stud-

ies performed in N-polar GaN/AlGaN 2DEGs [163] and highly confined

2DEGs [164] should help guide a controlled experimental study.

• One of the advantages of the polarization-induced nature of GaN/AlN

2DHG is the relatively high mobility at low temperatures, which makes

it suitable for magnetotransport experiments. Analysis of longitudinal

and Hall resistances from a suitably designed gated Hall bar at high

magnetic fields and low temperatures should be very valuable probe

of the GaN valence band. Although observed in other 2DHG systems

[165, 166, 167, 168, 169], quantum transport phenomena such as Shub-

hinikov de Haas (SdH) oscillations have not been observed in GaN 2DHGs
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so far. As done for GaN 2DEGs [99], SdH oscillations can be used to better

understand the valence band of GaN, for example, enable the first exper-

imental measurement of VB hole effective mass me f f to compare to the

spread in theoretical predictions [157].

The low temperature 2DHG mobilities of µp ∼ 200 − 300 cm2/Vs means

these observing quantum magnetotransport phenomena require access to

very high magnetic fields (B) of 33-50 T and above to satisfy the condition

µp.B > 1 for observation of SdH [129]. Facilities such as National Magnetic

Field laboratory (Maglab) offers access to such large magnetic fields, both

pulsed and continuous. The dependence of FE mobility of the 2DHG on

applied gate voltage might also be helpful, since lower B might be suffi-

cient if 2DHG mobility rises with decrease in 2DHG density.

These experiments are currently limited by ohmic contacts. State-of-art

Mg-InGaN contact layers, which show record low contact resistances at

room temperatures, become more resistive upon cooling thanks to freeze-

out of the thermal-generated carriers (see figure 3.6). Even though the

channel itself gets more conductive, the contact resistance dominates the

measured signal. Figure 2.27 shows the longitudinal and Hall resistances

Rxx/xy measured from a Hall bar configuration as a function of tempera-

ture. The resistance, initially decreasing with temperature T , rises sharply

below 10 K. This unfortunately makes it unsuitable for magneto-transport

measurements which are usually performed at T < 1 K. Soldered indium

contacts to the 2DHG do not show this increase in resistance at low tem-

peratures, as seen in figure 2.5. However, the use of these large-area,

hand-made indium contacts result in high noise levels during the sensi-

tive magnetotransport measurements of Rxx/xy. In the future, regrown n++
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Figure 2.27: (a) Schematic of a gated Hall bar fabricated on a GaN/AlN 2DHG
sample. A 15 nm SiO2 gate dielectric was used to suppress gate leakage. (b)
The measured Rxx and Rxy versus temperature at B = 0. The resistances initially
decrease with temperature because of the increase in 2DHG mobilites, but then
start increasing. This is expected due to the freezing out thermally generated
holes in the ohmic contact layers (also see figure 3.6 for supporting data). This
increase of resistance at T < 20 K is not observed when large-area soldered in-
dium contacts are used instead of ohmic-contact layers, as shown in figure 2.5.
The non-zero value of RXY indicates a high mixing between the longitudinal and
perpendicular current components, indicative of either non-uniformity of the
sample or improper Hall bar design. These issues need to be addressed before
the next magnetotransport experiment.

GaN tunnel contacts or metallic sidewall contacts might offer a solution to

this bottleneck.

• What are the velocity limits of 2D Holes in GaN?

So far the discussion has been about the low field hole transport. However

the high (electric) field transport of carriers is also valuable especially for

high-speed RF transistors. The intrinsic speed, characterized by the cut-

off frequecy fT , of a pFET with gate length LG is determined by the hole
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transit time and is given by fT = Lg/vs. vs here is the average source injec-

tion velocity, referred to sometimes as saturation velocity. The saturation

electron velocity in GaN has been experimentally found to be a function

of the charge density [49, 170, 48] (see section 4.4.2). This is because polar

optical phonon scattering locks the Fermi level at optical phonon energy

of 92 meV [48]. The lack of high-conductivity 2DHG so far means no ex-

perimental measurement of the saturation velocity of a GaN 2DHG has

been reported yet. A saturation velocity of 6.6 ×106 cm/s was extracted

using photo-assisted method [171] in low Mg-doped bulk GaN. With the

GaN/AlN pFETs breaking speed records in WBG pFETs, the knowledge

of the hole velocity limits will be very valuable to extract the speed lim-

its of such pFETs. A density dependent velocity [170] can be extracted

by using gated, highly-scaled TLMs with low resistance ohmic contacts.

Alternatively, the velocity can also be extracted from a transit time analy-

sis on a series pFETs with different Lg [49, 172]. The main challenges for

these experiments are once again, low-resistance ohmic contacts and gate

leakage.

• Why does the (In)GaN/AlN 2DHG density change with temperature?

Interestingly, the purely polarization-induced GaN/AlN 2DHGs show a

slight decrease in density with reduction in temperature, which remains

a mystery and an open scientific question. The theory of polarization

dictates a fixed charge density of σπ ∼ -5 ×1013 cm−2 at the metal po-

lar GaN/AlN interface, which is then compensated by holes to form the

2DHG. Because no there is no thermal activation of carriers, the carrier

density is not expected to change with temperature. This is what is ob-

served in GaN 2DEGs [173].
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Figure 2.28: GaN/AlN 2DHG charge density as a function of temperature, plot-
ted in a (a) linear scale and (b) log scale. The 2DHG density in these structures
decrease almost linearly upon cooling, reaching almost half their densities at
room temperature. This behavior is observed in samples with and without IBLs
[8], with different ohmic contact scheme, and different substrates [33].

Figure 2.28 shows the measured charge density as a function of temper-

ature across multiple GaN/AlN 2DHG samples. The room temperature

2DHG density of 4-5×1013 cm−2 agrees with the polarization theory, but

interestingly the low temperature 2DHG density reduces to 2-3×1013 cm−2

at 10 K. This change is almost linear, different from thermally activated

holes in Mg-GaN which freeze out exponentially. Interestingly, this be-

havior is observed across 2DHG samples grown on different substrates

[33] (bulk AlN, AlN template), different buffer layer schemes (with and

without IBLs in AlN buffer layer), different growth chambers, different

UID GaN layer thicknesses and with/without a Mg-doped Ohmic contact

layer. This trend is observed not just at temperatures below 300 K, but

also at high temperatures upto 500 K (see figure 2.7). The origin of this be-

havior is therefore believed to be fundamental to the Ga(In)N/AlN 2DHG

system.
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Numerous hypothesis have been tested to explain this observation. The

change in piezoelectric polarization component to the polarization differ-

ence due to the difference in thermal expansion coefficient does not ex-

plain this magnitude of change. Neither does the change in surface bar-

rier height with temperature. One possible explanation is that the mea-

sured 2DHG Hall density is due to the parallel conduction of heavy holes

(HH) and light holes (LH), and is also a function of their individual mobil-

ities. Due to the difference in temperature dependence of the HH and LH

mobilities, the apparent Hall density changes with temperature. Experi-

ments combining temperature dependent CV profile and magnetotrans-

port should help test this hypothesis.

• What is the origin of the higher than expected 2DHG densities in the

InGaN/AlN heterostructures?

Low composition (In <10 %) InGaN/AlN 2DHGs have been grown on dif-

ferent wafers and MBE systems and the high densities of > 1014 cm−2 are

found to be robust and repeatable. Even though these 2DHG densities

are expected to be higher than those of GaN/AlN 2DHGs, quantitatively

the densities are much higher than predicted at the given compositions.

According to figure 2.15 (d), 2DHG densities of > 1014 cm−2 are expected

only at very high In compositions of >90 %, and not at <10 % grown in

this work. These values cannot be explained by the accepted polarization

theory [100, 1] or the recently proposed corrected polarization constants

[174] for III-nitride semiconductors. The origin of these large hole densi-

ties is therefore an open question which requires further investigation. A

controlled study of transport in InGaN/AlN samples with a series of In-

GaN thickness by keeping the composition constant, or vice versa should
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yield valuable insights and help provide the answers.
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CHAPTER 3

GHZ-SPEED GAN/ALN P-CHANNEL HETEROJUNCTION FIELD EFFECT

TRANSISTORS

3.1 Introduction

AlGaN/GaN HEMTs are used for switching at high voltages or high-power

high-frequency signal amplification [101]. However integration with other

low voltage section of the circuits is challenging. In most applications, the

high-power GaN HEMT switch is driven by low-power silicon complementary

metal-oxide-semiconductor (CMOS) control integrated circuits (ICs) [175] at the

gate side. From a circuit design perspective, the gate driver circuits do not need

to handle high power and hence it makes sense to make use of the mature pro-

cess technology that silicon CMOS offers. However different materials for dif-

ferent parts of the circuit limits the possibility of integration. The Si gate driver

ICs are separate dies and need to be integrated at the package or circuit level,

depending on size, using complicated interconnects. This introduces parasitic

inductances and large voltage overshoots which limit the GaN HEMT switch-

ing speeds [176, 177]. In the bigger picture, this results in reduced efficiency of

the switch, resulting in higher power consumption. With the rise of data cen-

ters, internet of things (IoT) etc, power conversion and switching is becoming

more important by the day and any power loss during conversion is expected

to significantly increase carbon footprint.

Monolithically-integrated gate drivers circuits for GaN power switches is

thus desired. Having both the high-power and low voltage logic part of the

circuit integrated on the same platform will reduce the efficiency loss due to
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parasitics, and also shrink the component sizes as an added benefit. CMOS-

logic based GaN circuits that can replicate the Si-CMOS gate driver circuitry

is ideal. However, unlike Si where both p-channel and n-channel metal-oxide-

semiconductor field effect transistor (MOSFET) are very mature technologies,

GaN p-channel FET are far behind in terms of performance and development

compared to their n-channel counterparts. This is mainly due to the challenges

posed by the wide-bandgap property of GaN.

One way to get around the lack of high-performance pFETs is to use alternate

circuit topologies such as direct coupled FET logic (DCFL) using just n-channel

HEMTs [178, 179]. By combining enhancement-mode and depletion-mode GaN

HEMTs, GaN integrated power ICs by industrial groups [180, 181, 182] have

been demonstrated and are entering the markets. Even though this is a de-

cent work-around which is also being pursued commercially, DCFL circuits

have limitations of low yield, difficult fabrication processes and high temper-

ature sensitivity. The realization of CMOS logic on GaN is expected to over-

come these drawbacks, which is currently being held back by the lack of a high-

performance GaN pFET.

This chapter demonstrates record performance in p-channel FETs on this

AlN platform making use of the newly discovered high-conductivity GaN/AlN

2DHG. First the challenges holding back the GaN pFET performance are dis-

cussed, along with a survey of current GaN pFETs and how the community

is overcoming or circumventing these challenges. The record p-type high-

conductive channels provided by the GaN/AlN 2DHG serves as a perfect plat-

form for p-channel FETs, and are investigated in detail. Record low resistance

p-type ohmic contacts are demonstrated with specific contact resistivities down
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to low-10−5 Ω cm2 or contact resistance of < 5 Ω.mm. Both these developments

from the material side have combined to improve the GaN/AlN pFET perfor-

mance over the past 6 years and have demonstrated high currents upto 0.5

A/mm and speeds of 23/40 GHz. Thus, better materials supported by state-of-

art device fabrication techniques have not only enabled the GaN/AlN pFETs on

this AlN-platform, but taken them to territories never thought possible. Efforts

and future plans to integrate this pFETs n-type transistors for CMOS demon-

stration are discussed in detail in chapter 6.

3.2 Current Challenges for GaN pFETs

Figure 3.1 shows the schematic of a field effect transistor (FET) - consisting of

a channel controlled by gate and contact regions connecting the channel to the

external circuits. The on-resistance Ron is determined by the sum of contact re-

sistance Rc, access resistance Ra and channel resistance Rch. A low on-resistance

is desired to maintain a low knee voltage Vknee. In a normally-on device, the Ra

and Rch are determined by the as-grown sheet resistance of the 2D carriers [183].

The Ra and Rc affect the speed of the transistor (extrinsic cut-off frequency fT )

through the parasitic charging time Cgs(Rs + Rd), where Cgs is the gate-source

capacitance and Rs/d = Ra + Rc are the source and drain resistances. The parasitic

charging time adds to the intrinsic transit time of the carrier across a channel

and degrades the fT . Hence, low contact, access and sheet resistances are de-

sired for maximizing the transistor performance.

Before moving to GaN pFETs, it is worth taking a closer look at GaN n-

channel HEMTs to highlight what constitutes a ”good transistor”. In a GaN
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HEMT, a high mobility 2DEG at the Al(Ga)N/GaN interface is used as the chan-

nel. The lack of impurities, high quality heterostructures with abrupt interfaces,

conduction band effective mass of 0.2m0 (m0 is the free electron mass) result in

high 2D electron densities of ∼ 0.5−1×1013 cm−2 with reasonably high room tem-

perature mobilities of 1200−1800 cm2/Vs. The resultant low sheet resistances in

the order of 300− 200 Ω/sq. combined with the high breakdown voltages make

these HEMTs ideal for high-frequency, high power applications.

1

Channel

Source
Contact

Drain
Contact

Gate

carriers (n or 
p)

External Circuit

Barrier

RchannelRaccess

Rcontact
Raccess

Rcontact

add transistor 
char

Drain 
Current

Drain 
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changing 
gate voltage

Ron = Rchannel +
2 ( Raccess + Rcontact)

(b)
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Imax

Figure 3.1: (a) Schematic showing a cross-section of a field effect transistor
(FET). It consists of a conductive channel, connected to the external circuit
through ohmic contacts. The gate capacitively controls the charge density in the
channel, and therefore the current flowing through the channel. (b) A cartoon of
a FET output characteristics showing the on-resistance Ron, the maximum drain
current Imax and the knee voltage Vknee = Imax.Ron. Ron and Vknee is determined
by the resistance components in (a). Vknee ≈ 0 (very low Ron) is desired for best
performance of the transistor.

Since the 2DEG transistor channel is buried under an insulating barrier, low

resistance ohmic contacts are necessary to connect the transistor channel to ex-

ternal circuitry. The lowest contact resistances for GaN HEMTs are achieved

through n++ regrown ohmic contacts. State-of-art contact resistances are typi-

cally in the order of 0.1 Ω mm (width normalized) and as low as 0.026 Ω mm

[178, 158], which is very close to the theoretical limit [184]. These n++GaN re-
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gions connect to the 2DEG through the sidewalls in a configuration very similar

to n++Si ohmic well in planar Si n-MOSFET technology. High charge concentra-

tions ([Si] > 1× 1020 cm−2) in the regrown GaN result in very low interface resis-

tances between the two regions. Low-resistance ohmic contacts to AlGaN/GaN

2DEG are also formed by depositing alloyed metal contacts. Optimum alloying

conditions yield contact resistances in the order of 0.3-0.6 Ω.mm which depen-

dent on 2DEG density and barrier composition, which is higher than regrown

contacts. The regrown ohmic technology has thus been one of the key enabler

of ultra-scaled GaN RF HEMTs [54, 178], and are possible due to high levels of

Si-type doping for n-type GaN.

Thus, high-conductivity 2DEGs and low resistances ohmic contacts through

heavily Si-doped GaN regions are critical for the success of scaled GaN HEMTs

for RF applications. Along the same lines, the complementary p-type realiza-

tion of GaN FET requires a high conductivity 2DHG and a low resistance ohmic

contact. However the wide bandgap/deep valence bands of GaN makes it or-

ders of magnitude tougher to achieve these two requirements, and translates to

the following challenges :

• Inefficient p-type doping of GaN :

Magnesium is the common p-type impurity dopant in GaN [98]. However

the thermal activation energy of 160 − 200 meV (dependent on Mg con-

centration) makes it inefficient compared to n-type Si doping (activation

energy 15 meV). This results in <4 % of the Mg atoms in the GaN crys-

tal contributing mobile holes of conduction at room temperatures [127].

Additionally, thermodynamics places an upper limit of ∼ 1021 cm−3 on

the amount of Mg atoms that can be incorporated into a GaN crystal
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[185]. Pushing the Mg concentration more than this limit results in self-

compensation [185] and also introduces crystal defects [186], thereby de-

stroying the conductivity. Typical hole concentrations obtained in Mg-

doped GaN is therefore limited to 1017 − 1018 cm−3.

• Low hole mobilities :

In a relaxed GaN crystal, the valence band consists of closely spaced heavy

hole (HH) and light hole (LH) band at the Γ point separated by ∼ 5 meV.

Majority of the mobile holes reside in the HH band with high (in-plane)

effective mass of ∼ 1.5−2m0. It has been shown that the room temperature

mobility of bulk of 2D holes are limited by acoustic phonon scattering [128,

5]. This limits room temperature mobility to < 50 cm2/Vs, ∼ 30× lower

than 1800-2000 cm2/Vs seen in GaN 2DEGs. In fact, experimental room

temperature hole mobilities of Mg-GaN is typically lower (5-10 cm2/Vs)

because of the added impurity scattering off Mg dopant atoms.

• Lack of low-resistance ohmic contacts :

Because of the deep GaN valence bands, no metal exists with suitable

workfunciton of > 7.5 eV to form an ideal ohmic contact to the valence

band. Usual ohmic schemes for p-type GaN use nickel (Ni), palladium

(Pd) or platinum (Pt) based metal stacks on heavily Mg-doped layers to

yield typical contact resistances of > 20−100 Ω mm. Heavy p-type doping

is also a bottleneck, which is necessary for low-resistance contact between

metal and GaN,.

Motivated by the dream of realizing GaN CMOS operation, numerous

groups have bypassed the low-conductivity Mg-doping by using polarization-

induced 2DHGs as transistor channels to demonstrate p-type GaN FETs. The
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various heterostructures used were briefly discussed in chapter 2. Notable re-

ports from the early 2010s came out of the work at National Institute of Ad-

vanced Industrial Science and Technology in Tokyo [12, 133, 32] and RWTH

Aachen [16, 17], who used a Mg-doped GaN channel on top of a standard

Al(In,Ga)N/GaN HEMT heterostructure to form the 2DHG channel in paral-

lel to the 2DEG. Recent reports (since 2018) include the work at MIT [60], who

demonstrated a scaled self-aligned gate process to eliminate the high access re-

sistances. Research group from HKUST demonstrated an enhancement mode

GaN pFET by flourine (F)-treatment under the gate [126]. All the groups above

successfully demonstrated GaN CMOS logic [58, 59, 60, 61, 13, 62] using their

versions of pFET. Further details and discussion on the CMOS realizations are

presented in chapter 6. However, these pFETs are still limited by low currents

< 100 mA/mm due to the low charge densities in the channel. To overcome

this, group at UCSB use a Mg-doped GaN/AlGaN super lattice to form multi

channels [187], but they needed complex 2D geometry such as finFETs to elec-

trostatically control the channel. The best numbers on currents are still 2-3 or-

ders of magnitude lower than those seen in GaN n-channel HEMTs (∼ 1 A/mm).

Higher on-currents are desired to be able to efficiently integrate with the HEMTs

and make use of the advantages a current matched CMOS circuit has to offer.

3.3 Mg-InGaN Ohmic Contacts to GaN/AlN 2DHG

In the last chapter, the undoped GaN/AlN 2DHGs were demonstrated which

offer the record high-conductivity hole channels with high charge densities

∼ 5 × 1013 cm−2. These should potentially serve as a good p-type channel for

a transistor with low access and channel resistances. However, since the 2DHG
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here is buried in an undoped insulating WBG material, the first step towards re-

alizing a device is to form low-resistance ohmic contacts to the external circuits.

In this section, record low-resistance contact to the GaN/AlN 2DHG, down to

few Ω.mm is demonstrated using as-grown Mg-doped InGaN contact layers.

As elaborated in the previous section, ohmic contacts to the valence bands in

p-type GaN faces fundamental limitations mainly because of its wide bandgap

Eg of 3.5 eV - the very property that makes GaN attractive for the high power

applications. The valence bands in GaN lie much deeper in GaN, qχ + Eg below

the vacuum level, where qχ = 4.1 eV is the electron affinity of GaN. To form an

ohmic contact, the metal should have high workfunction qφM > qχ+Eg = 7.5 eV.

Typical metal workfunctions however are in the order of 4-5 eV, which makes

the metal-pGaN contact intrinsically Schottky. The energy band alignment is

shown in inset of figure 3.2. The characteristic energy barrier to overcome by

the holes in the valence band qφB for a thermionic emission (TE) is given by

qφB = (qχ + Eg) − qφM - φB thus represents the Schottky voltage that will be

dropped across the contact. A survey of the commonly used metals in III-nitride

semiconductor processing, along with their characteristic φB is presented in fig-

ure 3.2. Clearly, the most suitable metals for ohmic contacts to p-type GaN are

Pt, Pd, Ni, Au.

One way to circumvent this Schottky barrier is to use a heavily p-doped GaN

next in contact with the metal. This reduces the triangular barrier width which

the holes in the valence band see. This depletion width in the semiconductor de-

pends on the doping level. If the barrier is narrow enough, the carriers can tun-

nel through instead of going over, resulting in thermionic field emission (TFE)

or field emission (FE) of carriers at a voltage drop < φB. The contact resistance
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Figure 3.2: Hole barrier height for different metals used for p-type contacts on
p-GaN. The inset shows the band alignment at the Schottky contact between the
metal and p-GaN [34, 35, 36, 37]

is thereby lowered by increasing the carrier concentration in the semiconduc-

tor. In p-type GaN, the high ionization energy of Mg and solubility limits of

incorporating Mg limits the hole concentrations to around 1017 − 1018 cm−3.

Due to the two limitations listed above, typical specific contact resistances

to p-GaN are in the order 10−2 − 10−5 Ω cm2 [188, 189, 190], which is still orders

higher than that of n-type contacts which show 10−6 − 10−7 Ω cm2 for regrown

ohmic contacts to 2DEGs. The high resistance of p-type ohmic limits not just

the GaN p-channel transistors but also efficiency of the mature GaN LED tech-

nology [191]. Groups have investigated the effect of alloying the metal stack

to reduce the φB. For example, annealing Ni in oxidizing ambient form NiO at

the interface [192], or even use thin Mg-InGaN contact layers between the Mg-

GaN and ohmic metal [193]. p-type ohmic contacts remain an major challenge

in GaN, and wide bandgap semiconductors in general.

Hence, before making high performance transistors within these limita-
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tions, it is important to engineer low-resistance ohmic contacts to the high-

conductivity GaN/AlN 2DHG.

What happens if a p-type ohmic metal is deposited on the surface of a un-

doped GaN/AlN 2DHG heterostructure? To test this, unalloyed Pd/Pt metals

were deposited directly on an as-grown GaN/AlN 2DHG with a 15 nm UID

GaN layer, labelled sample A, as shown in figure 3.3 (a). Transfer length method

(TLM) test structures [194] were used to extract the resultant contact resistance

and sheet resistances. To best interpret the Schottky-like non-linear IVs, the

TLM analysis was performed as a function of current. The TLM I-Vs and the

extracted resistances are plotted in figure 3.3 (b, c).
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Figure 3.3: Schematic cross-section of ohmic metals deposited directly on an un-
doped GaN/AlN 2DHG sample (b) TLM IVs showing non-linear Schottky-like
behavior. (c) Extracted sheet and contact resistance from the TLM analysis as
a function of excitation currents. This structure shows very high contact resis-
tances of > 10−1 Ω.cm2, which is not ideal for a transistor operation.

The extracted sheet resistance agrees to the as-grown sheet resistance mea-

sured via Hall on unprocessed samples. However, very high contact resistance

of > 10−1 Ω cm2 is extracted. The IV curves show Schottky-like non linear behav-
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ior with a turn on voltage of 3-4 V. This high contact resistance is not unexpected

as there a large and wide potential barrier for the electrons to overcome because

of the undoped layer separating the 2DHG and metal. This is shown in the en-

ergy band diagram in figure 3.4 (b). Clearly, this contact scheme of Pd/Pt on

UID GaN is not suitable for the final objective of a high performance FET. Alter-

nate contact schemes are desired to drastically reduce the contact resistance.

Table 3.1: Summary of the as-grown samples for ohmic contacts to undoped
GaN/AlN 2DHG. All the samples were 15 nm UID GaN on ∼450 nm of AlN
buffer layer grown under the same growth conditions. Samples B1, B2, B3 had
15 nm ohmic contact layer grown on top of the UID GaN layer. The growth
details are provided in appendix A.

Sample Ohmic contact [Mg] as-grown Rsheet ρc @ 10 mA/mm
ID layer (cm−3) (kΩ/sq.) (Ω.cm2)
A - - 10 ∼100

B1 15 nm Mg-GaN ∼1×1019 10.79 ∼2×10−2

B2 15 nm Mg-GaN ∼4×1019 12.73 ∼3×10−3

B3 15 nm Mg-In0.04Ga0.96N ∼1×1020 10.88 ∼2×10−5

For Mg-doped GaN, incorporation of highly p-type doped layers under the

metal have shown to improve the contact resistivity to p-GaN [195]. A similar

ohmic scheme is studied to investigate the effect of Mg-doped contact layers to

the GaN/AlN 2DHG.

Towards this, a series of 3 GaN/AlN 2DHG samples were grown. The sam-

ple structures, labelled B1, B2, B3, are shown in figure 3.4 (a). Each sample was

grown using PA-MBE following growth recipes similar to that of the undoped

GaN/AlN structure. The details of the growth is provided in appendix A. All

samples had a 15 nm of UID GaN layer to generate a 2DHG at the interface,

with an additional 15 nm Mg-doped contact layer on top. The samples differed

in the level of Mg doping - sample B1 and B2 has Mg-doped GaN layers with

[Mg] of 1 × 1019 cm−3 and 4 × 1019 cm−3 respectively. Sample B3 had a 15 nm
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In0.04Ga0.96N contact layer with [Mg] ∼ 1 × 1020 cm−3. Mg-InGaN contact layers

have earlier demonstrated low-resistance contacts to Mg-GaN layers for vertical

transport in GaN LEDs [196]. The dopant densities were confirmed by SIMS on

calibration samples.

Details of the samples are summarized in table 3.1. All three samples had

similar as-grown sheet resistance of ∼10 kΩ/sq as measured by Hall-effect at

room temperature. The top Mg-doped layers are not expected to substantially

contribute to the Hall measurement since the thermally activated hole density is

two orders lower than the 2DHG density. The low sheet resistance is therefore

due to the underlying 2DHG at the GaN/AlN interface.
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Figure 3.4: (a) Layer diagram of the series of MBE-grown GaN/AlN 2DHG sam-
ples B1, B2, B3 with different contact layers. The details of the samples are sum-
marized in table 3.1. (b) Energy band profile of the metal-contact layers, for UID
GaN, Mg-GaN and Mg-InGaN contact as the contact layers. The higher dop-
ing level results in a narrower barrier width for the holes in the valence band,
promoting thermionic field emission (TFE) over thermionic emission (TE), and
thereby lowering the contact resistance.

Figure 3.4 (b) shows the expected energy band diagrams for different contact

layers, Mg-GaN and Mg-InGaN, on the GaN/AlN 2DHG. These are calculated
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using a self-consistent 1D Schrodinger Poisson solver. Also plotted for reference

is the band diagram for a GaN/AlN sample with no Mg doping in the top layer

(sample A). The control sample shows a wide triangular potential barrier for

the holes in the VB quantum well with barrier ∼2 eV high. The presence of Mg

dopants in the contact layer pulls the Fermi level closer to the valence bands

near the ohmic metal. Thus, even though the barrier height is approximately

the same, higher doping results in a narrower barrier and is expected to enable

low resistance contacts by allowing thermoionic field emission (TFE). If there

are trap states near the valence band, then there is an added possibility of trap-

assisted tunnelling [195] which should derease the contact resistance further.
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Figure 3.5: (a) IV curves for the three different ohmic contact layers in samples
B1, B2 and B3. The I-V curve for sample A (without ohmic contact layer) is
shown in grey, which is barely visible at this scale due to the high resistance. (b)
The TLM extraction using resistance as function of TLM spacings, extracted at
10 mA/mm. (c) Extracted specific contact resistivities as a function of current.
The Mg-InGaN contact layer in sample B3 clearly has the most ohmic behavior
and lowest contact resistance among the three. Figures (a), (b) modified from Bader
et al. [38], © 2019 IEEE

Circular TLMs using unalloyed Pd-based contacts as ohmic metals were

measured to characterize the ohmic contacts to the 2DHG. Figure 3.5 summa-

rizes the results. Figure 3.5 (a) shows the IVs from the three samples for nominal

TLM spacings of 2, 3, 4, 5, 6, 8, 10 µm. A clear trend in the nature of contacts

is visible, with sample B1 showing Schottky-like behavior. Even though the re-
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sistance is lower than the undoped sample A from figure 3.3, it is not suitable

for device purposes. TLM IVs in samples B2 and B3 show more linear behavior,

with a visible increase in linearity with increase in the Mg-doping levels. The

resistance as a function of TLM spacings is plotted in figure 3.5 (b) extracted

at a low current of 10 mA/mm. The slope of the linear fit of of the resistance

vs spacing represents Rsheet/W, where W is the width of the TLM. Clearly, all

three samples have similar slopes which concurs with fact that the as-grown

Hall resistances were similar across the samples. Additionally, it confirms that

the lateral conduction is dominated by the 2DHG and not the higher-resistance

p-doped layers. The y-intercept of the linear fit of the TLM gives 2Rc, where

Rc is the contact resistance. Again, corroborating with the IVs in figure 3.5 (a),

a lower Rc is observed in the higher Mg-doped samples. The extracted Rc and

specific contact resistivity ρc as a function of current for the three samples is

plotted in figure 3.5 (c). Mg-InGaN contacts show low ρc ∼ 10−5 Ωcm2, orders

of magnitude lower resistance than the Mg-GaN layers in this controlled exper-

iment. Hence, these are highly suitable for use as ohmic contacts in p-channel

GaN/AlN FETs.

Because a lot of scientifically important experiments such as magnetotrans-

port are best performed at ultra-low temperatures, it is valuable to characterize

the behaviour of the p-type contacts on cooling. To investigate, TLM measure-

ments on Mg-InGaN capped sample B3 were performed at 200 K and 77 K us-

ing a temperature-controlled stage in a probe station. The results are shown in

figure 3.6. For this experiment, the Mg-InGaN layer was etched away in the

regions between the TLM patterns, as shown in inset of figure 3.6 (b), so as to

ensure the current conduction between the contacts is through the 2DHG and

not the Mg-InGaN layer. TLM extractions were performed at different tempera-
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Figure 3.6: Low temperature TLM measurements on Mg-InGaN contacts. (a)
Extracted contact and sheet resistances as function of current for Mg-InGaN
contacts to the GaN/AlN 2DHG at 300 K, 200 K and 77 K. (b) sheet resistance,
and (c) contact resistances extracted at 200 mA/mm. These results show that
while the 2DHG resistance decreases upon cooling, the contacts get more resis-
tive.

tures and the contact and sheet resistances were extracted as function of current.

Figure 3.6 (b) shows that the sheet resistance of the 2DHG ”channel” extracted

at 200 mA/mm decreases 3× upon cooling - going from 15 kΩ/sq at 300 K to 5

kΩ/sq at 77 K. This is consistent with the expected increase in 2DHG mobil-

ity due to the phonon freezeout at low temperatures (see figure 2.6). However,

the contact resistance has the opposite dependence on temperature. It increases

from ∼ 3 Ω mm at 300 K to 12 Ω mm at 77 K - a 4× rise. This is attributed to

the freezing out the thermally generated holes in the Mg-InGaN contact layers

leading to a wider barrier for the holes. Additionally, this behavior points to the

fact the the carriers undergo TFE and not pure FE or trap-assisted tunnelling.

Nevertheless, the Mg-InGaN contacts show low resistance at room temperature

and are suitable for use in devices that operate at room temperature and higher.

Figure 3.7 compares the results of this work to ohmic contact resistances

reported in literature to p-GaN and 2DHGs. Interestingly, not only do the Mg-

InGaN contacts shows lower contact resistance than the other Mg-GaN contacts

in this study, but these are among the best for any p-type contacts to GaN re-
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Figure 3.7: Benchmark plot comparing the various ohmic contacts reported to
p-GaN in literature. The Mg-InGaN contacts to the GaN/AlN 2DHG presented
in this work represent some of the lowest contact resistances across all reports.

ported in literature. However one needs to be slightly careful in this compari-

son as the reports have different ohmic metal stacks, Ni, Pa etc. Also, there is

a potential of misinterpreting and underestimating the non-linear IVs during

TLM extraction which is why a fair comparison needs closer look at the extrac-

tion methodology as well. Furthermore, a lot of reports of high efficiency LEDs

and pFETs do not explicitly mention their the p-type ohmic contact resistances

or scheme, so there might be some missing points on the plot. However, the

authors are confident that the Mg-InGaN contacts to the GaN/AlN 2DHG are

among the lowest among contacts to 2DHGs for GaN pFETs.

Better contact resistances are predicted at higher In concentration InGaN

[193], but InGaN pseudomorphic to AlN is very highly strained and growth of

high In composition in strained crystals becomes challenging due to composi-
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tional pulling effects. These results also indicate this contact scheme might not

be the best for performing low temperature magnetotransport measurements

even though the GaN/AlN 2DHG survives and in fact gets better at low tem-

perature providing a great opportunity to access the valence bands through SdH

oscillations. The very high contact resistances mean that the total voltage mea-

sured experimentally will be dominated by the voltage drop across the contacts

and not the 2DHG channel. On the brighter side, these ohmic contacts should

get better at high temperatures! This makes it attractive high temperature ap-

plications especially thanks to the high thermal conductivity of AlN.

3.4 Scaled RF GaN/AlN p-channel FETs

With the a low resistance ohmic contact to the high-conductivity GaN/AlN

2DHG identified, all the components required for demonstrating a high perfor-

mance pFET on this AlN platform are in place. The past 8 years has seen rapid

improvements in the performance of GaN/AlN pFETs, thanks to advancements

in the epitaxial materials supported by device fabrication improvements.

The first GaN/AlN pFET was reported in 2013 [19]. The GaN/AlN 2DHG

channel had high sheet resistance of 17 kΩ/sq at room temperature. The low

channel mobility and high contact resistances meant a very high drain voltage

of VDS = 50 V was needed to reach current levels of currents of 100 mA/mm.

Even though this is not ideal for a circuit implementation of the device, it nev-

ertheless demonstrated the potential of the GaN/AlN platform to sustain high

on-currents and biases.

As seen in chapter 2, the control of compensating impurities during MBE
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growth using IBLs improved the sheet resistance of the GaN/AlN 2DHG by

3×. These new and improved GaN/AlN 2DHG were used with a new recessed

gate process to demonstrate [31] enhancement-mode GaN/AlN pFETs with on

currents upto 10 mA/mm at reasonable VDS of 5 V and 4 orders on-off ratio in

long channel devices with gate length LG = 7 µm. These metrics were achieved

with a heavily p++GaN contact layer with contact resistance of 14.89 Ω.mm.

Reducing the contact resistance should boost the current in the pFET further.

Indeed, a year later, on-currents of upto 100 mA/mm (at VDS = 10 V) were

achieved in devices with LG = 600 nm for the first time in GaN pFETs [38]. This

jump was primarily due to improvements in low resistance Mg-InGaN contacts

(3× lower Rc) and Schottky recessed gate.

The rapid improvements over the past 3 years have made it clear that the

GaN/AlN platform for pFETs are yet to reach their full potential. In this sec-

tion, we build upon the previous work by scaling down the gate lengths further

and consequently pushing the on-currents higher to upto 0.5 A/mm at room

temperature, and ∼ 1 A/mm at 77 K - reaching current levels similar to GaN n-

channel HEMTs. These results make near-current matched complementary cir-

cuits possible on this AlN-platform. Additionally, the scaled devices break the

GHz barrier for the first time in GaN pFETs with fT/ fMAX upto 23/40 GHz. This

never before thought possible performance ushers in new era in wide bandgap

(WBG) GaN pFETs and opens up the possibilities of new application spaces for

WBG complementary circuits for RF applications.

The device process starts with the epitaxial growth of the GaN/AlN 2DHG.

Figure 3.8 shows the layer structure of the MBE grown sample. A 15 nm Mg-

InGaN/15 nm UID GaN/500 nm AlN buffer was grown using plasma assisted
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Figure 3.8: (a) Layer structure of the epitaxial film grown by MBE, dashed line
indicating where a high-density 2D hole gas (2DHG) is present. (b) Energy band
diagram showing the band alignment at the GaN/AlN interface and the 2DHG.
(c) Polarization difference at the undoped GaN/AlN interface gives rise to fixed
negative sheet charges, which together with a valence band offset between the
GaN and AlN, leads to a tightly-confined mobile 2DHG channel. (d) The sheet
resistance map shows the uniformity of the 2DHG across the MBE-grown 2 inch
wafer, pieces of which were used for fabricating the devices in this work. (e)
Cross-sectional STEM scan showing highly uniform epitaxial growth and sharp,
abrupt GaN/AlN interface as desired. Figure modified from Nomoto, Chaudhuri et
al. [39], © 2020 IEEE

molecular beam epitaxy (PAMBE) on 2-inch AlN on sapphire template sub-

strates. The growth details are provided in appendix A. The TEM cross-section

of the epitaxial growth confirms sharp abrupt interfaces, as seen in figure 3.8

(e). Uniform sheet resistance of ∼ 10 kΩ/sq is measured across the wafer sur-

face using Hall-effect at room temperature.

The fabrication process for the scaled, T-gated GaN/AlN pFET is summa-

rized in figure 3.9. After a mesa isolation etch, Pd-based ohmic metals were de-

posited followed by two critical etches using Cl-based ICP dry etch - (1) global

etch to remove the InGaN contact layers except under the ohmic pad, and (2) lo-

cal recess defined by electron-beam lithography (EBL) which removes the GaN

under the gate and defines the gate to 2DHG distance of 8 nm. Mo/Au gates
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Figure 3.9: Fabrication process for scaled GaN/AlN p-FETs, which consists
of (a) MBE grown GaN/AlN heterostructure with the Mg-doped In0.05Ga0.95N
layer, (b) non-alloyed Pd/Au/Ni ohmics, (c) Cl2 -based ICP etching for mesa
isolation , (d) first ”global” recess etch step for removing Mg-InGaN, (e) sec-
ond recess etch with electron-beam lithography (EBL) to thin the gate-channel
distance and define the channel, and (f) Mo/Au Schottky T-gate. (g) Enlarged
cross-sectional schematic of the final device structure with a T-gate of LG = 120
nm, WG = 25 µm × 2, and 70◦ angled-view SEM images of the fabricated p-FETs
and T-gate. Figure modified from Nomoto, Chaudhuri et al. [39], © 2020 IEEE

were then deposited using electron beam evaporation. The final device cross-

section and dimensions are shown in figure 3.9 (g). Gate length LG were varied

from 600 nm to 60 nm.

TLM measurements after the global etch step showed contact resistances of

< 5 Ω mm at current levels greater than 100 mA/mm, confirming the robustness
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(e)

Figure 3.10: Transistor characteristics of the p-channel FETs with LG = 120 nm,
WG = 25 µm × 2, and LS D = 680 nm. (a) Output I-V curves show current sat-
uration and an on-resistance of 18.6 Ω mm at VGS = -4 V. (b) Log-scale trans-
fer curves show two orders of Ion/Io f f modulation, limited by Schottky gate
leakage. (c) The linear-scale transfer curve shows normally-on operation and
a peak gm,ext of 66 mS/mm. (d) maximum drain current ID versus gate length
LG for scaled GaN/AlN p-channel FETs shows the effect of device scaling. From
Nomoto, Chaudhuri et al. [39], © 2020 IEEE

and repeatability of the Mg-InGaN based ohmic contact scheme to the 2DHG.

Figure 3.10 shows the DC device characteristics of a device with LG = 120 nm,

source drain distance of 680 nm. The gate base length is 60 nm. The output

characteristics show a good set of family curves with nice saturation. The maxi-

mum saturation on currents reach 428 mA/mm and are repeatable on multiple

devices. Transfer characteristics show an on/off ratio of about 2 orders of mag-

nitude and is limited by gate leakage. A reasonable threshold voltage of 4 V and

peak transconductance gm of 66 mS/mm are obtained. Figure 3.10 (d) plots the

measured max on currents across different devices with varying late lengths.

Clearly the currents rise with decreasing gate lengths, obeying the MOSFET

scaling principles [197].

Small signal RF characterizations were performed by measuring S parame-

ters from 50 MHz to 40 GHz using microwave probes in air and then dembed-

ding using open structure on the same die. The small-signal characteristics are

shown in figure 3.11, with an extracted voltage and power gain cut-off frequen-

cies fT/ fMAX of 19.7/23.3 GHz. These represent the highest fT/ fMAX reported in
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Figure 3.11: Small-signal measurements on the p-channel FETs with LG = 120
nm, WG = 25 µm × 2, and LS D = 680 nm. (a) S-parameter measurement results on
the GaN/AlN p-channel FETs showing cut-off frequencies fT/ fMAX= 19.7/23.3
GHz. (b) and (c) show the VDS and VGS bias dependence of the fT and fMAX

respectively. The colors indicate frequencies on the contour maps. From Nomoto,
Chaudhuri et al. [39], © 2020 IEEE

III-nitride based pFETs so far, and are orders of magnitude higher than fT = 230

MHz reported back in 2013 [16] in GaN/AlInGaN pFET.

Even though this generation of device exhibits high on-currents, the on/off

ratio is slightly lower than 2 orders and is limited by gate leakage current. In-

sertion of a thin gate dielectric layer to form a metal-insulator-semiconductor

(MIS) gate should help increase the on-off ratio and boost the current through

suppression of gate leakage. This is supported by the previous GaN/AlN MIS-

HFET results [31] which showed 4 orders on/off ratio in a 7 µm long channel

device. Also, on examination of a TEM cross-section image, it was found that T-

gates in the scaled GaN/AlN p-FETs had a broken Mo gate head. Fixing the gate

head should potentially decrease the gate resistance and therefore help boost the

fMAX.

To test these improvements, new round of pFET devices were fabricated us-

ing the same device fabrication flow the previous round but with a couple of

modifications : (1) the Mo/Au gate metal was deposited using sputtering as
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Figure 3.12: Fabricated GaN/AlN pFETs with (a) Schottky-gate and (b) ALD
SiO2 under the gate (MIS-gated), with similar device dimensions. The MIS gate
is expected to reduce the gate leakage compared to a Schottky gated device. (c)
SEM image of the sputtered Mo T-gate head showing an intact gate head, which
is expected to reduce the gate resistance and thereby boost the fMAX

opposed to electron-beam evaporation, to obtain a more mechanically stable

T-gate head, (2) a thin 4.9 nm SiO2 layer was deposited using atomic layer de-

position (ALD) under the gate metal to act as a gate dielectric. The fabricated

metal-insulator-semiconductor (MIS)-HFET and a control Schottky gated device

are shown in figure 3.12 (a) and (b). Both similar device dimensions of LG = 86

nm, WG = 25 µm × 2, and LS D = 642 nm. An SEM scan of the device is shown in

figure 3.12 (c). The new sputtered T-gate are confirmed to be intact as intended.

Figure 3.13 (a) and (b) show the transfer characteristics of the MIS-HFET and

the Schottky gated device fabricated. The Schottky gated device showed similar

characteristics as the previous round, with a high on current of 430 mA/mm and

an on/off ratio of 89. The low on-off ratio is clearly limited by the gate leakage.

In comparison, the MIS-HFET shows a clearly suppression of the gate leakage.

This results in not only a higher on-off ratio of > 2 orders (140), but also a higher

on-current of 501 mA/mm! The output curves for the MIS-HFETs show good

transfer characteristics, with a low Ron of 16 Ω mm.

The IV characteristics of the Schottky-gated device was also measured at
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Figure 3.13: DC characteristics comparing the Schottky gated and the MIS-gated
p-HFETs (a) shows a suppression of gate leakage in the MIS-gated device, which
leads to a higher (>2 orders) of current on-off ratio. (b) the linear transfer curve
shows the MIS-gated device reaches on currents upto 501 mA/mm. The family
curves show good output characteristics and low Ron

Imax = 
0.966 A/mm

@ 77 K

peak gm = 
140 mS/mm

@ 77 K

coolingcooling

cooling
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Figure 3.14: Low temperature DC characteristics of the Schottky gated pFET,
with (a) family curves, (b) linear output curves and (c) transconductance curves
at 300 K, 200 K, and 77 K. The improvement in the mobility of the 2DHG with
cooling, leads to a lower channel resistance and therby high on-currents and
higher peak gm. A maximum on current of 0.96 A/mm is recorded, which is the
highest on-current ever recorded in GaN pFETs.

temperatures below the room temperature at 200 K and 77 K. The results are

shown in figure 3.14. As seen in figure 3.6, the Mg-InGaN ohmic contact re-

sistance is expected to increase due to freezing out of thermally activated carri-

ers, but the 2DHG sheet resistance is expected to decrease due to freezeout of

phonons. In the FET, the high channel mobility dominates and as a result the

maximum on currents increases with decrease in temperature. It reaches upto
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0.966 A/mm at 77 K, which is the highest on-current ever reported in a GaN

p-channel FET, and at the same level as GaN HEMTs! This result is not only

exciting for applications where the system can be cooled, but also show that the

currents can be improved drastically if the room temperature mobilities of the

2DHG is boosted further.

(a) (b) (c)

Figure 3.15: Small signal measurements on the p-channel FETs shows cutoff-
frequencies of fT/ fMAX of 21/40 GHz in the Schottky gated device, and best
fT/ fMAX of 15.5/16.5 GHz in the MIS-gated FET.

Figure 3.15 shows the small signal characteristics of the MIS-HFETs and

Schottky-gated FETs. The Schottky-gated FET shows an fT/ fMAX of 21/40 GHz,

an increase of 13 GHz in the fMAX compared to the previous generation. This

confirms the hypothesis that the new T-gates with sputtering result in lower

gate resistances. The best MIS-HFETs showed fT/ fMAX of 15.5/16.5 GHz, which

is the first GHz speed MIS-HFETs in GaN. Even though the intrinsic cut-off

frequency fT is expected to be the same in both the devices because of similar

lateral gate lengths, the extrinsic fT is understandably lower in the MIS-gated

pFETs than the Schottky gated devices, because larger source-channel separa-

tion results in a lower gm which in turn increases the parasitic delays.
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3.5 Benchmark

Thus, combining the high-conductivity 2DHG, Mg-InGaN low resistance

ohmics, and scaled T-gate fabrication processes, pFETs with both Schottky and

MIS gates have been demonstrated with record high on currents and speeds.

Figure 3.16 (a) compares the on currents and on-off ratio of all GaN pFETs re-

ported till date. A high on current and high on-off ratio is desired in a transistor.

The scaled gate devices in this work show 5× improvement in on-current levels

over the long channel devices previously demonstrated. The GaN/AlN pFETs

show on-currents which are more than an order of magnitude higher than the

rest. With further process improvements to reduce the gate leakage currents,

and source-drain scaling, they should soon be able to match the GaN n-channel

HEMT current levels of >1 A/mm.

Scaled 
GaN/AlN
pFETs

GaN/AlN GaN/AlGaN
GaN/AlInGaN InGaN/GaN

D-mode E-mode
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Figure 3.16: (a) Benchmark plot comparing on-currents reported in III-nitride
p-channel FETs in literature. This work represents the new record highest on-
currents, enabled by high-density GaN/AlN 2DHGs. (b) Comparison of the
cut-off frequencies measured in all GaN pFETs, showing the dominance of the
GaN/AlN platform.

Figure 3.16 (b) plots the fT vs fMAX for all reported GaN pFETs. The domi-

125



nance of the GaN/AlN pFETs is clear from the fact that apart from the pFETs

reported in the work, there is only 1 other GaN pFET on this chart, near the

origin with speed in MHz. The highest fT/ fMAX in GaN/AlN pFETs are 21/40

GHz, taking the GaN pFETs to a regime which not so long ago was thought

impossible.

The increased drive current and speed of the p-FETs seen here in the

AlN/GaN platform, combined with the excellent performance of the n-channel

HEMTs on the same AlN-platform [53] is expected to take this wide-bandgap

CMOS platform into new application domains in the RF and power electronics

arenas.

3.6 Future Directions

The results in this chapter report advancements in the field of GaN p-channel

FETs, demonstrating device performance which were thought impossible a few

years back. However there is room for improving these pFETs further. Chapter

2 provided directions to improve the 2DHG channel conductivity which should

directly translate to an improvement in the pFET performance through reduced

access resistances and higher on-currents. This section provides some the fu-

ture directions from device design perspective for pushing the GaN/AlN pFET

performance higher :

• Reduce gate leakage to increase on/off ratio, breakdown

A high on-off ratio and a high on current is desired in a pFET. As seen

in the figure 3.16 (a), the current state-of-art scaled RF GaN/AlN pFETs
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show a low drain current on/off ratio ∼ 2 order of magnitude, 6 orders

lower than the pFETs with the highest on-off ratios [58, 60]. The off state

current in these D-mode GaN/AlN pFETs is limited by a high gate leakage

current at high positive biases. The introduction of an SiO2 gate dielectric

in a MIS-HFET configuration slightly reduces the gate leakage, but is still

slightly above ∼ 2 orders of magnitude. Reducing the gate leakage further

will increase the on-off ratio and also improve the breakdown voltage of

these devices.

It is known that threading dislocations in a crystal provide a potential

charge leakage path from the channel to the gate [198, 199]. The current

generation of GaN/AlN pFETs were grown on foreign substrates (AlN-on-

sapphire templates) with dislocation density of ∼ 1010 cm−2. This trans-

lates to ∼50000 leakage paths for a 100 nm long and 50 µm wide gate.

Recent availability of high-quality single crystal AlN substrates [200, 201]

and advancements in MBE homoepitaxy of AlN [65, 64] have successfully

reduced the dislocation density in AlN-based heterostructures by 6 orders

of magnitude (more details in appendix B). With approximately 1 leak-

age path for every 20 100 nm long and 50 µm wide gates, fabricating the

GaN/AlN pFET on bulk AlN substrates should help drastically reduce

the dislocation-mediated leakage. A comparative study between a par-

allel processed GaN/AlN pFET on bulk AlN and AlN-on-Sapphire tem-

plates will be valuable to pin-point the dominating source of leakage in

this device.

Another path to reduce gate leakage, while maintaining gm, is to intro-

duce a high-K dielectric between the gate metal and the channel. Recent

discovery of high dielectric constant of > 20 in MBE-grown epitaxial scan-
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dium aluminum nitride (ScAlN) makes it a very attractive candidate for

inclusion as an epitaxial high-K dielectric. However, metal-polar ScAlN

on GaN is a negative polarization difference interface [202], and hence the

thickness of the high-K dielectric needs to be carefully designed so as not

to induce a parallel 2DEG in the ScAlN/GaN/AlN structure and screen

the 2DHG. A combination of ScAlN + SiO2 might be a good way to realize

the high-K gate dielectric scheme for GaN/AlN pFETs.

• Source-drain distance scaling

Today current-state-of-art GaN pFETs reach record high current levels of

0.5 A/mm thanks to gate length (LG) scaling. These pFETs, with high-

conductivity 2DHG channel and low resistance ohmic contacts, have the

potential to achieve even higher current levels and speeds through source-

drain separation (LS D) scaling.

Scaling down the LS D for a given LG, or the consequent decreased source-

gate spacing, results in higher electric field and lower voltage drop in the

source-side access region [203] which should result in higher on-currents

and hopefully soon reach the GaN HEMT levels of ∼1 A/mm.

Decreasing the LS D should also boost the operating speed of the pFETs

[204]. Voltage gain cut-off frequency fT of an FET (ignoring short channel

effects) is given by :

fT ↑=
1

2π
·

1
Cgs+Cgd

gext
m ↑

+ Cgd (RS ↓ +RD ↓)
, (3.1)

where, gext
m is the extrinsic transconductance, Cgs/gd are the gate-source and

gate-drain capacitances. The arrows indicate the expected trends on LS D

scaling. RS/D is the source/drain side access resistances, given by RS/D =
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Rsh.LS G/GD/WG, where Rsh is the sheet resistance of the as-grown 2DHG, WG

is the gate width and LS G/GD is the gate-source or gate-drain distance.

Reduced source side access resistance (RS ) should result in higher extrinsic

gm through gext
m = 1/(1 + RS .gint

m ). This should translate to reduced drain

delay (Cgd/gext
m ). LS D scaling also reduces the parasitic charging time (RD +

RD).Cgd, combining to increase the fT .
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Figure 3.17: Effect of source-drain separation LS D scaling for a given gate length
on GaN/AlN pFET transconductance (gm) and cut-off frequency ( fT ). Both gm

and fT are expected to increase by ∼ 50% on scaling down LS D from 1000 nm to
400 nm. The value of intrinsic gm used for the calculation is from the small-signal
extracted model in scaled GaN/AlN pFETs [39].

Figure 3.17 plots the theoretically expected extrinsic gm and fT as a func-

tion of LS D, assuming an LG = 120 nm, Rsh of 10 kΩ/sq and a symmet-

ric gate placement between source and drain. The intrinsic gm = 86.18

mS/mm is extracted from the small-signal model of the GaN/AlN pFET
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[39] shown in figure 3.11. Almost 50% increase in the fT is predicted on

scaling down the LS D from 1000 nm to 400 nm.

However, LS D scaling should be accompanied by an asymmetric gate (gate

closer to the source than drain) in the future to balance the expected trade-

off between fT and breakdown voltage.

• Regrown p-type ohmic/tunnel contacts

The current state-of-art p-type ohmic contact scheme with the as-grown

Mg-InGaN ohmic contact layers makes it necessary for a gate recess etch

to remove the Mg-doped layer in the channel region. The pFET fabrica-

tion process thus relies heavily on the precise control of this recess etch

within 1-2 nm. In the absence of a natural etch stop layer, this is achieved

by careful calibration and timing of the ICP dry etch. Nevertheless, this

inherently brings with it process variability, lowering the yield. Addition-

ally, the damage from dry etch known to cause n-type defects [205], which

can adversely the 2DHG channel.

An alternative ohmic contact scheme which eliminates the need for gate

recess is thus desired, via p-type ohmic regrowth. This should allow the

Schottky-gate metal to be placed on the as-grown surface, and the process-

ing to be performed on the ohmic regions away from the channel, main-

taining its conductivity. Three possible routes to regrown p-type ohmics

are shown in figure 3.18.

The first method, illustrated in figure 3.18 (a), is similar to the MBE n++

regrown GaN contacts to 2DEGs [158]. Part of the as-grown GaN/AlN

2DHG structure is etched away, and then heavily p++ doped GaN or In-

GaN regions are selectively regrown in the source and drain regions. If the

doping levels are high enough to make it degenerately doped in the con-
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tact regions, they form a 3D-2D contact to the 2DHG in the valence band.

Recent results from the Mishra group at UCSB confirmed the feasibility

of p++ regrown ohmics on finFET structure, and hence would be worth

pursuing on the GaN/AlN 2DHG structure.
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Figure 3.18: Process flow for possible schemes to achieve regrown ohmic con-
tacts to the GaN/AlN 2DHG, using (a) p++InGaN regrowth for 2D-3D contact,
(b) n++GaN regrowth for 2D-3D tunnel contacts, and (c) p+InGaN regrown re-
gions on in-situ selective sublimation etched GaN, for 2DHG-2DHG ohmic con-
tacts.

However, in addition to the fundamental challenge of growing

degenerately-doped p++GaN, damage during the regrowth etch [205] and

contamination from the ambient between the ex-situ dry etch and MBE-

regrowth steps [206, 207, 208] means the sidewall contact may be high-

resistance. Two alternate possibilities are therefore proposed to get around

these issues.
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MBE n++ regrowth process is very well developed [158]. Regrown

n++GaN regions instead of p++(In)GaN could be used to form 2D-3D tun-

nel contacts to the 2DHG. Figure 3.18 (b) illustrates this regrowth scheme.

The challange here is that the carriers have to overcome an energy bar-

rier equal to the band gap of GaN for band-to-band tunneling. However,

the contamination and defects on the sidewall could potentially assist and

enhance the tunnelling process. In addition, this scheme will make inte-

gration with HEMTs easier as ohmics for both the HEMT and pFET can be

formed by a single regrowth step.

The other alternative takes advantage of two novel components - in-situ

selective sublimation etch of GaN and the InGaN/AlN 2DHG. The pro-

cess is shown in figure 3.18 (c). The in-situ GaN sublimation etch (dis-

cussed in detail in section 6.4) reduces the sidewall contamination from

the ambient by performing the etch inside the MBE ultra-high vacuum

chamber. AlN acts as a natural etch stop for this technique. Subsequently

Mg-InGaN regions are regrown, which forms a InGaN/AlN negative po-

larization interface in the ohmic regions. This interface is expected to be

populated by a high density (> 1014 cm−2) 2DHG. This InGaN/AlN 2DHG

should makes a 2D-2D contact to the GaN/AlN 2DHG channel under the

gate. This is a truly unique p-type ohmic scheme enabled by the techno-

logical advancements in this work, and will be scientifically very valuable

if realized.
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CHAPTER 4

POLARIZATION-INDUCED 2D ELECTRON AND HOLES IN UNDOPED

ALN/GAN/ALN HETEROSTRUCTURES

4.1 Introduction

So far in this dissertation, the metal-polar GaN on AlN heterostructure has been

studied which generates a 2DHG at the negative polarization interface. These

heterostructures have achieved record high p-type conductivity through careful

epitaxial growth which enabled record p-type RF FETs in GaN [39].

Although highly technologically relevant on their own, the true technolog-

ical potential of the these wide bandgap p-type transistors will be achieved by

combining with n-channel GaN transistors to form energy-efficient logic or RF

complementary circuits [137]. The ubiquitous GaN HEMTs build upon the po-

larization induced 2DEG grown on GaN buffer layers. With the GaN/AlN pFET

already demonstrating record performances, a compatible n-channel transistor

on AlN buffer is desired for enabling the true potential of this AlN platform.

Furthermore, as will be shown in chapter 5, the AlN buffer provides material

advantages over GaN buffer layer for high-power, high-frequency operation of

HEMTs [53].

Similar to the GaN/AlN 2DHG channel enabling the pFETs, a 2DEG channel

is necessary to make AlN HEMTs. In this chapter, a high-density, polarization-

induced 2DEG is obtained on AlN by growing a thin layer of AlN barrier layer

on top of the GaN/AlN structure. This leads to a unique 2D electron-hole (E-

H) bilayer in an undoped AlN/GaN/AlN heterostructure. Because of the 2
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orders higher mobility and conductivity of the 2DEG compared to the 2DHG,

the 2DEG dominates the Hall transport measured in this AlN/GaN/AlN het-

erostructure. Light emission from the recombination of 2DHG and 2DEG in a

unique lateral LED geometry confirms the presence of both, and represents the

first report of emission from a completely undoped III-nitride semiconductor

structure. Next, the transport of the high-density 2DEG on the top interface of

the metal polar AlN/GaN/AlN heterostructure is studied in detail, from the

perspective of application to RF HEMTs. The room temperature mobilities in

these strain GaN channel heterostructures are limited to 700 cm2/Vs due to a

yet-unidentified extrinsic scattering mechanism. However, the high 2DEG den-

sities results in low sheet resistances of ∼ 300 Ω/sq, which means the relatively

low mobilities do not limit the performance of the resulting AlN HEMTs in the

current state-of-art.

4.2 The AlN/GaN/AlN Heterostructure

Figure 4.1 (a) shows a typical metal-polar AlN/GaN/AlN heterostructure. It is

similar to the GaN/AlN 2DHG (a thin 30 nm of GaN channel layer grown on

thick relaxed AlN buffer layer), but with an additional thin AlN barrier layer of

about 4 nm grown on top. Energy band diagram in figure 4.1 (b) shows that a

2DEG is expected at the top AlN/GaN interface and a 2DHG at the bottom in-

terface GaN/AlN - the two being separated by the undoped GaN layer of thick-

ness tGaN . This leads to a high intrinsic field of ∼ Eg/qe.tGaN in the GaN channel

layer, where Eg is the GaN bandgap, qe is the electron charge. Because of its

polarization-generated nature, the densities of the 2DHG and 2DEG electrostat-

ically depend on the thicknesses of the GaN and AlN layers. These densities can
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Figure 4.1: (a) Heterostructure details, and (b) energy band diagram showing
the expected 2DEG and 2DHG in an AlN/GaN/AlN heterostructure. (c), (d)
show the dependence of the 2DEG and 2DHG densities on the GaN channel
and AlN barrier layer thicknesses, assuming the layers are pseudomorphic to
AlN buffer layers. A 2DEG density of ns ∼ 3 × 1013 cm−2 and 2DHG denisty of
ps ∼ 5 × 1013 cm−2 are expected in a 4 nm AlN/30 nm GaN/AlN structure.

be calculated numerically through 1D Schrodinger-Poisson solver [55] or using

simplified analytical equations proposed by Bader [209]. The analytically cal-

culated 2DEG and 2DHG densities in the structure as a function of GaN, AlN

layer thicknesses are shown in figure 4.1 (c,d). This calculation assumes the

whole heterostructure is pseudomorphic to the AlN buffer layer, ignoring the

limitations of growing thick, lattice-mismatched layers. It is found that tunable
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2DEG and 2DHG densities upto 5 × 1013 cm−2 are accessible without any dop-

ing with appropriate heterostructure design. For comparison, the typical 2DEG

densities in the AlGaN/GaN HEMTs are in the order of 5−10×1012 cm−2 - an or-

der lower than the AlN/GaN/AlN 2DEGs. Hence, if realized, these structures

are very valuable from a scientific and device standpoint where high density of

2D electron or holes are desired.

AlN/GaN/AlN heterostructures were grown using plasma-assisted MBE

on semi-insulating metal-polar MOCVD-grown AlN on Sapphire starting sub-

strates (same substrates used for the 2DHG growths in chapter 2). Multiple sam-

ples were grown simultaneously by co-loading 8 mm × 8 mm substrate pieces

on a silicon carrier wafer. A ∼400 nm thick AlN buffer layer was first grown at a

substrate thermocouple temperature of 780◦C, at a growth rate of ∼420 nm/hr.

The subsequent unintentionally-doped (UID) GaN (∼30 nm), AlN (4 nm) layers

were grown at a reduced substrate temperature of 750◦C. Details of the MBE

growth are provided in appendix A.

Hall effect measurements were performed at room temperature and 77 K

using corner soldered Indium contacts. A negative Hall coefficient sign was ob-

served, which is a signature of mobile electrons in the sample. A electron sheet

density of 2.2 × 1013 cm−2 was measured at 300 K and 77 K, with corresponding

mobilities of 442 cm2/Vs, and 650 cm2/Vs. The lack of carrier freeze-out and

the increase in 2DEG mobilities confirms that the AlN/GaN/AlN structure has

a degenerate 2DEG present.

However, it is still unclear whether the 2DHG is present in these structures.

An investigation of the indium contacts tells us why that might be the case. Fig-

ure 4.2 (a) shows the as-grown 8 mm × 8 mm sample with the soldered Indium
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Figure 4.2: (a) Top view of soldered indium contacts on a sample, (b) a cross-
section schematic showing how the indium is expected to make contact to both
the 2DEG and 2DHG in the heterostruture. (c, d) are the energy band diagrams
along the indium-2DEG and indium-2DHG contacts respectively.

contacts at the corners for Hall measurements in a van der Pauw geometry. Dur-

ing the soldering process, the Indium metal is expected to permeate down the

threading dislocations, which are perpendicular to the sample surface. The rel-

atively large area (∼ 1 mm2) of the contacts (as compared to a typical transistor

ohmic contact pad of 50 × 50 µm2) and dislocation density of ∼ 109 − 1010 cm−2

aids this phenomenon. The indium metal is thus able to make direct contact to

the conduction band or valence band of the GaN channel layer. Figures 4.2 (c,

d) show the band profile of the indium metal making contact to a 2DEG and a

2DHG respectively. Even though the band alignment is Schottky-like for both

2DEG and 2DHG, because of the high charge concentrations the barrier for the

carriers is narrow and hence carriers can undergo field emission into the indium

metal.

It is clear from figure 4.2 (b) that if both 2DEG and 2DHG are present in the

structure, then the indium metal will connect to both. Due to lower mobility

of ∼ 15 cm2/Vs at RT, the typical 2DHG sheet resistance is on the order of 10

kΩ/sq, where as the sheet resistance of the 2DEG is 500-300 Ω/sq for a 2DEG

mobility of ∼ 400 − 600 cm2/Vs. In case of parallel conduction, path of least
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resistance, i.e. the 2DEG, dominates (see equation (4.1)) transport. This explains

the negative Hall coefficient observed in Hall measurements.

However, note that even though indium metal seems to contact both the

2DEG and 2DHG, these contact resistances are not low enough to be ”transis-

tor quality”. These hand-made contacts have relatively large resistances which

are suitable for a Hall-effect and transport measurements where the contact ef-

fects are cancelled out or do not dominate, but not in high-performance, scaled

transistors.

4.3 The Undoped 2D Electron-Hole Bilayer

The question still remains - is the expected 2DHG present in this MBE-grown

AlN/GaN/AlN heterostructure? If it is, then etching away the top AlN bar-

rier from the structure should leave only the 2DHG underneath in the resulting

GaN/AlN heterostructure. To test this, two 8 mm × 8 mm, co-loaded, 4 nm

AlN/30 nm GaN/AlN heterostructure samples were grown using MBE. ICP

dry etch was used to remove the top AlN barrier layer in these samples. Figure

4.3 (a) shows the schematic of the two samples, labelled sample A and B. Sample

A was covered with photoresist in a cross-pattern. Sample B was not patterned.

Sample A and B underwent the same dry etch using a low power BCl3-based

ICP etch to leave ∼13 nm GaN on AlN structure. Figure 4.3 (c) shows the STEM

cross-section across the edge of the pattern on Sample A, confirming that the top

AlN layer is removed in the etched regions. The unetched regions in sample A

is expected to have both the 2DEG and the 2DHG, whereas the etched regions

on sample A, B are expected to have just the 2DHG.
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Figure 4.3: (a) Schematics of the AlN/GaN/AlN samples in this study. Sam-
ple A underwent a patterned etch to remove the AlN barrier layer, leaving a
cross-shaped pattern in the center unetched. Sample B underwent a blanket
etch, leaving a GaN/AlN heterostructure after the etch. (b) Optical image of
the edge of the pattern in sample A, across which (c) a cross-sectional scanning
transmission electron microscope (STEM) scan is taken. The etched and un-
etched regions are clearly visible in the cross-sectional STEM scan, indicating
the interfaces where the polarization-induced 2DEG and 2DHG are expected.

Magnetic-field dependent Hall effect measurements using soldered indium

contacts were performed at room temperatures on sample A and B to determine

the carrier type. The magnitude of the slope of the Hall resistance Rxy versus

applied magnetic field B is related to the carrier density through Rxy/B = 1/qe.ns,

where qe is the electron charge. The sign of the slope indicates the sign of the

Hall coefficient and identifies the type of majority carriers - a positive slope

indicates holes and negative slope indicates electrons.

Both samples A and B showed negative Hall coefficient in the as-grown

structures before etching due to the 2DEG at the top interface. Post etching,

the measured Rxy vs B for samples A and B are plotted in figure 4.4. Sample
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Figure 4.4: Hall resistance RXY versus applied magnetic field B for (a) sample
B, showing holes, (b) unetched region of sample A showing electrons, and (c)
etched regions of sample A showing holes.

B showed a positive slope corresponding to a hole density of 5 × 1013 cm−2 that

agrees to the simulated 2DHG density, as well as experimental hole density from

an as-grown 13 nm GaN on AlN sample [3]. The switching of Hall sign after the

etch confirms that the etched GaN/AlN sample contains a 2DHG. However,
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because the top layers have been completely removed in sample B, this result

cannot directly comment on whether the 2DHG and 2DEG exist simultaneously

in the same sample.

The geometry of patterned sample A should be able to distinguish between

the 2DEG and 2DHG. Because of the cross-like etch pattern, two sets of indium

contacts possible for a 4-contact VdP Hall-effect measurement. Contacts 1 are

made on the unetched regions which should contain the 2DEG. The negative

slope of Rxy vs B, in figure 4.4 (b), confirms that it is indeed the case. Contact

2, on the other hand, are made in the etched corners and should contain only

the 2DHG. This is also confirmed by the Hall measurement in figure 4.4 (c). To-

gether with the results on sample B, this conclusively proves the co-existence of

purely polarization-induced 2DHG and 2DEG in this undoped AlN/GaN/AlN

heterostructures. This represents the first direct electrical proof of its existence.

Figure 4.5: Temperature dependent Hall effect measurement results from sam-
ple A (both sets of contacts) and sample B, along with Mg- and Si-doped GaN
control samples. These results confirm the presence of 2DHG and 2DEG in the
AlN/GaN/AlN hetersotructure.

To further characterize the 2DEG-2DHG bilayer, temperature dependent
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Hall-effect measurements were performed on samples A and B from room tem-

perature down to 10 K in a magnetic field of 1 T. An excitation current of 10 µA

was used. The results are shown in figure 4.5. Figure 4.5 (b) shows the mea-

sured carrier densities as a function of temperature. Also plotted are control

samples of Mg-doped p-type GaN ([Mg] ∼ 6 × 1018 cm−3) and Si-doped n-type

GaN ([Si] ∼ 5 × 1017 cm−3) grown on semi-insulating GaN templates. Both the

control samples show freeze-out of carriers corresponding to activation energies

of 170 meV and 16 meV for the Mg-GaN and Si-GaN respectively, confirming

the thermal activation of carriers. On the other hand, the 2DEG in sample A

and the 2DHG in the sample B show high charge densities of 2 × 1013 cm−2 and

5 × 1013 cm−2 respectively. These densities agree to the expected values and

do not freeze-out on cooling, confirming their polarization-induced origins. A

higher than expected hole density of > 1014 cm2/Vs is measured in sample A via

contacts 2 at room temperatures, which exhibit slight freeze-out upon cooling.

This is believed to be a artifact of the sample geometry and will be discussed

below.

Figure 4.5 (c) shows the temperature dependence of the carrier mobilities in

samples A and B. The 2DEG mobility in sample A goes up from 420 cm2/Vs at

300 K to ∼ 700 cm2/Vs at 10 K upon cooling. Further discussion on the 2DEG

mobility provided in section 4.4.1. The temperature trend of the 2DHG mobil-

ities in sample A and B are similar, increasing from 1-2 cm2/Vs at 300 K to 6

cm2/Vs at 10 K, due to phonon freeze-out in GaN/AlN 2DHG. However, the

10 K hole mobilties were limited to < 10 cm2/Vs compared to 200 cm2/Vs re-

ported in as-grown GaN/AlN structures [3], which might be due to the surface

damage from the dry etch [205].
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The presence of high density holes and electrons in their respective conduc-

tion band (CB) and valence band (VB) quantum wells separated by a semi-

conducting GaN layer sets up a vertical diode-like band alignment in the

AlN/GaN/AlN heterostructure. It should be possbile to turn this diode ”on”

by applying a large enough bias (> EGaN
g /qe ∼ 3.4 V) vertically. Although a com-

plete understanding of the setup requires a comprehensive numerical 2D elec-

trostatics model, a couple of unique experimental observations point to pres-

ence of this vertical diode setup in the AlN/GaN/AlN heterostructures.

as-grown GaN/AlN 2DHG
[Chaudhuri 2019]
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Figure 4.6: (a) The measured sheet resistance of sheet resistance Rsheet in the
etched area of sample A (contacts 2), as a function of excitation current. A
unique decrease in sheet resistance is observed with increase in excitation cur-
rent. The simple circuit model, shown in figure 4.8, explains this trend. (b) This
behavior is not observed in as-grown GaN/AlN 2DHGs [3] or blanket etched
GaN/AlN (sample B), where the Rsheet has no dependence on the excitation cur-
rent as expected from a Hall effect measurement.

In a Van der Pauw resistivity measurement, the excitation current is driven

across a pair of contacts along one edge of the sample, and the voltage is mea-

sured across the other pair of contacts along the other edge. The sheet resistance

is then determined through the Van der Pauw formula. The measured sheet re-

sistance, which is the property of the material, is expected to be independent

of the excitation current. Figure figure 4.6 (b) shows the measured sheet resis-
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tance of GaN/AlN 2DHG samples vs excitation current. Both sample B (etched

GaN/AlN heterostructure) and an as-grown GaN/AlN 2DHG [3] exhibit con-

stant sheet resistance across the current range, as expected. The polarity of the

carriers also remains positive (holes) from the Hall coefficient sign. The same

behavior is also seen in as-grown AlN/GaN/AlN 2DEGs, where the resistance

and polarities are independent of the excitation current used during measure-

ment.

However, an unusual behavior is observed in the sheet resistance of the

2DHG in the etched areas of sample A (contacts 1 in figure 4.5). Figure 4.6 (a)

shows the measured Van der Pauw sheet resistance as a function of excitation

current for contacts 1 on sample A. At low excitation currents < 10 µm, the sheet

resistance is constant at about 25 kΩ/sq and the carrier polarity obtained from

the Hall sign stays positive, as expected from the 2DHG in the region. However

on increasing the current beyond 10 µA, the measured sheet resistance starts

decreasing. Around the same value, interestingly the Hall coefficient sign also

flips to negative, now indicating mobile electrons. It remains negative beyond

10 µA while the sheet resistance keeps decreasing down to 5 kΩ/sq at 500 µA.

Figure 4.6 (b) contrasts this behavior to the the GaN/AlN samples, which show

constant resistance vs current as expected. The drop in resistance after a certain

”turn-on” current value points to a current-controlled diode-like behavior. This is

not unreasonable to imagine since sample A contains two high density carrier

gases of opposite polarities separated by a GaN layer.

In such a vertical diode like setup, a recombination of the two carrier gases is

expected to emit photons if their wavefunctions sufficiently overlap. The energy

of the emitted photon should be close to the energy bandgap of the separating
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(a) (b)

(c)

Figure 4.7: (a) Schematic showing the sample geometry and contact scheme for
the electro-luminescence (EL) measurement (b) Cross-section STEM showing
the energy band diagram of the vertical diode in its OFF state, and turning ON
at high currents. (c) The emission spectra as a function of excitation currents,
showing clear peaks around 3.4-3.6 eV. No emission is detected below 10 µA.

GaN layer, ie. ∼ EGaN
g = ∼3.4 eV (364 nm). To study its optical properties, electro-

luminisence (EL) measurement was performed on sample A by injecting current

through the indium contacts at the opposite etched corners of the sample in a

2 probe setup. This is illustrated in the inset of figure 4.7 (a). The IV charac-
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teristics in this configuration, shown in figure 4.7 (b), shows a non-ohmic be-

haviour with an apparent turn-on voltage of ∼ 4 V. This can attributed partly to

the Schottky-like behaviour of the indium metal contact to the valence of GaN,

and partly to a possible diode-like behaviour of the E-H bilayer. The emission

spectra measured at different injected current level is shown in figure 4.7 (c).

At low currents (< 50 µA), no clear emission is observed above the background

detection level. On increasing the injection current beyond 50µA, significant

photon emission from the sample is measured in 340 nm - 380 nm wavelength

range. The emission intensity is observed to increase at higher excitation cur-

rent with clear peak emerging around the wavelength of 350 nm. Gaussian fits

of the measured spectra at the higher current levels are shown in figure 4.7 (c).

There are 2 distinct peaks observed at 360 nm and ∼ 352 nm, which increase

in intensity with increasing current, and a third peak at 327 nm which emerges

at 500 µA. This result indicates that the detected photons are emitted as a re-

sult recombination of carriers separated in energy of ∼ 3.5 eV, further proving

the presence of the two carriers in this AlN/GaN/AlN bilayer system. To the

author’s knowledge, this the first demonstration of electrically-pumped light

emission from completely undoped III-nitride semiconductor heterostructure.

The above signatures of the vertical diode, i.e. the sheet resistance drop and

light emission beyond a certain turn-on current, are slightly counter intuitive

as the current is injected only through 2DHG layer but somehow leads to the

recombination of the 2DEG and 2DHG. A natural question that arises is - how

do the 2DEG and 2DHG layers interact in this setup? A simple circuit model of

the structure can qualitatively explain the observed phenomena and the origin

of the diode-like behaviour. The equivalent circuit diagram and model is shown

in figure 4.8 (a). The current path through the structure is simplified and each
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Figure 4.8: (a) Simple circuit model representing a straight line path between the
two corner contacts by a network of resistors, and a GaN diode. The GaN diode
represents the vertical diode band alignment between the 2DEG and 2DHG as
shown in the inset. (b) The trend of resistance vs excitation current according
to this model qualitatively agrees to the experimentally observed behavior in
figure 4.6.

section of 2DHG and 2DEG are represented by resistors of suitable values esti-

mated by the experimental sheet resistances. A GaN diode with turn-on voltage

of 3.5 eV represents the vertical diode in the structure.

When a small current is passed through the 2DHG, the voltage drop across

R1 (the 2DHG) is small remains below the turn-on voltage of the GaN diode.
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Hence all the conduction is through the 2DHG by mobile holes. If the injection

current is increased, the voltage drop across the GaN diode slowly increases.

Once it reaches beyond a certain critical current, the diode turns on. In this situ-

ation, because the 2DEG offers a path of lower resistance to the current, and the

current flows through the 2DEG layer bypassing the 2DHG. The calculated normal-

ized resistance versus injected current in the circuit is plotted in figure 4.8 (b).

This shows how the resistance of the current path decreases as a function of the

current beyond a certain critical value of ∼ 30 µA. The current flowing through

the 2DEG also partly explains why we observe a flip in the Hall coefficient. The

model is plotted alongside experimental data in figure 4.7. This simple model

agrees reasonably well with the trend seen in the experimental values of the

measured sheet resistance measured. Additionally, the diode turn-on explains

why the light emission in the EL measurement is observed beyond a certain

critical current. It corresponds to the flattening of the GaN energy bands and

subsequent overlapping of the 2DEG, 2DHG wavefunctions which result in re-

combination of electrons and holes.

The above model simplifies a complex 2D electrodynamics problem into a

simple circuit and is able to qualitatively explain the observations. However, a

more rigorous model and measurements of specially designed device structures

is required to explain the phenomena more comprehensively.

Although structures with both 2DHG and 2DEGs have previously been re-

ported in III-nitrides [16, 17, 12], they all contain Mg-doped layers to induce the

2D hole gas, which provide parallel conduction channels in the structures and

mask the 2DHG conduction effects. A few groups have attributed the deviation

from expected electrical characteristics in HEMTs to the possible presence of a
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2DHG [210]. But so far, no direct transport study of an undoped E-H bilayer in

III-nitride heterestructure exists, mainly due to the lack of purely polarization-

induced holes. This work represents the first electrical and optical proof of the

E-H bilayers, and opens up the space for the exploration of rich physics obtained

by the interaction between these carriers. Undoped E-H bilayer systems in other

material systems such as GaAs [211] have enabled study of rich physical phe-

nomena such as excitonic interactions [212], Coloumbic drag between closely

spaced electrons and holes [213], superfluidity [214] etc. The AlN/GaN/AlN

E-H bilayer can serve as a platform to study such phenomena which previously

has not been possible in the III-nitride semiconductors (more discussion in sec-

tion 4.5). Additionally, this heterostructure is also a prime candidate to enable

high performance wide-bandgap CMOS as it provide channels for both p-type

and n-type transistors, with the added material and device advantages of an

AlN buffer [137, 53].

4.4 AlN/GaN/AlN 2DEGs for high-power RF HEMTs

In the previous section, polarization-induced 2DEGs were demonstrated on the

AlN platform by growing an AlN barrier layer on top of the GaN channel layer

to form a 2DEG-2DHG bilayer. The rest of this chapter will focus on the 2DEG

at the top GaN/AlN interface and its transport properties, specifically for its

use as an n-type transistor channel in high-power RF AlN/GaN/AlN HEMTs.

The resulting transistor results are discussed in chapter 5.

2DEGs in III-nitride semiconductors are generated by the polarization dif-

ference across epitaxial heterointerfaces. The magnitude of this polarization
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Figure 4.9: Benchmark plot comparing the best room-temperature transport of
AlN/GaN/AlN 2DEGs with 2D electron systems across all semiconductor ma-
terial platforms.

difference electrostatically determines the 2DEG densities in the as-grown het-

erostructures. In a structurally and chemically pure heterostucture, the 2DEG

mobilities are ideally limited by polar optical phonon (POP) scattering [132]

at room temperature (RT). This POP scattering increases with the increase in

charge densities ns. Typical AlGaN/GaN 2DEGs of ns in mid-1012 cm−2 have

exhibit RT mobilities upto ∼1800-2000 cm2/Vs. In InAlN/GaN [123, 215] or

AlN/GaN [124, 216] heterostructures, 2DEGs with higher ns ∼ 1 × 1013 cm−2

exhibit typical RT mobilities of ∼1200 cm2/Vs.
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The all-binary AlN/GaN/AlN heterostructure enables even higher as-

grown 2DEG densities than InAlN/GaN and AlN/GaN heterostructures at

ns ∼ 2 − 4 × 1013 cm−2. These high 2DEG densities are responsible for low access

resistances and high on-currents in scaled RF HEMTs [54, 53]. The high charge

densities result in low sheet resistances of ∼ 300 Ω/sq. which are comparable

to AlGaN/GaN 2DEGs and enable high-performance RF HEMTs. However, if

the 2DEG mobility is increased it can potentially improve the transconductance

and speeds of the RF HEMTs even further. Hence, there is an increasing interest

to understand the 2DEG mobility and the dominating scattering mechanism in

these AlN/GaN/AlN structures with strained GaN channels.

Before getting into the details of the transport, it is useful to learn how

this 2DEG compares to 2D electrons in other semiconductor materials. Fig-

ure 4.9 compares the room temperature electron mobilities measured in the

AlN/GaN/AlN heterostructures in this work against the 2DEGs measured

across other semiconductors. The undoped AlN/GaN/AlN allows access to

high 2DEG densities of ∼ 2 − 3 × 1013 cm−2 which are not possible in other ma-

terial systems, that too without any chemical dopants. These high charge den-

sities translate to some of the highest transistor currents of > 3 A/mm. When

combined with the high breakdown voltages owning to the large bandgap of

GaN and AlN, this structure is ideal for high-power operation.

The electron density in silicon inversion channels n-MOSFET can reach upto

∼ 1 × 1013 cm−2 under high gate biases, But the electron mobilities at these den-

sities are still limited to 100-200 cm2/Vs even after more than 40 years of re-

search into ways to boost the channel mobilities. On the other hand, InGaAs

and InSb offer some of the highest room temperature mobilties at room tem-
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perature thanks to low electron effective masses, and therefore produce some

of the fastest THz-speed transistors, but their electron densities are an order

lower compared to the AlN/GaN/AlN 2DEGs. Additionally, Si and InGaAs

both have lower breakdown voltages than GaN, and therefore are not suitable

for high-power operations.

The 2DEG densities in the AlN/GaN/AlN heterostructures therefore offer

an opportunity to study the electron transport in the uncharted territories of

ns > 3 × 1013 cm−2. In the following sub-sections we take a closer look at the

transport of these 2DEGs, the current state-of-art and its limitations.

4.4.1 Low-field transport

AlN/GaN/AlN heterostructures with strained 30 nm GaN channel layer and 4

nm AlN barrier layer on top [47] show high 2DEG densities of ∼ 2−3×1013 cm−2

(depending on the GaN cap thickness), which are higher than typical densities

of ∼ 5 − 10 × 1012 cm−2 seen in AlGaN/GaN HEMTs. How do the mobilities of

such high carrier density 2DEGs compare to those in GaN HEMTs?

The room temperature mobility of GaN 2DEG in a chemically and struc-

turally pure crystal is expected to be limited by scattering off polar optical

phonons (POP). POP and acoustic phonon (AP) scattering determine the intrin-

sic mobility limit at a given temperature. At low temperatures, the phonons

exhibit freeze-out, and the mobility is then limited by extrinsic scattering mech-

anisms in an impure crystal. Common extrinsic scattering mechanisms which

affect GaN 2DEGs are interface roughness (IR) scattering, charged dislocation

scattering [119].

152



5 10 50 100 500
100

500

1000

5000

104

Temp (K)

μ
(c
m

2 /
Vs

)

ns = 2.3e13 cm-2

5 10 50 100 500
100

500

1000

5000

104

Temp (K)

μ
(c
m

2 /
Vs

)

ns = 2.3e13 cm-2

10 20 50 100 200
100

500

1000

5000

104

Temp (K)

μ
(c
m

2 /
Vs

)

ns = 3e13 cm-2

GaN

2.3 nm AlN

2DEG
ns = 
1.1 x 1013 cm-2

Optical phonons

Acoustic Phonons

Interface roughness

Total, 
calculated

Measured

Optical phonons

Acoustic Phonons

Interface roughness

Total, 
calculated

Measured

Optical phonons

Acoustic Phonons

Extrinsic 
mechanism?

Total, 
calculated

Measured

26 nm GaN

4 nm AlN

ns = 
2.3 x 1013 cm-2

500nm AlN

26 nm GaN

4 nm AlN

ns = 
2.3 x 1013 cm-2

500nm AlN

AlN/GaN HEMT AlN/GaN/AlN HEMT AlN/GaN/AlN HEMT

data from 
Cao et al. pss (c) 2008

(a) (b) (c)

Optical phonon 
limited RT mobility

300 K 

300 K 

Figure 4.10: Temperature dependent Hall effect mobilities of (a) an AlN/GaN
HEMT with 2DEG density of 1.1×1013 cm−2, and (b, c) ALN/GaN/AlN HEMTs
with 2DEG density of 2.3 × 1013 cm−2. The mobility in the AlN/GaN HEMT
is limited by optical phonon scattering at room temperatures and by interface
roughness scattering at low temperature. However, the AlN/GaN/AlN 2DEG
transport is affected by an unknown extrinsic scattering mechanism at temper-
atures < 400 K. High-temperature Hall-effect measurements were peformed by Sophia
Handley.

Figure 4.10 (a) shows the temperature dependent mobility experimentally

measured in a AlN/GaN 2DEG [217] of density 1.1× 1013 cm−2. The 2DEG den-

sity remains constants throughout the temperature range. The calculated mo-

bilities due to AP scattering, POP scattering and IR scattering are also plotted.

The total mobility due to all scatterers is calculated using Mattheisen’s Rule.

The total theoretical mobility agrees well with the measured data. The room

temperature mobility of this 2DEG is around 1800 cm2/Vs and is limited by

POP scattering. On cooling, the AP and POP freeze-out and the mobility rises

and saturates at the IR limited value of ∼ 6000 cm2/Vs at 10 K. Therefore the

extrinsic scattering mechanism domintating the low-temperature mobility here

is interface roughness scattering. This is expected since there are no intentional
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dopants or alloyed layers in the crystal.

To study the temperature-dependence of 2DEGs on AlN, AlN/GaN/AlN

heterostructure with a strained 26 nm GaN channel layer and 4 nm AlN bar-

rier layer was grown using PA-MBE on 6H-SiC substrate. The details of growth

are presented in detail in appendix A. Temperature-dependent Hall measure-

ments were performed using corner Indium contacts from T = 10 K to 590 K.

The results are plotted in figure 4.10 (b,c). The room-temperature mobility of

the AlN/GaN/AlN 2DEG is ∼ 700 cm2/Vs, which increases upon cooling and

saturates to ∼ 1100 cm2/Vs at 10 K.

The theoretical curves for mobilities due to AP scattering, POP scattering

and IR scattering are plotted in figure 4.10 (b). The AP and POP scattering

are calculated using equations (2.3) and (2.4), by substituting the GaN valence

band constants with corresponding conduction band (CB) constants of electron

effective mass me f f = 0.23m0 (where m0 is the mass of free electron) and CB de-

formation potential of 9.1 meV. For an estimated dislocation density of 1010 cm−2

in these samples, the charged dislocation scattering limited mobility is > 2× 104

cm2/Vs, which is an order greater than measured values and hence is disre-

garded in this analysis.

From figure 4.10 (b), the experimental data agrees well with the predicted

total mobility at temperatures T > 400 K. However, the data deviates from the

prediction at T < 400 K. Even though the trend seems similar to the AlN/GaN

2DEG mobility in figure 4.10 (a), ie. the mobility rises upon cooling and then sat-

urates, the saturation value of ∼ 1100 cm2/Vs is much lower than predicted IR

scattering limited value of ∼ 5000 cm2/Vs. This tells that, unlike the AlN/GaN

2DEGs, the dominating extrinsic scattering mechanism is not interface rough-
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ness in these AlN/GaN/AlN 2DEGs.

Now lets assume a temperature-independent extrinsic scattering mechanism

which limits the mobility to µExt ∼ 1200 cm2/Vs. The total calculated mobil-

ity, shown in figure 4.10 (c), then agrees very well with the experimental data

throughout the temperature range of 10 - 500 K. It is therefore clear that an ex-

trinsic scattering mechanism limits the mobility of these AlN/GaN/AlN 2DEG.

The calculations here eliminate IR scattering or dislocation scattering as the

dominant extrinsic mechanism. Identifying this extrinsic mechanism is there-

fore necessary to explain the transport in these 2DEGs, and provide a path to

higher mobilities. This remains an open scientific question in the field.
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Figure 4.11: Calculated total mobility at room temperature of AlN/GaN/AlN
2DEG (density 2.3×1013 cm−2) as a function of the extrinsic scattering mechanism
limited mobility µExt. Total mobility considers the scattering due to optical µPOP

and acoustic phonons µAP and the unknown extrinsic mechanism. Once the ex-
trinsic scattering mechanism is identified and its effect reduced, the room tem-
perature 2DEG mobility can be increased to the phonon limit of ∼1000 cm2/Vs.

However, within the constraints of this yet-to-be identified extrinsic mech-

anism, what is the highest room temperature mobility that can be achieved in
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this AlN/GaN/AlN 2DEG? To answer this question, the extrinsic mechanism

limited mobility µExt is varied from 1200 to 104 cm2/Vs, and the resultant total

2DEG mobility (ns ∼ 2.3 × 1013 cm−2) at room temperature is calculated. The

result is plotted in figure 4.11. The total mobility approaches the POP scattering

limited mobility of ∼ 1000 cm−2/Vs when the µExt > 6000 cm2/Vs. Thus, if the

extrinsic scattering mechanism is identified, and its effect is reduced, the room

temperature mobilities in the as-grown AlN/GaN/AlN 2DEG can be boosted to

∼ 1000 cm2/Vs. This corresponds to a reduction in sheet resistance from ∼ 390

to ∼ 270 Ω/sq. for a 2DEG density of ∼ 2.3 × 1013 cm−2, which is highly desired

for reducing the access resistances in high-speed RF HEMTs.
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Figure 4.12: Field effect (FE) mobilities as a function of 2DEG densities of an
(a) AlGaN/GaN 2DEG and (b) AlN/GaN/AlN 2DEG, measured from output
conductance of gate controlled channel in a FATFET (LG = 20 µm).

Phonon limited scattering is expected to decrease with decrease in 2DEG

density. Hence, the density dependent mobility study is also critical to identify-

ing the limiting scattering mechanism in a 2DEG system. One way to vary the

density is through field-effect, i.e. by applying a voltage through the gate in an
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FET. By measuring the corresponding change in channel conductance, the FE

mobility can be extracted (see section 2.7).

Field effect (FE) mobilities were extracted for an AlN/GaN/AlN HEMT and

a standard GaN HEMT with large gates LG = 20 µm. The 2DEG density as a

function of gate voltage under the gate is obtained from CV profile. The pre-

liminary results from this experiment are shown in figure 4.12. Figure 4.12 (a)

shows the FE mobility as a function of 2DEG density for a control AlGaN/GaN

HEMT sample. The mobilities increase with decrease in density, peak and then

fall at really low densities. Upon cooling, the mobility increases, as expected

from phonon freezeout. Fitted curves for phonon scattering and dislocation

scattering are also plotted. Comparison to the theoretical model shows that, in

the AlGaN/GaN 2DEG, the room temperature mobilities are limited by POP

scattering at high densities, and by dislocation scattering at low charge den-

sities. This concurs with what is expected and reported for these 2DEGs in

literature, and validates the experiment and extraction method.

Figure 4.12 (b) shows the preliminary results of FE mobility measurements

performed on the AlN/GaN/AlN HEMT sample. This is the same sample

which showed output powers of 3 W/mm at 10 GHz [218]. The extracted mo-

bilites behave slightly different compared to the AlGaN/GaN HEMT. The 2DEG

mobilities, both at room temperature and 77 K, decrease with decrease in den-

sity, and no ”peak” is observed. Efforts are currently underway to explain the

measured data with appropriate scattering models. Together with the data in

figure 4.10, this data in figure 4.12 is valuable in the quest to identify the domi-

nating extrinsic scattering mechanism, and to explain the transport of this 2DEG

system.
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Figure 4.13: (a) Hall-effect measurement was performed on an as-grown
AlN/GaN/AlN bilayer sample, which was then etched down to reveal just the
2DHG and Hall-effect measurement was repeated. (b), (c) show the extracted
2DEG, 2DHG mobility and density as a function of temperature assuming par-
allel conduction in the as-grown sample Hall measurement.

One of the differences between the AlN/GaN HEMT and AlN/GaN/AlN

HEMT is the presence of a high-density 2D hole gas at the bottom GaN/AlN in-

terface. A natural question therefore arises that whether the 2DHG underneath

is affecting the measured 2DEG Hall mobilities. One way that is possible is via

parallel conduction during the Hall measurement leading to spurious results.

As discussed earlier, the soldered indium contacts used in this are expected to

make contact to both the 2DEG and 2DHG present underneath. If parallel con-

duction occurs from two channels with hole and electron densities ps, ns respec-

tively, and corresponding mobilities µp, µn, then the apparent measured density

nHall and mobility µHall are given by :

nHall =
(σn + σn)2

σpµp − σnµn
(4.1)

µHall =
σpµp − σnµn

(σn + σn)
(4.2)

where σn = qensµn and σp = qe psµp are the conductivities of the two layers,
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qe is the electron charge. The Hall sign will be negative (apparent electrons) if

inequality σnµn > σpµp holds, and positive (apparent holes) when vice versa.

For the AlN/GaN/AlN heterostructure, the typical σn/σp is ∼ 33 and µn/µp

is ∼ 70, therefore σnµn >> σpµp always holds. Using the above expressions,

one can extract the ”real” 2DEG mobility from the measure ”apparent” Hall

mobility. Figure 4.13 shows the extracted mobilities and densities for the bi-

layer sample B studied in the previous section. It is clear that the nHall ∼ ns and

µHall ∼ µn because of the higher conductivity and mobility. Therefore the lower

2DEG mobilities in these AlN/GaN/AlN structures are not an artifact of the

measurement of a parallel 2DEG and 2DHG.

Figure 4.14: Benchmark of all reported 2DEGs in Al(Ga)N/GaN/AlN het-
erostructures, grown on different substrates (Si, SiC, sapphire) using different
epitaxial growth techniques (PAMBE, NH3-MBE, MOCVD) [40, 41, 42, 43, 44,
45, 46].

Are these 2DEG mobilities sensitive to the growth technique or substrate

choice? There has been a rising interest of the field in these AlN/GaN/AlN
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2DEGs motivated by the promising HEMT results. There have been numer-

ous reports of epitaxial growth of AlN/GaN/AlN and AlGaN/GaN/AlN struc-

tures using different epitaxial techniques [40, 41, 42, 43, 44, 45, 46] and on differ-

ent substrates such as Silicon [40], SiC [54, 45], sapphire [219] and single-crystal

AlN [42]. Figure 4.14 compares the room-temperature transport of all the re-

ported 2DEGs on the AlN platform so far. No clear trend is visible between

growth techniques or substrates. However, a trend is observed in terms of the

GaN channel layer thickness. Interestingly, the RT mobility measured in these

2DEGs with a strained GaN channel layer thickness ≤ 50 nm remains below

∼700 cm2/Vs across all reports. The highest mobilities of 1200-2000 cm2/Vs are

all measured in thick, relaxed GaN channel layers (> 200 nm) with AlGaN bar-

riers. These structures and numbers are comparable to the typical numbers in

GaN HEMTs, but they loose out on the advantages offered by the relaxed AlN

barrier in a pseudomorphic, binary structure. The benchmark data points are

replotted as a function of GaN channel layer thickness in figure 4.15 (a), which

makes this trend clearer.

To investigate this observed trend of 2DEG mobility with GaN channel thick-

ness in a more controlled manner, a series of AlN/GaN/AlN heterostructures,

summarized in Table 4.1, were grown on semi-insulating Si-face 6H-SiC sub-

strates using PA-MBE. The epitaxial structure is shown in figures 4.17 (a,b) in

the representative STEM image. All the samples had a ∼ 450 nm AlN buffer

layer, a 4 nm AlN top barrier layer, and a ∼ 1.5 nm GaN passivation layer.

The GaN channel layer thickness tQW was varied from 20 nm to 500 nm between

samples. X-ray diffraction (XRD) scans confirmed the targeted thicknesses. Low

field Hall-effect measurement results are plotted in figure 4.15 (b). Increasing

the channel layer thickness showed an increase in the 2DEG density, which is ex-
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Figure 4.15: Room temperature 2DEG mobilities in Al(Ga)N/GaN/AlN het-
erostructures as a function of the GaN channel thickness, (a) from literature re-
ports, and (b) from a controlled growth study in this work. A clear trend is
observed - thicker GaN channel layer results in higher room-temperature mo-
bilities.

pected electrostatically. Interestingly, both the room temperature and low tem-

perature (77 K) Hall-effect mobilities increase with tQW . A 500 nm channel struc-

ture showed higher charge and RT mobility (∼ 950 cm2/Vs) compared to a 20 nm

channel structure (∼ 327 cm2/Vs). This observation is consistent with the trends

observed across the literature reports studying this structure, as shown in figure

4.15 (a), and could help identify the unknown extrinsic mechanism limiting the

2DEG mobilities in this AlN/GaN/AlN heterostructure.

4.4.2 High-field velocities

The intrinsic cut-off frequency fT of an FET with gate length LG is determined

by the electron transit time τ = 1/2π fT = LG/ve, where ve is the average ensemble

velocity of the carriers in the channel. At low electric fields F, this velocity is

determined by the carrier mobility µn through v = µn.F. At high electric fields,
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Figure 4.16: (a) The electron channel velocity in an AlN/GaN/AlN heterostruc-
ture [47], extracted from a pulsed IV measurement across a constriction of
length/width of 10/2 µm, as shown in the inset. (b) The extracted channel ve-
locity of 8.45 × 106 cm/s agrees well with the POP-limited theoretical model of
velocity as a function of 2DEG density [48]. Data from Romanczyk et al. [49] is
also included for the low-density 2DEG region.

the velocity is expected to saturate. In GaN 2DEGs, this saturation of velocity

at room temperature is due to the optical phonon scattering. This POP-limited

velocity is predicted to be dependent on the carrier density in the channel [48],

with a peak velocity of ∼ 1.4 × 107 cm/s.

Hence, the channel velocity is an important parameter to determine intrinsic

limit of operation of a high-speed FET. Figure 4.16 shows the first channel veloc-

ity measurement in an AlN/GaN/AlN heterostructure. Post-processed room-

temperature Hall measurement of an MBE-grown 4 nm AlN/30 nm GaN/AlN

heterostructure [47] showed a 2DEG density ns of 2.1 × 1013 cm−2 and mobility

of 520 cm2/Vs.

To measure the velocity-field curve, a voltage V is applied across a TLM-like

constriction of length L and width W, and the current I is recorded. The setup is

shown in the inset of figure 4.16 (a). The resultant velocity ve and electric field
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F are extracted using :

ve =
I

e nsW
(4.3)

F =
V − IRc

L
, (4.4)

where Rc is the contact resistance of the ohmic pads (should be as low as pos-

sible). Pulsed IV measurement with pulse width of 1 ms is performed to avoid

self-heating effects at high-biases.

The extracted velocity-field curve is shown in the figure 4.16 (a). As ex-

pected, at low electric fields, the velocity is directly proportional to the field.

Low-field drift mobility of ∼ 433 cm2/Vs is extracted from the slope of the curve.

This is slightly lower than the Hall mobility. The channel velocity saturates at

∼ 8.45 × 107 cm/s at saturation electric field of ∼40 kV/cm.

Is the extracted velocity value reasonable? For a GaN 2DEG, the high-field

velocity is expected to be a function of the charge density ns [48]. Figure 4.16 (b)

plots the predicted velocity versus charge density at room temperature. It rises

at low densities, peaks at around 3 − 4 × 1012 cm−2 and then falls as ∼ 1/
√

ns.

This predicted behavior was recently confirmed experimentally by Romanczyk

et al. [49] in N-polar GaN 2DEGs. The measured velocity in the AlN/GaN/AlN

2DEG is plotted in figure 4.16 (b), and agrees well with the theory. It explains

why the velocity is lower than the peak velocity of 1.4 × 107 cm/s.

In the future, a density dependent velocity measurement will be very valu-

able to extract the peak velocity, since that is what determines the operation

speed limit of the AlN/GaN/AlN HEMT.
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4.4.3 Shubhnikov-de-Haas oscillations

Magnetotransport measurements are a valuable tool to probe 2D carrier trans-

port and the nature of scattering mechanisms. The AlN/GaN/AlN heterostruc-

ture poses two hurdles towards magnetotransport investigations of the 2DEG.

Firstly, the relatively high density and low mobility 2DEGs in AlN/GaN/AlN

require high magnetic fields (> 25 T) to resolve quantum oscillations. But a more

severe hurdle is the ability to make electrical contacts to the 2DEG through the

∼6.2 eV bandgap AlN barrier layer that would remain ohmic down to cryogenic

temperatures and allow such a measurement to be done in the first place.

In the study presented in this section, these hurdles are overcome to ob-

tain the first Shubhnikov-de-Haas (SdH) oscillations in the AlN/GaN/AlN het-

erostructure. This is achieved by going to high magnetic fields upto 45 T, and

by using MBE-regrown n++ GaN ohmic contacts to the 2DEG for cryogenic mea-

surements. New phenomena for 2DEGs in nitride semiconductors are revealed

as a result. Because even at ns ∼ 3×1013 cm−2 the heterostructure allows only sin-

gle subband occupation, a rather large fraction of the Brillouin zone is accessed

by magnetotransport of the Fermi surface, extending to 13.8% to the Brillouin

Zone edge. This is a far larger k-space of the GaN conduction band than is ac-

cessible in 2DEG in the conventional AlGaN/GaN heterostructures. An electron

effective mass of ∼ 0.3m0 at ns ∼ 2 − 4 × 1013 cm−2 is extracted from the SdH at

this high conduction-band states. This implies a highly density-dependent ef-

fective mass, which would change from ∼ 0.3m0 at ns ∼ 3 × 1013 cm−2 to ∼ 0.2m0

at ns ∼ 1×1012 cm−2, the entire range accessible with varying gate voltage. Beats

are observed in the SdH oscillations, revealing not multiple subbands, but a

large electron spin-splitting, with a characteristic energies of ∼60 meV.
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Figure 4.17: (a) Representative STEM of showing the AlN/GaN/AlN het-
erostructure grown on 6H-SiC with tQW = 30 nm thin GaN channel layer. (b)
Schematic cross-section of the fabricated Hall-bar structure used for the magne-
totransport measurements, with low resistance MBE-regrown n++GaN ohmic
contacts to the 2DEG and SiO2 dielectric under the gate. Samples A and B differ
in the thickness of the GaN channel layer. (c) Longitudinal resistance of sample
A measured at selected gate voltages in a gated-Hall bar shows clear oscillations
at magnetic fields above 25 T. The Fast Fourier transform (FFT) spectrum of the
oscillations in 1/B shows a clear peak above the background, which confirms
the periodic nature of the oscillations in 1/B - signature of SdH oscillations. (d)
The frequencies of these oscillations vary as 1/ cos θ on rotating the sample with
respect to the magnetic field, θ being the angle between the sample and field
lines, confirming that the oscillations are from 2D confined electrons.
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tance RXX. (c),(d) Hall resistances RXY as a function of magnetic fields B at differ-
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extraction of the Hall densities. (e), (f) Longitudinal resistance RXX as a function
of B and 1/B, exhibiting Shubhnikov-de-Haas (SdH) oscillations at B ' 25 T. All
measurements are performed at temperature T ∼ 0.3 K.

Table 4.1: Low-field Hall-effect measurement results of MBE-grown
AlN/GaN/AlN samples on 6H-SiC with different GaN channel layer thick-
nesses. The mobilities show an increasing trend with channel thickness. High-
field magneto-transport measurements reported here were performed on sam-
ples labelled A and B, with 30 nm and 500 nm GaN channel layers respectively.

GaN layer
thickness (tQW) (nm)

Mobility (cm2/Vs) 2DEG Density (1013 cm−2) SdH
Sample ID300 K 77 K 300 K 77 K

20 327 487 1.6 1.55
30 520 774 1.70 1.68
30 562 885 2.8 2.8 A
200 849 1390 2.2 2.2
500 941 1740 2.24 2.23 B

According to the table 4.1, the apparent 2DEG Hall mobilities are lower in

an AlN/GaN/AlN heterostructure with a thinner GaN channel layer. How-

ever, thinner channel layer is desired in an AlN/GaN/AlN RF HEMT due to
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increased reliability, increased vertical scaling and better thermal performance.

Therefore, to study the effect of the GaN channel thickness on the channel trans-

port, the samples with tQW = 30 nm and 500 nm from table 4.1 were chosen

for subsequent high-field magnetotransport measurements, henceforth referred

to as sample A and B respectively. Because of the AlN backbarrier being 500

nm away from the 2DEG, the sample B electrostatically mimics a conventional

AlN/GaN HEMT without a backbarrier.

Depositing metal on the AlN surface to make ohmic contacts to the 2DEG

typically results in Schottky contacts of high resistance to the 2DEG even upon

annealing, because of the large bandgap AlN barrier layer. Instead, MBE-

regrown ohmic contacts are used in this work. To make these, samples A and B

underwent recess dry etching in photolithography-defined ohmic regions. The

patterned samples were then reintroduced into the MBE chamber and highly

n-type doped GaN with [Si]∼ 1 × 1020 cm−3 were grown to make lateral con-

tacts to the 2DEG. The cross-section schematic in figure 4.17 (b) shows MBE-

regrown n++GaN and deposited Ti/Au ohmic metal stacks contact scheme to

the 2DEG, resulting in low specific contact resistance in 10−7 Ω cm2 at room

temperatures [47]. High density mobile electrons with n3D ∼ 1 × 1020 cm−3 in

the degenerately-doped (EF ∼ Ec + 97 meV) n++ GaN regrown ohmic contacts

connect to the 2DEG from the edge, and are expected to remain conductive

down to sub-Kelvin temperatures; they are the crucial enabler of both scaled

RF HEMTs, and the low-temperature magnetotransport measurements in the

AlN/GaN/AlN structures studied here.

Gated Hall bar of dimensions 120 µm × 20 µm were fabricated on samples A

and B. 15 nm thick SiO2 dielectric layer was deposited followed by Ni/Au gate

167



metal gate stack to prevent current leakage through the gates.

Magnetotransport measurements were performed at the National High

Magnetic Field Laboratory (NHMFL) Tallahassee FL in the 45 T hybrid mag-

net setup [220]. The magnetic field B was swept from 11 - 45 T by controlling

the resistive magnet. The longitudinal resistance RXX and Hall resistance RXY

were measured in a 4-point configuration in the Hall bar geometry using stan-

dard low-frequency lock-in techniques at low injection current levels. The gate

bias VGS was controlled using an external voltage source. The measurements

were performed at a calibrated sample temperature range of 0.3 K - 20 K in a

He3 cryostat using a cryogenic temperature controller.

Shubhnikov de-Haas (SdH) quantum oscillations in the longitudinal mag-

netoresistance are a result of quantization of the 2D electron density of states

(DOS) into Landau levels. The oscillatory component of the resistance ∆RXX is

given by [221] :

∆Rosc
XX ∝

χ

sinh(χ)
· e−π/µB

·

(
qeB

2π~ns

)1/2

· cos
(
2π2~ns

qeB

)
,

(4.5)

where χ = 2π2kBT/~ωc, with kB the Boltzmann constant, T the absolute tem-

perature, and ωc = qeB/m? is the characteristic cyclotron frequency with qe the

electron charge and m? the electron effective mass. Scattering-induced broaden-

ing of the Landau density of states determines the magnetic field for the onset

of SdH oscillations through the relationship ωcτq = µ.B > 1, where τq is the

quantum scattering lifetime and µ = qeτq/m? is the corresponding mobility. This

is different than Hall mobility which is related to the transport or classical life-

time τc through µHall = qeτc/m?. However, µHall is used to approximate the onset
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of SdH oscillations and design an experiment as it is directly measurable. For

sample A, with low temperature Hall mobility of ∼ 900 cm2/Vs, onset of SdH

oscillations are expected B > 11 T. Experimentally, even higher B is required

to suppress the effect of the broadening and obtain clean SdH oscillations for

accurate analysis.

To test this, the magnetic field B was swept from 11 to 45 T and the RXX was

measured for sample A at applied VGS = 0 V. The measured raw data is plotted

in figure 4.17 (c). Clear oscillations are observed at high magnetic fields above

25 T. On performing a fast Fourier transform (FFT) of the measured RXX signal

versus 1/B, a single oscillation frequency peak is resolved above the background

in the FFT spectrum. This confirms that the observed oscillations in RXX are

periodic in 1/B, and are thus indeed SdH oscillations. When sample A was

rotated with respect to the magnetic field during the sweeps, the frequency of

the RXX oscillations versus 1/B varied as 1/ cos θ, where θ is the angle between

the magnetic field and the normal to the sample surface. This behavior, shown

in figure 4.17 (d), is a signature of a 2D Fermi surface that confirms that the

oscillations are from 2D confined carriers in the heterostructure. This represents

the first observation of quantum oscillations from a 2DEG in an AlN/GaN/AlN

heterostructure.

The above measurements were performed at VGS = 0 V. With the presence

of quantum oscillations confirmed in the AlN/GaN/AlN heterostructures with

the current experimental setup, a more in-depth transport study is undertaken

by varying the parameters on which the SdH oscillations depend. In the fol-

lowing sections, the gate voltage VGS is used to electrostatically tune the 2DEG

densities in the channel. At a given 2DEG density, the temperature damping
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term χ sinh(χ) and collision damping term e−π/µB in equation (4.5) are varied us-

ing temperature and magnetic field to extract the electron effective mass m? and

quantum scattering time τ respectively - both for sample A and control sam-

ple B. The magnetic field is kept perpendicular to the sample surface in all the

subsequent measurements.
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Figure 4.19: (a) The 2DEG density variation with gate voltage VGS as experimen-
tally measured by Hall-effect nHall

s and from SdH oscillation frequencies nSdH
s .

The solid lines for comparison are calculated electrons densities populating the
first sub-band n1, second sub-band n2, and the total density nsim

s . (b) The rela-
tive energies of the first E1 and second E2 sub-bands in the triangular quantum
well as a function of VGS . Insets contrast the expected conduction band profiles
at the AlN/GaN 2DEG interface in samples A and B at total 2DEG density of
nsim

s = 2.4 × 1013 cm−2.

Gate voltage sweeps were performed on sample A and B at ∼ 0.3 K at 45 T to

test the electrostatic control over the carrier density. The applied voltage bias on

the gate VGS should modulate the density of electrons ns in the 2DEG, and in turn
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result in the modulation of RXX through the relation RXX ∝ 1/(qensvn), where vn is

the electron velocity. Figures 4.18 (a,b) show the measured change in RXX with

VGS sweep, both in negative and positive directions, for samples A and B respec-

tively. The increase in resistance with decreasing VGS confirms an effective gate

control and modulation of the electron channel by the applied bias. Further-

more, when the density of states are quantized into Landau levels at the high

B-fields, sweeping the gate voltage moves the Fermi level through these quan-

tized states are results in plateau-like features in the RXX vs VGS . Each plateau

corresponds to an integer (i) multiple of the quantized conductance G0 = q2
e/h.

Such features are indeed observed in both figures 4.18 (a,b) which confirms the

Landau quantization of electron DOS. The corresponding Landau filling factors

are..

To extract the gate voltage dependent 2DEG densities, Hall resistances RXY

was measured as a function of magnetic field B at various VGS . The data for

samples A and B is plotted in figures 4.18 (c,d) respectively. The slope s =

dRXY/dB of these curves are related to the 2DEG Hall density nHall
s through the

relation nHall
s = 1/qe · s. The 2DEG Hall-densities thus extracted from low field

RXY for the two samples are plotted in figure 4.19 (a). The range of applied VGS

in this experiment is limited by the leakage of charge through the dielectric gate.

Within this VGS range, the 2DEG densities in sample A vary from nHall
s ∼ 2.5−4.0×

1013 cm−2. The densities in sample B are slightly lower at nHall
s ∼ 1 − 2.5 × 1013

cm−2. For comparison, a self-consistent 1D Schrodinger-Poisson solver [55] is

used to solve for the 2DEG densities as a function of VGS for both the samples.

The simulated values nsim
s are plotted in figure 4.19 (a, b). A fair agreement

is observed between the simulated nsim
s (grey line) and measured 2DEG Hall-

densities nHall
s in figure 4.19 (a).
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The densities nHall
s extracted from Hall resistance RXY represent the total

2DEG density at a given VGS . Depending on the confining potential profile,

these electrons will populate one or more of the quantized enerygy sub-bands

of the triangular quatum well. Figure 4.19 (b) shows how the calculated energy

levels of the two lowest sub-bands, E1 and E2, of the quantum well changes

with the gate voltage VGS . EF is the Fermi level as indicated in the energy band

diagram insets. At a given VGS , the sub-bands lying below the EF will be de-

generately populated by electrons. The corresponding electron populations n1

and n2 in the first two sub-bands with energies E1 and E2 are calculated and

plotted as function of VGS in figure 4.19 (a), resulting in a total 2DEG density,

nsim
s = n1 + n2.

A closer look at the separation between the energy levels, ∆E = E2−E1, high-

lights the electrostatic difference between samples A and B. At a 2DEG density

of ns = 2.4 × 1013 cm−2, sample B is expected to have both sub-bands populated

with electrons with ∆E ∼ 200 meV. On the other hand, at the same 2DEG den-

sity, sample A is expected to have only the lower sub-band populated due to

a larger sub-band separation of ∆E ∼ 350 meV. The sub-band splitting is en-

hanced in sample A compared to sample B at the same ns because of the higher

electrostatic field from the AlN backbarrier resulting in a narrower quantum

well. This pushes the second sub-band above the Fermi level. This is illustrated

in the simulated conduction band profiles for samples A and B at ns = 2.4 × 1013

cm−2 in the insets of figure 4.19 (b). As a result sample A has only one sub-band

occupied all the way up to ns = n1 =∼ 3 × 1013 cm−2. Sample B has a weaker ef-

fect of the AlN backbarrier 500 nm away, and behaves more like a conventional

AlN/GaN heterostructure [124, 216] with all electrons populating the lowest

sub-band till ns ∼ 1 × 1013 cm−2.
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The period of SdH oscillations ∆(1/B) is a direct measure of the carrier den-

sity ns using equation (4.5). Presence of multiple electron populations with dif-

ferent Fermi surfaces lead to multiple SdH oscillation periods or frequencies,

provided they have an appropriate τq to satisfy ωcτq > 1. Hence, the FFT anal-

ysis of the SdH oscillations should enable us to distinguish the electron popu-

lations n1, n2 in the first two sub-bands, as opposed to the Hall densities nHall
s

which are agnostic to the sub-band occupation and represent the total carrier

concentration n1 + n2.

Towards this, magnetic field sweeps were performed at various applied VGS

at T ∼ 0.3 K for samples A and B. The measured RXX data is shown as a function

of B and 1/B in figures 4.18 (c, d) respectively. Both the samples exhibit clear

SdH oscillations which are confirmed to be periodic in 1/B at magnetic fields

above ∼25 T.

From the RXX data for samples A and B in figure 4.18 (c, d), the SdH peri-

ods at different gate voltages VGS are identified from their corresponding Fast

Fourier transform (FFT) spectra. ∆(1/B) is linked to the carrier density nS dH
s

through the relation ∆(1/B) = e~/m?εF = e/π~ · nS dH
s . The extracted densities

nS dH
s are plotted in figure 4.19 (a) for both samples.

In sample B, interestingly two peaks corresponding to two dominant, closely

spaced oscillation frequencies are observed in the FFT spectra at VGS > −6 V,

which manifest as a beats in the measured SdH oscillations. These point to

the presence of two carrier populations, which are attributed to the breaking

of spin degeneracy giving rise to two Fermi surfaces. The total density ns =

n↑ + n↓, where n↑/↓ is the electron density with spin up/down, agrees well with

the Hall-densities nsHall and simulated nsim
s , as shown in figure 4.19. Further
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discussion is presented later in this section. However no sign of second sub-

band occupation is observed in sample B in the SdH oscillations, possibly be

due to a lower mobility of the carriers in the second sub-band [222].

In sample A, simulation predicts the second sub-band population of n2 >

1 × 1012 cm−2 at VGS > 0 V. Experimentally, only a single dominant FFT peak is

observed in the FFT spectrum for all VGS . The corresponding extracted densi-

ties nS dH
s is plotted in figure 4.19 (a). Interestingly, the SdH density agrees to the

calculated first sub-band population n1. Specifically for VGS > 3 V, where the

a significant second sub-band population is expected, nS dH
s agrees to expected

n1, and nHall
s agrees with the calculated nsim

s = n1 + n2. This means that the SdH

oscillations are dominated by the electrons in the first sub-band. A lower mo-

bility of the electrons in the second sub-band [222] might be the reason they

do not show SdH oscillations. However, this confirms our simulated predic-

tion of single sub-band population till ns ∼ 3 × 1013 cm−2. This corresponds to a

large single 2D Fermi surface with wavevector kF =
√

2πns ∼ 1.37 nm−1, which

extends 13.8% towards the Brillouin Zone edge π/aGaN = 9.8 nm−1. Thus, the

AlN/GaN/AlN heterostructure with thin GaN channels offer a unique system

extends the range of the electric quantum limit in semiconductor heterostruc-

tures and allows the Fermi surface sample higher regions of the wurtzite GaN

conduction band (CB) than was previously accessible.

In equation (4.5), χ/ sinh χ is the thermal damping of the SdH oscillations as a

result of the thermal broadening of the Landau levels. Raising the sample tem-

perature and carefully tracking the reduction in the SdH oscillation amplitudes

allows us to extract the electron effective mass m? at the Fermi-surface through

the relation χ = 2π2kBT/~ωc. Because of the enhanced electrostatic confinement
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Figure 4 
single
column

(a) (b)

(c) (d)

Figure 4.20: (a) Temperature-dependent SdH at VG = 0V for sample A showing
the thermal damping of the oscillations (b) Extracted electron effective mass as
a function of 2DEG density from samples A and B, compared to other reports
from AlGaN/GaN 2DEGs. (c) Transport (τtransport) and quantum (τquantum) life-
times extracted from the damping of SdH oscillations, along with their ratios
for (c) sample A and (d) sample B.

of 2DEG carriers, the AlN/GaN/AlN structure offers us a valuable opportunity

to probe the wz-GaN CB m? than previously reported.

Magnetic field B sweeps were performed at different ns controlled through

VGS at T = 0.3 K, 1.8 K, 10 K, 15 K, and 20 K. The thermal damping of the

background subtracted SdH oscillations for sample A at VGS = 0 V is shown

in figure 4.20(a). The amplitudes at the first 5 extrema were used to extract
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Message : Beating, spin split energyFigure 5 alternate

Sample B
VGS = +4 V

ns
Hall = 2.3 x 1013 cm-2 ns

Hall

n↑ + n↓

n↑

n↓

f1

VGS = 0 V

+4 V

VGS = 0 V

+4 V

(a) (b) (c)

(d)

f2

Figure 4.21: (a) Raw data of measured RXX in sample B plotted as a function
of B and 1/B at two selected gate voltages VGS . Beat like pattern is observed
in the SdH oscillations (arrows marking nodes). (b) Second derivative of the
SdH oscillations in sample B at VGS = 4 V amplifying the beats in the measured
raw data. Inset shows the corresponding FFT spectra, with two closely space
peaks attributed to spin-up and spin-down electrons with densities n↑ and n↓
respectively. Similar double-peaked FFT spectra is observed for VGS > −6 V.
(c) Gate voltage VGS dependence of the extracted n↑ and n↓. The total electron
density ns = n↑ + n↓ agrees well with the measured Hall densities nHall

s . (d) High
zero-field spin splitting energies ∆ extracted from the SdH beats in sample B as
a function of total charge density.

the m?. Figure 4.20 (b) shows the extracted m? for samples A and B as a

function of the 2DEG density. Also plotted are the the previously reported

[223, 224, 225, 226, 227, 228, 229, 230, 231, 232, 233, 234, 235, 236, 237] values of

GaN electron effective mass, experimentally measured using magnetotrasport

in Al(Ga)N/GaN 2DEGs.

The extracted electron effective mass from sample B at a 2DEG density of

∼ 2 × 1013 cm−2 is m? ∼ 0.25 m0, where m0 is the free electron mass. This is

consistent with the previously reported values of GaN electron effective mass

m? ∼ 0.19−0.23 m0 measured in Al(Ga)N/GaN 2DEGs with density ∼ 1012cm−2.

However, for sample A, the extracted effective mass is m? ∼ 0.3m0 for a

higher 2DEG density ns ∼ 2 − 4 × 1013 cm−2. This is the first experimental mea-
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surement of the electron effective mass in GaN at such high electron densities.

The m? measured in the AlN/GaN/AlN with 30 nm GaN channel is therefore

significantly higher than the previously reported m? ∼ 0.20 − 0.23 for lower

AlGaN/GaN 2DEG densities. The higher m? is believed to arise from the non-

parabolicity of the GaN CB as the Fermi surface moves farther away from the

conduction band edge.

The CB non-parabolicity can be captured by deriving the effective mass

m?(E) for an arbitrary non-parabolic dispersion [238] under Kane’s two-band

model [239] using :

m?(E) = m?
0 (1 + 2λE)

= m?
0

(
1 + 2

K
Eg

(
〈T̂ 〉 + EF

))
, (4.6)

where m?
0 is the band-edge electron effective mass, Eg is the GaN energy band-

gap. E = 〈T̂ 〉 + EF is the perpendicular-direction average electron energy

above the CB minimum, where 〈T̂ 〉 is the average confinement energy and

EF = ~2πns/m? is the Fermi surface energy of the 2DEG. The Kane’s two-band

approximation considers interaction between electrons in the bottom-most CB

and top-most VB. λ = K/Eg, where K is a free parameter, represents the devia-

tion from parabolic bands. A larger λ means a higher non-parabolicity due to

the effect of other CB and VBs outside the two-band model. Thus, K is used

[228, 240] to fit equation (4.6) to the experimental data and comment on the

non-parabolicity.

Previously in GaN 2DEGs, Knap et al. [228] used K ∼ 1 to explain the mea-

sured GaN m? in the range ns = 3 − 9 × 1012cm−2. Syed et al. [240] found better

agreement to experimental m? over a wider density range ns ∼ 1 − 9 × 1012 cm−2

with K = 1.9 − 2.5.
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Equation (4.6) is used to fit the extracted m? data from samples A and B. Us-

ing a modified Fang-Howard variational wavefunction with a confining elec-

tric field [241] FQW = (Eg + 4π~2ns/m?
0 )/tQW leads to 〈T̂ 〉 = ~2b2/8m?

0 , where

b3 =
12m?

0
~2

(
11q2

ens

32εGaN
+ qeFQW

)
. Figure 4.20 (b) shows the calculated curve with

m?
0 = 0.2 m0 and K = 1.5 agrees reasonably well to the range of data from sample

B, whereas a higher K = 1.5 is needed to fit the data from sample A. The effect of

non-parabolicity is expected to increase as the Fermi level moves further away

from the band-edge, and therefore a larger K required to explain sample A is

consistent with the higher confinement effects. This result highlights the need

for incorporating non-parabolic effective mass in modelling of low-field mo-

bility and device characteristics of AlN/GaN/AlN heterostructures with such

high charge densities.

Quantum scattering lifetime τq is the lifetime of an electron in a magnetic

quantum state under the effect of all scattering events. These quantum scatter-

ing events result in smearing of the Landau levels and thus damping SdH oscil-

lations in 1/B. This smearing characterized by the collision broadening energy

Γ, which is linked to the scattering lifetime through Γ = ~/(2τq). τq can therefore

be extracted from the damping of SdH oscillations by appropriate fitting of the

exponential decay term in equation (4.5).

The quantum scattering times for samples A and B at different charge densi-

ties (controlled by VGS ) extracted from the corresponding Dingle plots are plot-

ted in figure 4.20 (c). For sample A, τq ∼ 20 − 40 fs, and τq ∼ 50 fs for sam-

ple B with no discernible trend with the 2DEG density. The classical transport

lifetimes τc derived from the corresponding low field Hall-effect mobilities are

τc ∼ 400 fs and τc ∼ 900 fs for samples A and B respectively. Both τc and τq
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were lower for sample A compared to B. The lifetime ratio τq/τc ratio represents

the angular preference of the dominant scattering mechanisms [162, 242]. A ra-

tio τc/τq � 1 indicates the dominance of long-range Coulombic scattering from

charged defects, impurities, or charged dislocations. Since these samples are

heteroepitaxially grown on lattice-mismatched 6H-SiC substrates with thread-

ing dislocation densities of the order 109 − 1010 cm−2 in both the samples, scat-

tering from dislocations is hypothesized to be the dominant mechanism here.

Recent demonstrations [64, 65] of high-quality homoepitaxial AlN films on low-

dislocation density bulk AlN cystal substrates, with orders of magnitude lower

dislocation densities of 104−105 cm−2 should enable valuable investigations into

this hypothesis.

Sample B shows interesting beating behavior in the SdH oscillations. Figure

4.21 (a) plots the raw data of measured RXX from sample B as a function of B

and 1/B at two gate voltages VG = 0V and 4 V. A beating behaviour is observed

in both cases. To amplify the beats for easier analysis of the frequency, a second

derivative of RXX with respect to 1/B for VGS = 4 V is calculated and plotted in

figure 4.21 (b). A beating pattern with periodic nodes, and decaying oscillations

with 1/B is clearly visible. The FFT spectra is shown in the inset, where two

closely spaced peaks corresponding to two oscillation frequencies f1 = B1 ∼

444 T and f2 = B2 ∼ 543 T are resolved. Similar beats are present in all SdH

oscillations measured at VG > −6 V. No such beats however were observed in

the field sweep RXX measured in sample A.

What is the origin of these beats? According to equation (4.5), two closely-

spaced frequencies in an SdH oscillation correspond to two separate ”pock-

ets” of carriers with slightly different energies but similar thermal and colli-
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sion damping. The possibilities include (1) occupation of two sub-bands of the

quantum well, or (2) loss of spin-degeneracy of electrons occupying a single

sub-band. In case (1), the extracted electron densities n1,2 = qe/π~ ·B1,2 in the first

and second sub-bands are n1 = 2.15 and n2 = 2.62 × 1013 cm−2 respectively. The

total 2DEG density is ns = n1 + n2 = 4.76 × 1013 cm−2, which is approximately 2×

the measured Hall density of 2.34×1013 cm−2 from figure 4.19. This discrepancy

is resolved however, if the peaks are interpreted as case (2) - splitting of spin de-

generacy. The the calculated spin-up and spin-down electron densities, given by

n↑,↓ = qeB↑/↓/2π~ result in a total density of ns = n↑ + n↓ = 1.07 + 1.31 = 2.38 × 1013

cm−2, which agrees with the both the Hall-density nHall
s and simulated carrier

density nsim
s at VGS = 4 V. Similar extraction of n↑ and n↓ is performed for the

SdH measured other VGS and are plotted in figure 4.21 (c).

Zero-field spin-splitting in 2DEGs is attributed to a Rashba-Bychkov like

mechanism [243] linear in k arising due to the large electrostatic confining po-

tential at the heterointerface. The coupling coefficient α and zero-field spin-split

energy ∆ are given by

α =
δn ~2

m?

√
π

2(ns − δn)
and ∆ = 2αkF , (4.7)

where δn = n↑ − n↓, ns = n↑ + n↓ and kF is the Fermi wavevector. The ∆ ex-

tracted from sample B at different VGS is plotted as a function of ns in figure

4.21 (d). Previously reported [244, 245, 246, 226, 247, 248, 249, 250, 251, 252, 253]

spin-splitting energies extracted from SdH oscillations in AlGaN/GaN 2DEGs

< 1 × 1013 cm−2 range from 1 − 13 meV. The ∆ ∼ 50 − 60 meV found here is

4× higher than the highest measured spin splitting energy of 13 meV [249] in

GaN 2DEGs. The exact mechanism of spin-splitting in GaN 2DEGs is not well

understood. Experimentally, there is a disagreement in spin-splitting energies

measured using weak anti-localization (WAL) and SdH [245]. Theoretical esti-
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mates from the Rashba mechanism [246, 254] and the Dresselhaus mechanism

due to bulk inversion asymmetry [255] predict an order of magnitude lower

∆ < 1meV than the measured values. The Rashba coupling in AlGaN/GaN

2DEGs is suggested to be the reason behind the recently reported large g∗ fac-

tor of 7 with in-plane anisotropy [256]. Lo et al.[257] proposed an additional

spin-splitting mechanism of coupling between ∆C1 − ∆C3 conduction bands to

explain the observation of large ∆. These models also predict an increase in

spin-splitting at higher carrier densities [250] due to the increase in electric field

in the quantum well. Our measured data aligns with this prediction, and in-

dicates an uncharacteristically high spin-splitting for this material system that

requires further exploration.

This study presents the results of the first high magnetic field measurements

on AlN/GaN/AlN double heterostructure. A MBE-growth series provides em-

pirical evidence of the decreasing 2DEG Hall-mobilities with decreasing GaN

channel layer thickness. The mobilities in the thin GaN channel structures are

lower than typical AlGaN/GaN 2DEGs, albeit at 2-3× the charge densities. By

using low-resistance regrown n++GaN ohmic contacts and very high magnetic

fields up to 45 T at NHMFL, Shubhinokov-de-haas (SdH) oscillations are ob-

served in the magnetotransport measurements. The results are, for most part,

what is expected from this 2DEG system. The SdH oscillations provide an ex-

perimental proof of the additional electrostatic confinement by the AlN back-

barrier in an AlN/GaN/AlN heterostructure with a thin 30 nm GaN channel.

This confinement increases the quantum well sub-band energy separation and

results in the population of only the lowest sub-band till ns ∼ 3× 1013 cm−2. This

now-confirmed electrostatic confinement is expected to boost the transconduc-

tance of a field effect transistor (FET) by pushing the 2DEG channel closer to the
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gate even at lower charge densities. This should translate to higher operation

speeds of the AlN/GaN/AlN HEMTs compared to similar AlN/GaN HEMTs

via more aggressive scaling. Thus, these magnetotransport results hold a tech-

nological value in addition to their high scientific value of giving access to a

larger part of the Brillion zone of wurtzite GaN than previously accessed.

Electron effective mass of 0.3m0 is extracted at 2DEG densities of ns ∼

2 − 3 × 1013 cm−2. These are the first such measurements at these high densities

and are higher than the masses of 0.20 − 0.23m0 typically seen in lower density

GaN 2DEGs. This is shown to be the effect of non-parabolicity of the wz-GaN

CB at the high energy states near the Fermi level. The values of effective masses

and CB non-parabolicity presented here should enable accurate modelling of

electronic devices which use this AlN/GaN/AlN 2DEG as a conductive chan-

nel.

A quantum scattering lifetime of ∼ 400 fs is extracted from these 2DEGs.

The ratio of the classical to quantum lifetimes is � 1 throughout the measured

density range, which points to the dominance of dislocation scattering in these

2DEGs at low temperatures. Interestingly, clear beats are observed in the SdH

oscillations at various gate voltages in one of the AlN/GaN/AlN samples with

500 nm thick GaN channel. A possible interpretation is presented which at-

tributes these beats to the loss of spin degeneracy resulting in formation of

two parallel-conducting populations of electrons and therefore two Fermi lev-

els. A zero B-field spin-splitting energies of ∼ 60 meV is extracted following

this reasoning at a 2DEG density of 1.5 − 2.5× 1013 cm−2. This value is about 4×

higher than previously measured spin-splitting energy in AlGaN/GaN 2DEGs.

This interpretation may not be complete, but the data is presented to the field
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as an open question which needs further investigation. Recent advancement

in homoepitaxy of AlN [64, 65] offers a possible path to further study this

AlN/GaN/AlN 2DEG in a more structurally pure form. The orders of mag-

nitude lower dislocation densities should enhance the low temperature mobili-

ties, to give access to lower Laundau filling factors, cleaner SdH oscillations at

lower magnetic fields.

As shown earlier in this chapter, a complementary polarization-induced 2D

hole gas (2DHG) is also expected to be present in these AlN/GaN/AlN het-

erostructures at the bottom GaN/AlN interface. These 2DHGs have a typical

sheet resistance in the order of 10 kΩ/sq at room temperature [3, 63] mainly due

to the lower hole mobilities [5]. This is more than 30× higher the typical sheet

resistance of the 2DEG densities of 300 Ω/sq. Because of this, the 2DEG domi-

nates the parallel transport in a measurement where the ohmic contact connects

to both the 2DEG and 2DHG, like a soldered indium contact. However, in the

magenetotransport experiments presented here, the regrown n++GaN ohmics

contact only to the conduction band of the GaN and hence just the 2DEG. There-

fore, it is not surprising that no signs of the 2DHG is seen in the measured mag-

netotransport data.

4.5 Future Directions

The AlN/GaN/AlN heterostructure offers an opportunity to study new fun-

damental transport phenomena for the first time in III-nitrides because of the

presence of high density, highly confined 2DEG and 2DHG in close proximity.

This section presents some of the immediate future directions and exciting ex-
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periments that can be performed :

• Individually contacted and gated 2DEG, 2DHG :

Individual contacts to the 2DHG and 2DEG in the same AlN/GaN/AlN

heterostructure is currently a technological hurdle, overcoming which will

highly benefit the design of future devices, integration of p- and n-channel

transistors, and scientific transport experiments. Recent scientific studies

of closely spaced 2DEG-2DHG bilayers in other semiconductor systems

such as GaAs [211], Si [258] were possible only after the crucial advance-

ments of individual ohmic contacts [259] and precise gate control over the

densities [260, 261].

The AlN/GaN/AlN 2DHG-2DEG is in its nascent state having been dis-

covered only 2 years ago. Currently, parallel contacts to the 2DEG and

2DHG is made using large area indium contacts (see figure 4.2). MBE-

regrown n++GaN ohmic contacts [158] are used to contact the conduction

band only. However no contact scheme which can access only the buried

2DHG in an AlN/GaN/AlN heterostructure is currently available. The

ideal solution for this is a p-type ohmic regrowth regrowth process. How-

ever, achieving p-type regrowth is challenging with the current available

processes because of the (1) difficulty in obtaining highly doped Mg-GaN,

(2) plasma etch damage causing N-vacancies which are n-type [205] and

(3) n-type impurities from exposure to the ambient [206, 207, 208]. On-

going efforts into developing in-situ sublimation etch of GaN a p-type re-

growth process shows promise, and might make individual contacts to the

2DHG soon possible (see sections 3.6 and 6.4).

Regarding the control of the carrier densities in the AlN/GaN/AlN het-
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Schematic with individua contacts and backgate
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Figure 4.22: Schematic showing an undoped AlN/GaN/AlN bilayer sample,
with individually contacted and gated 2DEG and 2DHG. The 2DHG contact is
realized using p-type ohmic regrowth, is electrostatically coupled to an epitaxial
metal in the AlN buffer layer acting as a back gate.

erostructure, a top gate is electrostatically coupled to the 2DEG, which

simultaneously screens the 2DHG. The 2DHG sees the electric field ap-

plied from top gate only after the 2DEG is depleted using a negative

bias. Therefore, for simultaneous electrostatic control over the 2DEG and

2DHG, a backgate is necessary. A possible dual gate configuration for

this structure is shown in figure 4.22. Incorporation of epitaxial metal like

NbN, TiN [262, 263] in the AlN 5-10 nm below the 2DHG interface in the

AlN/GaN/AlN structure should make it possible to control the buried

2DHG density.

• Coulomb drag and other coupled transport phenomena in bilayers

When parallel 2D carriers are present in a crystal, such as in the

AlN/GaN/AlN bilayer, the level of electrostatic interaction between the
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parallel 2DEG and 2DHG depends on the relative distance between the

carriers and the electrostatic screening due to the carrier densities. Intu-

itively, a carrier, say a electron in the 2DEG, ”sees” a hole in the parallel

2DHG only if it is closer to the hole than another electron in the 2DEG

layer. This is represented by the following rule-of-thumb - for interacting

2DHG-2DEG bilayer with densities n, the separation between the layers d

needs to satisfy d.kF < 1, where kF =
√

2πn is the 2D Fermi wave-vector.

If d.kF >> 1, the can be treated as non-interacting, parallel conducting lay-

ers for transport. If d.kF ≈ 1, weak interaction is possible which manifests

in phenomena such as Coulomb drag [264, 265, 258, 266]. If d.kF << 1,

then strong interaction such exciton condensates [267] or exciton insula-

tors [268] are possible.

Now, for 2DEG/2DHG densities of n = 3 × 1013 cm−2, k−1
F = 7 Å. This

increases to k−1
F = 2 nm at n = 5 × 1012 cm−2. Hence to observe any cou-

pled transport phenomena in this system, reducing the carrier density via

gating is crucial. It is also necessary to reduce the inter-layer distance

while suppressing the leakage between the layers (low threading dislo-

cation densities).

Assuming individual gate control and low-resistance ohmic contacts to

weakly-coupled 2DEG and 2DHG, if a current I1 flows through one carrier

gas, there is a momentum transfer to the other carrier layer, manifesting as

Coulomb drag. This leads to the separation of charges in the other carrier

gas and can be measured as a voltage drop V2. The Coulomb drag is rep-

resented by a drag resistance term ρD = V2/I1. This phenomena has been

measured in other bilayer systems such as GaAs [265] and Si [258, 266],
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Figure 4.23: Calculated Coulomb drag between a 2DHG and 2DEG of densities
ps and ns respectively, separated by a perfectly insulating GaN barrier of thick-
ness d. A low density of 5 × 1010 cm−2 for d of 10 nm is necessary to observe the
effect of Coulomb drag between the carriers.

and is given by [269] :

ρD = α.
T 2

d4(n.p)3/2 , (4.8)

α =
1.202 ~(4πεGaNε0)2k2

B

128πe6

where T is the temperature, ~ is the reduced Planck’s constant, kB is the

Boltzmann constant. α is the material parameter dependent on the GaN

dielectric constant εGaN . This drag resistance is independent of mobilities
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of the individual carrier gases, since it is a consequence of a single mo-

mentum transfer path.

Figure 4.23 shows the calculated Coulomb drag for different 2DHG, 2DEG

densities and bilayer separation in a AlN/GaN/AlN heterostructure. At a

reasonable separation of 10 nm, a 2DEG-2DHG charge densities of n/p <=

5 × 1011 cm−2 is necessary to observe the drag effect. Even though there

are still few technical challenges that need to be overcome before realizing

weak coupling (individual gates, contacts), the undoped AlN/GaN/AlN

system remains the most promising platform to realize weakly coupled

2DEG-2DHG systems in III-nitride semiconductors.

• Signatures of parallel 2DEG-2DHG bilayers in Magnetotransport

Under weak coupling condition (d.kF >> 1), both 2DHG and 2DEG act

as non-interacting, independent conduction layers. This leads to parallel

conduction if the contacts connect to both the layers simultaneously. Sec-

tion 4.4.1 already presented the effect of this parallel conduction on Hall

mobility, where the 2DEG dominates over the 2DHG.

However, under high magnetic fields, the parallel conduction shows up

in the measured magnetoresistance Rxx, Hall coefficient RH and Hall resis-

tance Rxy. Assuming a Hall factor of unity, the magnetic field (B) depen-

188



dence of the Rxx, Rxy and the measured Hall density nHall is given by [270]:

RXX =
B2

(
µ2

nµp ps − µnnsµ
2
p

)
+ µnns + µp ps

qe

(
B2µ2

nµ
2
p (ps − ns) 2 +

(
µnns + µp ps

)
2
) (4.9)

RH =

(
ps − b2ns

)
+ (Bµn) 2 (ps − ns)

qe
(
(bns + ps) 2 + (Bµn) 2 (ps − ns) 2) (4.10)

RXY = RH B (4.11)

nHall =
1

qe RH
(4.12)

where qe is the electron charge, ns/ps are the 2DEG/2DHG densities, µn/µp

are the 2DEG/2DHG mobilities and β = µn/µp. Figure 4.24 shows the

calculated B dependence of the AlN/GaN/AlN structure upto B = 14 T

(maximum magnetic field currently accessible at Cornell). Three cases are

shown :

1. For a control case, in which only the 2DEG conducts with no parallel

2DHG. ns = 2 ×1013 cm−2; µn = 1000 cm2/Vs. ps = 0

2. Same 2DEG as in (1), but with a parallel 2DHG with ps = 5 ×1013 cm−2,

µp = 25 cm2/Vs. This represents the best room-temperature mobility of

the GaN/AlN 2DHG [3].

3. Same 2DEG as in (1), but with a higher conductivity parallel 2DHG

with ps = 3 ×1013 cm−2, µp = 200 cm2/Vs. This represents the best low

temperature mobility of the GaN/AlN 2DHG [3].

As seen in figure 4.24 (c-f), no field dependence is expected in RH, nHall or

Rxx when the conduction is only through the 2DEG (case 1).

In case 2, the presence of a parallel 2DHG causes the measured nHall

slightly greater than the n2DEG. However, no appreciable change with re-

spect to B is observed in the RH, nHall. The change in magnitude of Rxx
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Figure 4.24: (a) Hall bar configuration for measuring the longitudinal resistance
RXX and Hall resistance RXY across an uncoupled 2DEG-2DHG bilayer. (b) Table
showing the assumed values of 2DEG and 2DHG transport for cases I, II and III.
(c - f) Show the expected behaviour of the Hall coefficient (RH), measured Hall
density nHall, RXY and RXX for cases I-III when the magnetic field is swept from
0 to 14 T. A large change in RXX and field dependence of nHall is expected for
parallel 2DHG-2DHG conduction in case III - which represents the case when
the AlN/GaN/AlN sample is at a temperature of < 10 K.
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between B = 0 to 14 T is ∼ 20 Ω. This is a very small change and might be

difficult to detect experimentally.

In case 3, the higher conductivity of the 2DHG has a greater effect on the

field-dependent transport. The RH increases with temperature, leading to

an increase in measured ns with B and non-linearity in RXY vs B. Further-

more, the Rxx value changes by∼ 100 Ω at 14 T from the zero field value.

Thus, this calculation shows that the magnetic field dependent Hall-

effect measurements at low temperature (< 10 K) is expected provide a

magnetotransport proof of the presence of parallel 2DHG-2DEG in the

AlN/GaN/AlN heterostructures. Low resistance parallel contacts to both

the 2DEG and 2DHG in a Hall bar configuration is necessary for this ex-

periment.

• Tuning the Light emission in 2DEG-2DHG bilayer

Section 4.3 presented the observation of light emission from a 2DEG-

2DHG bilayer AlN/GaN/AlN heterostructure. On application of a volt-

age bias under suitable configuration, electrons and holes seperated by the

GaN layer recombine and emit photons near the bandgap of GaN.

Since this observation, 2DHGs have also been observed in InGaN/AlN

heterostructures (see section 2.5) with very high hole densities > 1014

cm−2. A scientifically interesting experiment will be to repeat the same

configuration as shown in figure 4.7 in an undoped AlN/InGaN/AlN het-

erostructure with different In composition in the InGaN layer. If the de-

tected emission is indeed from the electron-hole recombination, the emis-

sion peak should shift with the change in In composition in the channel.

Additionally, if 2DEG and 2DHG are individually gated, then the inten-
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sity of the emitted light can also be controlled via a third terminal. This

tunability of the emission energy and intensity will make the bilayer LED

more technologically and scientifically attractive for applications such as

an optical modulator.

• Examining the Dominant Scattering mechanisms in the AlN/GaN/AlN

2DEG

The 2DEG in the AlN/GaN/AlN is some of the highest densities seen in

any semiconductor system. These uncharted territories therefore bring

new questions regarding the 2DEG transport. Results of some of the in-

vestigations are presented in this chapter, including high-field magneto-

trasport. However, the scientific question of what is the limiting mecha-

nism for 2DEG mobility still remains open - and needs to be answered to

fully understand the system and improve the resultant devices.

From figure 4.10, an extrinsic mechanism which limits the 2DEG mobility

to ∼ 1200 cm2/Vs should be able to explain the 2DEG transport in these

structures.

One of the hypotheses is that parallel holes in the 2DEG lead to a low ap-

parent mobility [271]. However a parallel conduction model, presented

earlier in this chapter, shows that the 2DEG still dominates. Furthermore,

both the 2DEG and 2DHGs are separated by a distance too far to be cou-

pled electrostatically.

The presence of the 2DHG in the structure could have an indirect effect

on the scattering of the 2DEG. For example, there exists a high built-in

field in the GaN quantum well below/behind the 2DEG which adds to

the confining potential. This was confirmed through SdH. This could lead
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Si doping in the backbarrier to compensate 
the 2DHG – tried part from slides

(a) (b)

Depth (nm)
Sample IDs : 

Figure 4.25: Investigations into the effect of Si doping at the GaN/AlN back bar-
rier in an AlN/GaN/AlN HEMT. (a) Shows the energy band profile for samples
A, B and C with different Si doping concentrations and doping thicknesses, each
one of them effectively compensating the charges to result in no electric field in
the GaN channel layer below the 2DEG. (b) The Hall-effect measurement results
at room temperature and 77 K for samples A, B, C and D. Even though the Si
doping increases the total 2DEG concentration slightly (inset), the 300 K and 77
K mobilities are similar to that from a control heterostructure with no Si doping.

potentially higher scattering from the interface or even enhanced phonon

scattering.

Hence a controlled study to eliminate the 2DHG and compare the change

in 2DEG mobility should be valuable. Si doping and/or graded AlGaN at

the backbarrier GaN/AlN interface should be able to eliminate the 2DHG

and examine its effect. Initial studies have been performed with Si delta-

doped backbarrier. The results, summarized in figure 4.25, show no ap-

preciable change in Hall mobility of the 2DEG. Future studies should use

graded AlGaN and doped AlGaN at the GaN/AlN backbarrier interface

to test their effect on the 2DEG transport in these AlN/GaN/AlN het-

erostructures.
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CHAPTER 5

ALN/GAN/ALN HIGH ELECTRON MOBILITY TRANSISTORS

5.1 Introduction

In the previous chapter, tunable, high-conductivity 2DEGs were demonstrated

in the AlN/GaN/AlN heterostructure. These 2DEGs are used as a channel layer

for fabricating n-channel transistors or HEMTs on the AlN platform, which are

the focus of this chapter.

Over the past 30 years, GaN-based HEMT has established itself in the high-

power, high-frequency application space - thanks to its wide bandgap (3.4 eV),

high electron velocities (1.4 × 107 cm/s), and ability to form heterostructures

(leading to high carrier mobilities) [101]. In this chapter, we go over the design

considerations for a power amplifier and show that AlN HEMTs hold a signifi-

cant material advantage over GaN HEMTs, mainly thanks to its higher thermal

conductivity. The thermal advantage is examined in detail through both mod-

elling and supporting experimental results. A brief review of the state-of-art of

AlN/GaN/AlN HEMTs is presented, which have demonstrated output powers

upto 2 W/mm at 94 GHz. The output powers in these AlN/GaN/AlN HEMTs

are believed to be limited by surface states dispersion. A new in-situ passivation

technique is demonstrated as a way to overcome this limitation and provide a

path to higher output powers. Finally, taking advantage of the electrostatic tun-

ability the AlN/GaN/AlN heterostructure offers, the first enhancement mode

operation in AlN MOS-HEMTs is demonstrated by scaling down the GaN chan-

nel layer to 3 nm.
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With the advent of IoT, autonomous vehicles and cloud-based computing,

the need for low latency, high data rate communication are ever increasing. The

recent release of iPhone 12 made ushered in the 5G era [108] which uses the

sub-6 GHz and 30+ GHz frequency bands, the latter of which is better known

as millimeter wave (mm-wave). Consequently the demand for high-frequency,

high-power components for monolithic microwave integrated circuits (MMIC)

is driving the fundamental research into materials which can keep up with the

performance demands.

Desired 

add the other semis

GaN HEMTs

GaN HEMTs

AlGaAs/GaAs HEMTs

AlN HEMT 
(Fujitsu)

GaAs MESFETs

InP HEMTs

InP HEMT
SiC
MESFETs

AlN HEMT 
(Cornell)

AlN HEMT 
(Cornell)

Figure 5.1: Benchmark plot comparing the normalized output powers of am-
plifiers based on the AlN HEMTs versus other semiconductor transistor tech-
nologies. The narrower bandgap material technologies (GaAs, InP) are unable
to provide high power due to their inherently low breakdown voltages. SiC
provides higher output powers but at lower speeds, and hence are mainly used
for high-voltage switching applications. The GaN HEMT-based PAs currently
provide the best output power-speed characteristics, as a result of 3 decades of
commercial research and development. Within 5 years of its conception at Cor-
nell, the AlN HEMTs have shown great promise, showing output powers of 2
W/mm at 94 GHz which are comparable to the GaN numbers at those frequen-
cies. The output powers are expected to increase with device processing and
design improvements.

The major competitors in the mm-wave power amplifiers (PA) arena are gal-

lium arsenide high-electron-mobility transistors (GaAs HEMTs) [272, 273], sil-
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icon germanium heterojunction bipolar transistors (SiGe HBTs) [274], and in-

dium phosphide HBTs [275, 276]. Because of their relatively low voltage han-

dling capabilities thanks to their narrow bandgaps (< 1.4 eV), these operate at

relatively low power levels (< 1 W/mm) and are not suitable for high-power

signal amplification. This is seen in figure 5.1, which compares the output pow-

ers reported from amplifiers based on different semiconductor device technolo-

gies.

Gallium nitride, thanks to its wider bandgap and high saturation velocity,

was identified in the 1990s as a suitable candidate for power amplification [101].

A wider bandgap (3.4 eV) results in a higher breakdown voltage, and a high

electron mobility and saturation velocity (1.4 × 107 cm/s) of the electrons results

in higher intrinsic frequency of operation. Thanks to these suitable material

properties and over two decades of scientific and technological development

and commercialization, GaN high electron mobility transistor (HEMT) based

PAs have demonstrated higher power outputs in the mm-wave frequency range

than Si-, GaAs- and InP-based PAs. Current state-of-art GaN PAs have demon-

strated exceptional output powers of 40 W/mm and 30 W/mm at 4 and 8 GHz

respectively in field-plated metal-polar GaN HEMTs [277, 278], 15 W/mm in

X-Band (7-11 GHz) GaN HEMTs on AlN [279] and >8 W/mm at upto 94 GHz

using an N-polar GaN HEMTs [280, 281].

Even though GaN HEMTs show high powers at low frequencies, they are

still limited to < 10 W/mm at > 100 GHz, as seen in figure 5.1. These bands

are especially important for future of communication in 6G and beyond. A

large discrepancy is observed when the experimentally measured output power

densities are compared to the intrinsic material output power limit for GaN RF
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HEMTs, especially at lower cutoff frequencies ( fT ) [111]. This difference is ex-

plained by considering the effect of heat generation and dissipation during the

amplifier operation. In a simple picture, a power amplifier (PA) transforms a

low-power input AC signal into an amplified higher-power AC output signal,

with the difference coming from the applied DC bias power. In a real world

device, only a part of this DC power goes into amplifying the output (depend-

ing on the amplifier efficiency) - the remaining power is transferred into the

surroundings and the semiconductor material itself in the form of heat. This

leads to a highly localized rise in temperature on the drain side of the transistor

channel, which deteriorates the electronic properties such as mobility, satura-

tion velocity, limiting the maximum output power that can be extracted from

the transistor. The heating is also responsible for a thermal stress gradient in the

device semiconductor layers which reduces the reliability and lifetime of the

transistor.

Therefore, it is important for any high-power RF platform to efficiently con-

duct the heat away from the active region channel in order to enhance the per-

formance.

5.2 Thermal Advantage of AlN Buffer Layer

Aluminum nitride, with its ultra wide bandgap of 6.2 eV, has an expected critical

electric field of 15 MV/cm - 5× that of GaN. Incorporating it in the buffer of an

AlN/GaN/AlN HEMT structure should in principle allow the resultant device

to handle higher voltages than GaN HEMTs. However, the critical advantage

the AlN buffer layer provides is in the form of enhanced thermal management.
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Figure 5.2: (a) Thermal conductivities of some commonly used materials in III-
nitride electronics [50, 51]. Ternary and quartery alloys are expected to have
lower conductivities than their constituent binary counterparts. (b) Theoretical
thermal boundary resistances (TBR) calculated using Density mismatch model
(DMM) [52] under Debye approximation. AlN is expected to have a lower TBR
compared to GaN buffers on common substrates such as silicon and silicon car-
bide. A perfect homoepitaxially grown AlN on single crystal AlN substrates
will not have any thermal boundary resistance as a boundary is not defined in
that case. Figure from Hickman, Chaudhuri et al. [53]

In an RF HEMT, the drain side of the gate, where the electric field peaks, acts

as a heat source. In the absence of a top heat-conducting layer, the heat primarily

conducts through the buffer, into the substrate and to the heat sink at the bottom

- as illustrated in figure 5.2 (b). The thermal resistances between the channel

and sink therefore play a crucial role in determining the channel temperature

and thereby the device performance. The thermal resistances in this setup are

in two forms (1) (inverse of) thermal conductivity of the buffer and substrate

materials, and (2) thermal boundary resistances between two materials. Both

these resistances are manifestations of the fundamental physics of heat transport

via phonons and therefore are intrinsic to the semiconductor materials if we

consider an ideal crystal material. This allows us compare the AlN platform
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(AlN buffer on substrate), with the conventional GaN platform (GaN buffer on

substrate) and highlight the advantage which the AlN provides us with respect

to the expected thermal performance.

Figure 5.2 (a) compares the experimentally measured thermal conductivity

values of common materials in III-nitride devices. Silicon (111) and silicon car-

bide (SiC) are commonly used substrates for these family of devices. SiC, with a

high thermal conductivity of ∼420 W/mK is the substrate of choice for effective

thermal management in the current state-of-art RF GaN HEMTs. Single-crystal

diamond [50] and cubic-boron nitride (c-BN) [51] have the highest thermal con-

ductivities and there are efforts to integrate these as conduction/heat spreading

layers in RF HEMTs [282]. In III-nitrides semiconductors, AlN has a higher ther-

mal conductivity of 340 W/m.K compared to 230 W/mK of single-crystal GaN.

It is clear from these values that an AlN buffer holds an advantage over a GaN

buffer in terms of heat conduction away from the active region.

An additional factor to consider is the thermal boundary resistance (TBR)

between the substrate and the buffer layer. TBR is an intrinsic property of an

interface where it acts as a resistance to heat flow and leads to a rise in tem-

perature. In a microscopic picture, according to the diffusive mismatch model

(DMM) [52], the TBR at a perfect interface between two ideal materials arises

due to the difference in phonon density of available states for a heat carrying

phonon to scatter into when moving from one material to the other. The calcu-

lated TBR between AlN and GaN buffer layers and commonly used Si(111) and

SiC substrates are shown in figure 5.2 (c). The Debye density of states approx-

imation has been used. This model predicts that an AlN buffer should have a

lower TBR compared to GaN buffer on both SiC and Si substrates, by ∼ 50%
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and ∼ 33% respectively. Experimental measurement of TBRs for these struc-

tures have yielded values a couple of orders higher which is attributed to the

non-ideal crystal structure near the nucleation interface. This is especially true

in case of GaN, where AlN nucleation layers and/or stress-management layers

with lower crystal quality result in high TBRs. AlN, with a lower lattice mis-

match, can be directly grown on SiC with a better crystal quality and thus lower

a TBR. Recent availability of high quality single-crystal substrates have opened

up the possibility of homoepitaxial growth of GaN and AlN on bulk GaN and

bulk-AlN substrates respectively, in which TBR will be completely eliminated

[64, 65]. Even in this case, comparing to GaN on GaN, AlN on bulk AlN holds

a thermal advantage due to higher thermal conductivity.

Thus an AlN buffer should theoretically lead to a better thermal manage-

ment in RF HEMT when compared to a GaN buffer grown heteroepitaxially on

Si, SiC or homoepitaxially on bulk substrates. This should translate to a per-

formance boost high power operation of AlN buffer devices. However it must

be noted that the values are for near-perfect crystals, and the actual epitaxial

crystal quality determines the value of thermal resistances encountered in a real

device. Hence the translation of these expected device performance boosts de-

pend heavily on the quality of the material grown.

Thermal characterizations were performed, in collaboration with Prof Mar-

tin Kuball’s laboratory in University of Bristol, to validate the above theoretical

predictions for MBE-grown AlN films used in our AlN HEMTs. Transient ther-

moreflectance (TTR) was carried out on a sample consisting of a ∼600 nm thick

MBE-grown AlN on a 370 µm thick 6H-SiC substrate. The structural details of

the epitaxial film is shown in figure 5.3. The sample had a very low screw dis-
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Figure 5.3: (a) AFM scan of the surface showing low dislocation density in a
MBE-grown 500 nm AlN on SiC. (b) Transient thermoreflectance (TTR) mea-
surement results, with extracted AlN isotropic thermal conductivity of κ > 80
W/mK and AlN/SiC TBR of < 10 m2K/GW (d) Channel temperature of AlN
HEMT, cross-section in (c), measured using Raman thermometery. AlN HEMTs
show atleast 20% reduction in channel temperature compared to GaN HEMTs
of similar dimensions at 8 W/mm power outputs. These measurements were per-
formed at Bristol University in Prof. Kuball’s lab.

location density of 106 cm−2, evident from the sharp X-ray rocking curve peak

and surface morphology. The TTR measurement results and fitted parameters

are shown in figure 5.3. SiC substrate in-plane and out-of-plane thermal con-

ductivities of κIP 463 +130/-100 W/m.K and κOP 253 +75/-55 W/m.K, extracted

from a bare substrate, is used as a fitting parameter. The thinness of the AlN epi-

layer limits the sensitivity of TTR measurement. A best estimate AlN (isotropic)
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thermal conductivity of κ > 80 W/m.K and AlN/SiC TBR of < 10 m2K/GW

were extracted, which agrees well with literature reports [283].

Raman thermometry was used to measure the channel temperature of an

AlN/GaN/AlN HEMT grown and fabricated on a similar AlN on SiC buffer

layer as in figure figure 5.3 (a). The device cross-section is shown in figure 5.3

(c), and the measured channel temperature in figure 5.3 (d). An ANSYS simula-

tion of the HEMT was performed to simulate the channel temperature using the

thermal parameters of AlN, SiC extracted by TTR. The agreement between the

measured and simulated channel temperature as a function of output power

validates the results. To quantify the effect of the AlN buffer layer, the same

ANSYS simulation was performed with one change - the AlN was replaced by

a GaN buffer layer. The resulting channel temperature as a function of out-

put power is shown in figure 5.3 (d). The spread in the values is to take into

consideration the variation in the reported thermal conductivities of epitaxial

GaN layers and GaN/SiC TBRs [284]. The results show that for the same device

dimensions, an MBE-AlN buffer layer results in a ∼ 23 % lower channel tem-

perature compared to a GaN buffer layer of same thickness, when operated at

8 W/mm output power. As a corollary, for the same maximum operating tem-

perature (same mean time to failure), the AlN HEMT can output higher powers.

This cooler channel temperature is a result of the combination of both higher

thermal conductivity of AlN vs GaN, and lower TBR of AlN/SiC vs GaN/SiC.
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5.3 MBE-grown AlN buffer layers on SiC for RF HEMTs

Due to the lack of native substrates until recently, epitaxial growth of III-nitride

semiconductor optoelectronics and electronic devices are mostly performed on

foreign substrates. These include sapphire, silicon carbide (SiC), silicon. The

selection of substrate is mainly driven by the cost, availability and the specific

needs of the final device application (for example, high thermal conductivity for

RF PAs, UV transperency for UV LEDs).

Silicon carbide has been the substrate of choice for RF GaN applications pri-

marily due to its high resistivity and high thermal conductivity (∼ 420 W/m.K).

The latter is especially important for high-frequency power amplifiers, where

the channel temperature limits the output powers, and hence thermal manage-

ment is of highest importance. High purity semi-insulating SiC (both poly-types

6H or 4H) wafers up to 4-inch are commercially available from US-based ven-

dors such as CREE, II-VI Advanced Materials, with 6-inch wafers in develop-

ment and slated to be available by 2025.

6H-SiC substrates offer an additional advantage for epitaxial growth of AlN

layers due to its small in-plane lattice mismatch of < 1 %. This is the rea-

son AlN nucleation layers are used for growing thick GaN buffer layers in

RF GaN HEMTs. It therefore offers a great substrate platform for investigat-

ing AlN/GaN/AlN HEMTs, as > 0.5 µm thick AlN buffer layers can be grown

directly on the SiC substrate without any other nucleation layer or strain com-

pensating layer. Of course, the ideal substrate to realize the AlN HEMTs is a

single crystal bulk AlN. Recent availability of high quality single crystal bulk

AlN substrates [285] have led to exploration of new homoepitaxial AlN growth
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techniques [64, 65] (see appendix B). But extremely high cost, limited availabil-

ity and small wafer sizes restrict their current usage to scientific exploration

only.

10 mm x 10mm
6H-SiC, 

In-mounted

~600nm
AlN

(a) (b)

(c)

(d)

AlN
(002)

AlN
(102)
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2.00 nm

0.00
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1.00

1.50

2 µm

2.40 nm

0.00

0.50
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2.00

rms = 0.182 nmrms = 0.242 nm

FWHM: 
48 as
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1253 as

Figure 5.4: (a) Layer structure of high quality AlN ”buffer layer” grown on 6H-
SiC (b) surface morphology shown in atomic force microscopy scans, showing
smooth, parallel features with low density of spiral features. (c) XRD rocking
curves showing the low screw type threading dislocation density. (d) Reciprocal
space map around the AlN (1 1 4) peak shows the AlN layer partially relaxes by
forming edge type dislocations, which is confirmed by the AlN (102) FWHM in
(c).

Figure 5.4 shows a ∼600 nm AlN layer grown using PA-MBE on 6H-SiC

wafers. The wafers were obtained from II-VI Advanced Materials with addi-

tional CMP surface treatment performed at NovaSiC [286]. The growth was

performed in metal-rich growth conditions, with an initial Ga pre-deposition to

promote layer-by-layer growth [287]. Growth details are provided in the ap-

pendix A. Figure 5.4 (b) shows the atomic force microscopy scans of the AlN

surface. Clear parallel terraces are observed indicating layer by layer growth.

This surface morphology is in fact similar to very high-quality homoepitaxial

AlN growths performed on single-crystal AlN substrates [64] and is surprising

for a heteroepitaxial growth. Very few spirals are visible on the larger 10 × 10
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µm2 scan, signifying a low screw dislocation density. This is supported by the

XRD rocking curve (RC) along AlN (002) symmetric peak, which shows a full

width half max (FWHM) of 48 arcsec. This corresponds to a very low screw-type

dislocation density [288] of ∼ 106 cm−2. The reciprocal space map around AlN

(114) peak is shows a 70% relaxation in the AlN layer with respect to the SiC

susbtrate. This relaxation is believed to give rise to edge-type dislocations, the

density of which is estimated to be ∼ 109 cm−2 from the FWHM of the XRD-RC

along the AlN (102) peak.

The ability to grow thick, high-quality AlN buffer layers is critical to all the

electronic devices on the AlN platform. The quality of crystal growth deter-

mines both their thermal and electrical performances. These high quality AlN

on SiC buffer layers are used for AlN/GaN/AlN HEMT heterostructures re-

ported in this dissertation. These AlN buffer layers enable uniform growth of

2DEG across a 3-inch wafer area, with smooth surface morphologies and uni-

form sheet resistance, as shown in figure 5.5. These uniform, reliable growths

are crucial first step of any new device development process. The details of

the active layer growth and detailed MBE growth conditions are provided in

appendix A for reference.

5.4 State-of-art AlN/GaN/AlN HEMTs

The AlN platform [53] for mm-wave integrated circuits (MMIC) offers the possi-

bility of integrating both active components such as p- and n-channel transistors

(for PAs and low-noise amplifiers) and passive components such as bulk acous-

tic wave (BAW) filters [289] and SiC substrate integrated waveguides (SIW)
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Figure 5.5: (a) Growth of AlN/GaN/AlN HEMT structure on a 3-inch SiC wafer.
The layer structure is shown in the inset (b) Contactless sheet resistance map-
ping (performed by Dr. Shinohara at Teledyne Technologies) shows the pres-
ence of the 2DEG across the surface of the wafer. (c) Smooth surface morphol-
ogy with rms roughness ∼ 0.5 nm, which is desired for device fabrication.

[57]. The workhorse of this platform is the scaled AlN/GaN/AlN high elec-

tron mobility transistors (HEMTs) grown on thick AlN buffer layers which can

act as both PAs and LNAs. These AlN HEMTs promise mm-wave signal am-

plification at power levels higher than those measured currently in GaN HEMT

based PAs. The high thermal conductivity (340 W/m.K), high breakdown field

[47, 290] of AlN and larger polarization and band offset with respect to GaN

are expected to boost the performance of AlN HEMTs. This has led to a ris-

ing interest of the community in these AlN-buffer based HEMT heterostruc-

tures. There have been numerous reports of epitaxial growth of AlN/GaN/AlN

and AlGaN/GaN/AlN structures using different techniques and substrates

[40, 41, 42, 43, 44, 45, 46]. These heterostructures have been used to demonstrate

AlN-based HEMTs for RF amplification [279, 47, 42, 44, 46] and high-power

switching [290, 291].

In particular, recent AlN HEMTs on SiC [279, 218, 54] have made giant

strides towards fulfilling the promise of high output powers at mm-wave fre-

quencies. The current state-of-art AlN/GaN/AlN HEMT [54] is presented in
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High currents!
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Figure 5.6: (a) Cross-section of a state-of-art AlN/GaN/AlN HEMT, with 200
nm GaN channel and ex-situ SiN passivation layer. A top-side SEM shows the
60 nm long T-gate. (b) Output characteristics, (c) Transfer characteristics, and
(c) small-signal measurement results show high on-currents and high speeds on
operation. (d) load-pull power sweeps of a 2 × 25 µm device biased in Class AB
operation, at 6 GHz, 30 GHz and 94 GHz. Figures by Austin Hickman. Load-pull
measurements were performed at AFRL and UCSB by Neil Moser and Matt Guidry
respectively.
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figure 5.6. Figure 5.6 (a) shows the cross-section of the device, with MBE re-

grown ohmic contact regions, along with an SEM of the LG = 60 nm long T-gate.

The output characteristics of the AlN HEMT in figure 5.6 (b) shows high on-

currents of >3 A/mm, which is among the highest reported in any transistor.

The transfer characteristics in figure 5.6 (c) show a peak transconductance gm ∼

0.7 S/mm, and approximately 3 orders of magnitude of current on-off ratio.

Small-signal measurement in figure 5.6 (d) shows cut-off frequencies of fT /fMAX

= 140/239 GHz.

These high cut-off frequencies, high on-currents and high-breakdown volt-

ages [47] make high-power, high-frequency signal amplification possible in

these devices. The large-signal measurement results are shown in figure 5.6

(e). The state-of-art scaled, T-gated AlN/GaN/AlN HEMTs on SiC demonstrate

output powers of 2.1, 3.1, 2.5 and 2.2 W/mm at 6, 10, 30, 94 GHz respectively

without field plates [218, 54]. Additionally, AlGaN/GaN/AlN HEMTs on single

crystal AlN substrates have recently demonstrated phenomenal 15 W/mm in

the X-band [279], further demonstrating the potential of this platform for high-

power amplification. The large signal performance of these AlN-based HEMTs

are compared against other semiconductor transistor technologies in figure 5.1.

Although these results are remarkable for a device technology early in its de-

velopment stage, it can be seen that they are still below the state-of-art GaN

HEMTs’ output powers of upto 8 W/mm at 94 GHz [281, 292, 293].

It has been found [54] that the dispersion from surface states is what limits

the capability of the current generation of AlN HEMTs to truly achieve its po-

tential. In the next section, a possible solution to control the DC-RF dispersion

in AlN/GaN/AlN HEMTs by using a new in-situ crystalline AlN passivation
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Figure 5.7: (a) Pulsed ID-VD measurement results for the the current state-of-art
AlN/GaN/AlN RF HEMTs [54], showing a ∼ 20% DC-RF dispersion due to
surface states. (b) Schematic of the state-of-art AlN/GaN/AlN RF HEMTs with
ex-situ SiN passivation. The surface states on the as-grown surface is present
∼ 6 nm away from the 2DEG, and is not effectively supressed using the PECVD
SiN. (c) Schematic of the proposed AlN/GaN/AlN HEMT with in-situ crys-
talline AlN passivation layer. A > 30 nm AlN top layer acts both as a barrier
for the 2DEG and makes sure the surface states are far from the 2DEG channel.
A recessed gate is required to keep the gate close to the channel and maintain
the transconductance and speeds. (d) A self-consistent 1D Schrodinger Pois-
son band simulation [55] of an as-grown AlN/GaN/AlN structure with 50 nm
of AlN passivation layer and 15 nm GaN channel layer. A 2DEG of density
∼ 3.5 × 1013 cm−2 is expected at the top AlN/GaN interface.

scheme is studied.

5.5 in-situ AlN passivation for reduced dispersion

Figure 5.7 (b) shows the cross-section of the current state-of-art AlN/GaN/AlN

RF HEMTs [54]. Positively charged surface donor states are expected to be

present on the as-grown heterostructure surface which is ∼ 6 nm away from

the 2D electron gas (2DEG) channel. If these surface states are not controlled or

passivated, they capture electrons from the transistor channel and cause current

collapse and DC-RF dispersion under large signal operation [294, 183]. The typ-
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ical way to counter this effect is to deposit silicon nitride (SiN) to passivate the

surface states after the HEMT fabrication [295, 296]. For the AlN HEMT in figure

5.7 (b), ex-situ SiN passivation layer was deposited using PECVD as the last step

in the HEMT fabrication process. Pulsed ID − VD measurement results of these

devices are shown in figure 5.7 (a). The device demonstrated an on-current

dispersion of ∼20% and ∼1 V knee voltage walkout for quiescent gate/drain

biases of -6/10 V. This dispersion translates to soft gain compression in large-

signal measurement results [54] at high input powers. Clearly, the ex-situ SiN

passivation is not completely successful in suppressing the RF dispersion from

the surface states in these devices. A more effective passivation of these sur-

face states is hence desired to unlock the true potential of the AlN/GaN/AlN

HEMTs and exceed power outputs of the state-of-art GaN HEMTs [280, 281].

In this section, we demonstrate a solution to control the DC-RF dispersion by

using an in-situ crystalline AlN passivation scheme for AlN/GaN/AlN HEMTs.

The proposed scheme is shown in figure 5.7 (c). Instead of a thin, ∼ 5 nm

AlN barrier, a thick, > 30 nm AlN layer is grown on top of a compressively

strained GaN channel. In addition to acting as the electrostatic barrier layer for

the 2DEG, this AlN layer takes the as-grown surface far from the 2DEG chan-

nel and hence reduces carrier trapping. We show experimentally that the GaN

channel layer should be pseudomorphically strained to the AlN buffer layer

for this scheme to work. A thin < 15 nm GaN channel layer maintains the in-

plane compressive strain > 2% and consequently allows the growth of 30+ nm

thick crack-free AlN passivation layer on top. A low sheet resistance 2DEG is

demonstrated over a quarter of 4-inch wafer. Demonstration devices are fabri-

cated using a new recessed-gate AlN HEMT process. Pulsed ID − VD measure-

ments on these devices show a reduced DC-RF dispersion of 2 − 6%, the best
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device showing a 10× reduction compared to the ∼ 20% dispersion seen in ex-

situ SiN-passivated AlN HEMTs. These results confirm the efficacy of this new

in-situ passivation technique to help increase the high-power RF performance

of next-generation AlN HEMTs.

The metal-polar AlN/GaN/AlN HEMT heterostructure consists of a top

AlN barrier layer, a thin GaN channel layer and a > 0.5 µm thick AlN buffer

layer epitaxialy grown on a resistive 6H silicon carbide (SiC) substrate. The

relatively low lattice mismatch of < 1% AlN with respect to SiC enables the

heteroepitaxial growth of 0.5-1.0 µm thick, crack-free AlN buffer layers on SiC.

Additionally the high thermal conductivity of SiC makes it a suitable substrate

for mm-wave AlN HEMT PAs. Figure 5.7 (d) shows the energy band diagram of

the as-grown heterostructure, calculated using a self-consistent 1D Schrodinger-

Poisson solver [55]. A 2DEG channel is induced at the top GaN/AlN interface

[209] without the need of impurity doping due to the positive polarization dif-

ference. The 2DEG density in the as-grown heterostructure electrostatically de-

pends on the thicknesses of the GaN channel layer and AlN barrier layer [297].

In general, beyond the certain critical GaN channel thickness of ∼ 3 nm, thicker

GaN or AlN layers result in higher 2DEG densities. The high polarization dif-

ference between AlN and GaN results in 2DEG densities of 2−3×1013 cm−2 in an

as-grown 4 nm AlN/200 nm GaN/500 nm AlN heterostructure with room tem-

perature mobilities of ∼ 720 cm2/Vs. When processed into scaled RF HEMTs

[54], the high 2DEG density translates to low access resistances and high on-

currents of > 3 A/mm, high extrinsic transconductance of 0.8 S/mm and high

speeds with fT / fMAX of 123/233 GHz.

Making the AlN top barrier layer thicker > 30 nm in the AlN/GaN/AlN
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structure should move the surface states away from the 2DEG channel. The

thicker AlN barrier layer is also expected to increase the as-grown 2DEG den-

sity compared to a 4 nm AlN barrier layer. This should further reduce the access

resistance in the final HEMTs - an additional advantage of the proposed in-situ

AlN passivation layer. However, incorporating this proposed AlN passivation

scheme into the AlN HEMT process poses the following challenges. From the

epitaxial growth perspective, a 2.4% lattice mismatch between GaN and AlN

crystals makes it challenging to grow thick AlN layers on relaxed GaN with-

out cracking. Careful control of the layer strains is necessary to overcome this.

From the transistor perspective, the gate needs to be close to the 2DEG in order

to maintain electrostatic control over the channel. Therefore, this passivation

technique makes it necessary to incorporate a recess-gate geometry. The opti-

mum design of the in-situ crystalline AlN passivated AlN/GaN/AlN HEMT is

shown in figure 5.7 (c).

The following sections tackle the challenges listed above. First, the

growth of thick AlN barrier layers is demonstrated by ensuring almost

pseudomorphically-strained GaN channel layers. Next, the resultant 2DEG

transport is characterized and a well-controlled recess etch process is demon-

strated which preserves the 2DEG. Finally, the results of the fabricated in-situ

passivated AlN/GaN/AlN HEMT are presented, that demonstrate the success-

ful reduction of the DC-to-RF dispersion.
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GaN Channel Strain in AlN/GaN/AlN Heterostructures

The in-plane lattice constant of a relaxed wurtzite AlN crystal aAlN
0 = 3.112 Å

is smaller than that of GaN aGaN
0 = 3.189 Å. The resulting ∼2.4 % in-plane lat-

tice mismatch makes the epitaxial growth of thick AlN barrier layers on re-

laxed GaN challenging. Consider the case of AlN/GaN HEMT heterostruc-

tures, where the AlN barrier layer is under tensile strain on relaxed GaN buffer

layers. There exists a critical coherent thickness tcr below which the AlN layer

remains strained to GaN. Using the Blanc’s estimate [298] of tcr ∼ be/2 f , where

be = 0.3189 nm is the Burgers vector length in strained AlN and f = 0.024 is the

lattice mismatch between AlN and relaxed GaN, results in a critical thickness

of ∼ 6.5 nm. Beyond this thickness, the tensile-strained AlN layer relaxes and

releases the strain energy in the form of cracks along hexagonal planes. This

has been observed experimentally in AlN/GaN HEMT structures [173], where

structures with AlN barriers > 7 nm showed hexagonal cracks on the surface in

atomic force microscopy (AFM) scans. These cracks lead to a suppression of the

2DEG mobility and are undesired in a device heterostructure.

Now consider the AlN/GaN/AlN HEMT structure which is grown on re-

laxed AlN buffer layers. If the GaN channel layer is compressively strained to the

AlN buffer layer (i.e. the GaN lattice constant is closer to that of AlN compared

to its relaxed state), a smaller lattice mismatch f between the top AlN barrier

layer and the GaN channel is obtained. f decreases with increase in in-plane

compressive strain εGaN
xx in the GaN layer. Consequently, the coherent critical

thickness tcr of the AlN barrier layer is expected to increase with εGaN
xx through

the relation tcr(εGaN
xx ) ∼ be/2 f (εGaN

xx ), where tcr amd f are functions of εGaN
xx .

The calculated critical thickness of the top AlN barrier layer in an
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Figure 5.8: (a) The calculated dependence of the critical coherent thickness of
the AlN passivation/barrier layer on the compressive strain of GaN layer in the
AlN/GaN/AlN structure. A higher GaN compressive strain results in larger
AlN critical thickness. A GaN channel layer almost pseudomorphic to AlN
with > 2% compressive-strain is desired to grow thick > 30 nm AlN barrier
layers which will act as in-situ passivation. (b) and (d) show the atomic force
microscopy (AFM) scans of the surface of AlN/GaN/AlN samples A and C
with 15 nm and 200 nm of GaN channel layers respectively. Hexagonal cracks
are observed on the surface of sample C, which form to relieve the tensile strain
in the AlN barrier, as illustrated in (e). Sample A however shows smooth sur-
face with no cracks as the whole structure is pseudomorphic to AlN as shown
in (c).

AlN/GaN/AlN HEMT structure is plotted in figure 5.8 (a). When the GaN

channel is completely relaxed, the critical thickness of AlN is tcr(εGaN
xx = 0) ∼ 6.5

nm. This is similar to the AlN/GaN HEMT structure [173]. The cartoon in fig-

ure 5.8 (e) represents the situation when an AlN layer thicker than tcr(εGaN
xx = 0) is

grown on a relaxed GaN channel layer. The AlN barrier layer relaxes to relieve

the strain and forms cracks. On the other extreme, in an AlN/GaN/AlN HEMT,

the whole structure can also be pseudomorphic to the AlN buffer, which means
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the εGaN
xx = −2.4%. Under such conditions, the AlN barrier layer is no longer

under any tensile strain, and the critical thickness of the relaxed layer thus ap-

proaches infinity. The cartoon in figure 5.8 (c) illustrates this desired condition.

Growth conditions can lead the crystal to be in a state between the above two

extremes, where the GaN layer starts to partially relax and the top AlN layer

builds up some tensile strain. Therefore, the strain in the GaN layer εGaN
xx is the

critical parameter for enabling the growth of thick AlN layers for our proposed

in-situ passivation scheme. From figure 5.8 (a), it is clear that a compressive

strain of > 2% in the GaN layer is desired to grow crack-free in-situ AlN passi-

vation layers thicker than 30 nm.

Table 5.1: Summary of the AlN/GaN/AlN heterostructure studied in this work
with their corresponding structural and 2DEG transport properties. The strain
in GaN channel layers εGaN

xx were extracted from the X-ray diffraction recipro-
cal space maps detailed in figures 5.9 and 5.10. Hall-effect measurements were
used to determine the 2DEG density ns, room temperature mobility µn and the
sheet resistance Rsheet. The high sheet resistance in sample C, due to the crystal
cracking, makes is difficult to reliably determine the 2DEG mobility and charge
densities.

Sample
ID

Heterostructure
tAlN/tGaN/tAlN

εGaN
xx Surface Morphology

300K ns

(×1013 cm−2)
300K µn

( cm2/Vs)
300K Rsheet

(Ω/sq)
A 100/15/500 -1.97 % Smooth with no cracks 4.24 297 495.2

B 100/30/500 -1.78 %
No cracks in as-grown structure,

but optically visible cracks
during device processing

4.86 316 406

C 100/200/500 -0.6 %
Cracks in as-grown structure,

visible in AFM - - 2.51 × 105

D
50/15/500

Quarter 4” wafer -1.97 % Smooth, no cracks 3.57 358 428

The compressive strain in the GaN layer, εGaN
xx , in turn depends on its thick-

ness tGaN . The exact relation between the strain and thickness of an epitax-

ial layer depends on the growth technique, growth modes, growth tempera-

ture, starting substrate etc. Hence, to experimentally determine the relation-

ship between tGaN and εGaN
xx in our heterostructures, a series of 100 nm AlN

barrier/GaN/500 nm AlN heterostructures were grown using plasma-assisted
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Figure 5.9: (a) X-ray diffraction reciprocal space map (RSM) of a control bulk
GaN substrate showing the (114) reciprocal reference space point of a relaxed
GaN layer. (b), (c), (d) show the RSM for a series of AlN/GaN/AlN samples
with GaN layer thicknesses of 15 nm, 30 nm, 200 nm. The in-plane compressive
strain in the GaN layers, extracted with respect to the relaxed GaN (114) point,
decreases with increase in the GaN layer thickness.

molecular beam epitaxy (PA-MBE) on 6H-SiC substrates. Only the GaN layer

thickness tGaN was varied between these samples. Details of the epitaxial

growths are provided in the appendix A.

Reciprocal space mapping (RSM) using X-ray diffraction were performed

on these AlN/GaN/AlN heterostructures around the SiC (1 1 12)/GaN (1 1 4)

peaks to extract the in-plane lattice spacings of the GaN layer. Reciprocal space

maps for AlN/GaN/AlN samples with tGaN = 15, 30, 200 nm are shown in fig-

ure 5.9. The samples, labelled A, B and C respectively, are summarized in table

5.1. RSM scan was also performed on single crystal bulk GaN substrate for

calibration. The extracted in-plane spacing of aGaN
0 = 3.189 Å from the bulk GaN

sample agrees with the relaxed GaN lattice constant value. From the RSMs from

the AlN/GaN/AlN structures, it is clear that the in-plane lattice constants of the

GaN layers are smaller than aGaN
0 , confirming the compressive strain. Using aGaN

0

as the reference, the strain in the GaN layers εGaN
xx of different thicknesses are ex-
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Figure 5.10: Experimental dependence of the in-plane compressive strain in the
GaN layer as a function of its thickness in an MBE-grown AlN/GaN/AlN het-
erostructure grown on 6H-SiC. The strains are extracted from X-ray diffraction
reciprocal space maps shown in figure 5.9. The results show a GaN channel
thickness of < 15 nm results in the > 2% compressive strain desired for grow-
ing > 30 nm thick AlN passivation layers. The finite lattice constant difference
between the strained GaN channel and fully relaxed AlN is a result of a slight
elastic relaxation, which is not expected to generate extra dislocations.

tracted from their in-plane lattice spacings. The extracted strains εGaN
xx are listed

in table 5.1 and plotted in figure 5.10 as a function of tGaN . Data from other

AlN/GaN/AlN samples with tGaN = 9, 22 nm are also included. It clearly seen

that a thinner GaN layer is more compressively strained to AlN as expected.

Comparing the data in figures 5.8 and 5.10, we infer that a GaN channel layer

thinner than 15 nm is required in an AlN/GaN/AlN struture to maintain a > 2%

compressive strain and thereby grow the desired in-situ crack-free AlN passiva-

tion layer of > 30 nm. The finite lattice constant difference between the strained

GaN channel and fully relaxed AlN is a result of a slight elastic relaxation, which

is not expected to generate extra dislocations between the two.

The difference in the strains in the AlN/GaN/AlN samples with different
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tGaN are also directly evident from the corresponding surface morphology. Fig-

ure 5.8 (a) and (c) shows the 10 µm × 10 µm atomic force microscopy (AFM)

scans of the surface of AlN/GaN/AlN samples A and C. Both these samples

have a 100 nm AlN barrier grown on top of the GaN layer. Sample A, with ∼ 2%

compressively-strained 15 nm GaN channel layer shows a very smooth surface

with sub-nm root-mean-square roughness of 0.28 nm. On the other hand, sam-

ple C, with an almost relaxed (εGaN
xx ∼ 0.5%) 200 nm GaN channel layer, exhibits

clear hexagonal cracks on the as-grown AlN surface. These are similar to those

seen in AlN/GaN HEMT structures [173], and signify the top AlN layer has

relieved its high tensile strain by cracking. These cracks lead to the sample be-

ing highly resistive, with 3 orders higher sheet resistance compared to sample

A and B. It is also worth pointing out that even though sample B, with 30 nm

GaN channel, did not show cracks on the as-grown surface, hexagonal cracks

developed during the device fabrication process which were visible under op-

tical microscope. This further provides the experimental evidence that a thin,

< 15 nm GaN channel layer is needed in the AlN/GaN/AlN structure to grow

a thick in-situ passivation AlN layer with desired structural properties.

2DEG Transport in in-situ passivated AlN/GaN/AlN Het-

erostructures

In addition to the structural properties, optimal 2DEG transport is necessary

for the HEMT. The as-grown 2DEG sheet resistance determines the access re-

sistances in the recessed-gate AlN HEMT shown in figure 5.7 (c). A low sheet

resistance is thus desired. It is found that, for a given AlN passivation layer
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thickness, a thinner GaN layer results in higher sheet resistance due to both

lower charge density and lower mobilities.

In an AlN/GaN/AlN structure, the 2DEG density ns depends electrostati-

cally both on the AlN barrier layer and the GaN channel layer. Specifically, for a

given AlN barrier layer thickness in an AlN/GaN/AlN heterostructure, a thin-

ner GaN layer results in a lower 2DEG density [46] (see figure 5.14). The mea-

sured room temperature 2DEG densities for samples A, B and C in this study

are listed in table 5.1. Sample C was found to be too resistive with sheet re-

sistance of > 105 Ω/sq., and therefore the 2DEG density mobility could not be

reliably determined through Hall measurements. This due to the cracks in the

AlN barrier layer, further emphasizing the need for strained GaN layers. The

lower 2DEG density in sample A, with 15 nm GaN channel layer, compared to

sample B, with 30 nm GaN channel layer, confirm the expected trend of lower

ns in thinner GaN channels for the same AlN thicknesses.

Simultaneously, a thinner GaN channel layer in the AlN/GaN/AlN struc-

ture has been found to result in a lower 2DEG room-temperature mobility µn.

This experimental trend is supported independently both by data from con-

trolled studies in our group as well as literature reports [290, 40, 41, 42, 45] of

AlN/GaN/AlN heterostructure growths, as shown in figure 4.15. Interestingly,

this trend is independent of the epitaxial growth method (eg. MOCVD vs MBE)

and the starting substrates (Si, SiC, Sapphire, Bulk AlN). The probable causes

are the dislocation densities, proximity to the bottom interface, higher confine-

ment field in the well etc. The exact reason however is not clear at this moment,

and is being actively investigated in the community. More discussion on the

2DEG mobilities in this structure is provided in section 4.4.1.
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Thus, for thinner GaN channel layers, a combination of lower 2DEG den-

sities ns with the lower mobilities µn results in higher 2DEG sheet resistance

through Rsheet = 1/qeµnns. Hence, even though the thinnest possible GaN chan-

nel layer is desired structurally, the thicker the channel the better for the 2DEG

transport. As a trade-off, a 15 nm GaN channel layer thickness is chosen for

fabricating and testing in-situ passivated HEMTs. According to the experimen-

tal evidence, this is the thickest GaN channel that allows growth of thick AlN

passivation layer (εGaN
xx ∼ 2%), while maintaining a ”transistor-worthy” 2DEG

sheet resistance for the device.

With the optimum heterostructure now determined, a quarter-of-4-inch

wafer of in-situ passivated AlN/GaN/AlN HEMT structure was grown for fab-

ricating devices. The sample, labelled D, had a 50 nm AlN passivation layer/15

nm GaN channel layer/500 nm AlN buffer layer on a 6H-SiC substrate. Figure

5.11 (a) shows the sheet resistance map of the as-grown wafer. The wafer shows

presence of the 2DEG across the whole wafer surface and good uniformity with

a sheet resistance of ∼ 450 Ω/sq. at room temperature.

To test the effect of the passivation layer on the transport of the 2DEG,

temperature-dependent Hall effect measurements were performed on the

AlN/GaN/AlN HEMT structure with and without the thick AlN passivation

layer. A 10 mm × 10 mm piece diced from the quarter wafer D and a 4 nm

AlN/30 nm GaN/500 nm AlN heterostructure sample were measured from 300

K down to 10 K. The 4 nm ”thin-barrier” heterostructure is representative of

the structure used in the current state-of-art RF AlN HEMTs [47] without in-situ

passivation. The results of the temperature dependent Hall measurements are

presented in figure 5.11 (b), (c), (d).
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Figure 5.11: (a) Sheet resistance map of an in-situ passivated 50 nm AlN/15
nm GaN/500 nm AlN heterostructure, sample D, grown on a quarter-of-4 inch
SiC wafer. The 2DEG is present across the whole wafer. (b), (c) and (d) present
the results of temperature dependent Hall-effect measurements comparison be-
tween an in-situ passivated and a thin-barrier AlN/GaN/AlN structure. The
in-situ passivated sample shows higher charge and lower mobility compared to
the thin-barrier structure. However both show almost similar sheet resistance,
confirming the suitability for transistor fabrication.
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From the charge densities plot in figure 5.11 (b), the in-situ passivated struc-

ture shows a higher 2DEG density of 3.5 × 1013 cm−2 compared to 2.2 × 1013

cm−2 for the thin-barrier structure, both of which agree to simulated densi-

ties. They do not freeze out on cooling, as expected from polarization-induced

2DEGs. Figure 5.11 (c) shows the temperature dependence of the 2DEG mobil-

ities. The mobilities for the thin-barrier structure are ∼ 650 and 1100 cm2/Vs

at 300 K and 10 K. These values comparable to mobilities reported previously

[40, 41, 42, 45, 46] in these AlN/GaN/AlN heterostructures. On the other hand,

the 2DEG mobilities in the in-situ passivated AlN/GaN/AlN heterostructure

are ∼ 350 and 600 cm2/Vs at 300 K and 10 K. It is ∼ 2× lower than the thin

barrier sample throughout the measured temperature range, albeit at a ∼ 1.5×

higher charge density. This trend of lower 300 K mobility at higher densities is

expected since optical phonon scattering, which is the dominant electron scat-

tering mechanism at room temperature in III-nitride semiconductors, increases

with 2DEG density [132]. However the exact cause of the lower mobility is un-

der investigation, especially at low temperatures. The trade-off between charge

density and mobility results in a comparable sheet resistance of ∼ 400 and ∼ 250

at 300 K and 10 K in both the structures, as shown in figure 5.11 (d). Therefore,

moving from a thin-barrier to in-situ AlN passivated structure is not expected

to drastically affect the access resistances of the AlN/GaN/AlN HEMTs.

A thick 50 nm AlN passivation layer in the as-grown sample D heterostruc-

ture necessitates a recess etch in the HEMT channel region, i.e. the region

right under the gate in figure 5.7 (c). This is to ensure that the gate metal is

placed close to the 2DEG channel to maintain high gate-channel capacitance

and transconductance. In the thin-barrier devices without in-situ passivation,

the gate metal is deposited directly on the as-grown heterostructure surface.
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Hence it is also important to characterize the post-etch 2DEG transport since

this will determine the HEMT channel performance.

To do so, in-situ passivated samples B (100 nm AlN/30 nm GaN/500 nm

AlN) and a diced 10 mm × 10 mm piece from wafer D (50 nm AlN/15 nm

GaN/500 nm AlN) were chosen for a blanket etch test. The top AlN layer in

these AlN/GaN/AlN samples were etched away in short ∼ 5 nm steps using

a low-power BCl3-based inductive-coupled plasma (ICP) dry etches. This sim-

ulates the etch which the 2DEG in the channel region sees during the recess

etch process in the final HEMT fabrication. Hall effect measurements were per-

formed after each successive etch to characterize the 2DEG. Figure 5.12 shows

the measured 2DEG density, mobilities and sheet resistance as a function of the

remaining top AlN barrier layer thickness in the two samples. From figure 5.12

(a), the measured 2DEG densities in both samples B and D agree with the densi-

ties expected from a self-consistent 1D Schrodinger-Poisson simulation of their

respective layer structures. The 2DEG density slowly decreases as the AlN bar-

rier gets thinner, completely disappearing at a critical thickness of ∼ 3 nm. Cor-

respondingly, the 2DEG mobilities, both at 300 K and 77 K, maintain their as

grown value till an AlN thickness of ∼ 20 nm and then start to decrease, as

shown in figure 5.12 (b), (c). As the AlN layer gets thinner, the sheet resistance,

plotted in figure 5.12 (d), (e), exhibits orders of magnitude jump from ∼ 400

Ω/sq in the as-grown structures to ∼ 1 MΩ/sq at a thickness of < 3 nm. A good

electrostatic control over the 2DEG densities is thus demonstrated with the etch

process, with important information of the 2DEG resistance as a function of re-

cess depth thickness. These information are very valuable for the AlN HEMT

device design and modelling. They provide the option to design both enhance-

ment (E)-mode and depletion (D)-mode AlN HEMTs depending on the gate
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Figure 5.12: 2DEG transport in in-situ passivated AlN/GaN/AlN samples B
and D as a function of remaining AlN barrier/passivation layer thickness to
characterize the effect of the gate recess etch on the channel. Hall-effect mea-
surements are performed after each step to remove the top passivation layer in
short steps using low-power ICP dry blanket etches. (a) A good agreement to
the measured and expected 2DEG charge density as a function of AlN thickness
is observed, confirming good charge control of the channel. (b), (c) present the
2DEG mobility as a function of barrier thickness, which remain constant at large
thicknesses but drop below remaining AlN barrier thickness of ∼ 10 nm. (d),
(e) show the sheet resistance remains ∼400 Ω/sq as the remaining AlN barrier
thickness decreases to ∼ 3 nm, after which the sample becomes resistive.
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recess depth. Furthermore, these results demonstrate that the low-power recess

etch process is ready to be incorporated into the transistor fabrication process.

Reduced Dispersion in AlN/GaN/AlN HEMTs

To test the in-situ crystalline AlN passivation scheme, scaled recessed-gate RF

HEMTs were fabricated on 10 mm × 10 mm diced pieces of the quarter wafer

D. The in-situ passivated AlN/GaN/AlN HEMT process started with the MBE-

regrown ohmic contacts. The as-grown heterostructure was patterned using

a SiO2/Chromium mask and dry etched using a inductively-coupled plasma

(ICP) etch to expose the 2DEG sidewall. The sample was then reintroduced into

the MBE chamber where a n++GaN with [Si] ∼ 1 × 1020 cm−2 was grown to

form the ohmic contacts. Devices were isolated using a ion-implantation, fol-

lowed by deposition of Ti/Au ohmic metal. A 2-step lithography was used to

form the recessed T-gates. An SiO2/Chromium/ZEP520 mask was deposited

and patterned using electron beam lithography (EBL) to define the gate stem

length. The AlN passivation/barrier layer was etched to the desired depth us-

ing the low-power ICP etch. A second PMGI SF9/ZEP520a mask was deposited

and patterned using EBL, which defined the gate head dimensions. The Ni/Au

metal was then deposited via e-beam evaporation and followed by lift-off to

form the gates. A relatively shallow recess etch was used in these demonstra-

tion HEMTs. Resultant gate-to-channel distance is ∼ 15 nm. Also, instead of a

T-gate, the gate head was placed directly on the AlN surface. The device geom-

etry and dimensions are shown in the inset of figure 5.13.

The DC characteristics of the fabricated HEMTs devices are shown in figure
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~2% 

~6% 

Figure 5.13: (a), (b) DC characteristics of a scaled, in-situ passivated
AlN/GaN/AlN HEMT with a recessed gate length LG = 230 nm and gate-
channel distance of 15 nm. The device shows good transfer characteristics with
on/off ratio of 7 orders and a maximum on-current of > 1 A/mm. (c), (d)
Pulsed ID-VD measurement results from two representative in-situ passivated
AlN/GaN/AlN HEMTs with different gate dimensions. The low DC-RF dis-
persion of ∼ 2% and ∼ 6% across multiple devices confirm the efficacy of this
in-situ crystalline AlN passivation scheme compared to the ex-situ PECVD SiN
(shown in in figure 5.7 (a)) for AlN/GaN/AlN HEMTs.

5.13 (a), (b). A maximum on-current of ∼ 1 A/mm and high Ion/Io f f ratio of

∼ 7 orders is measured in the device with a gate length LG = 230 nm. The

impressive 7 orders Ion/Io f f ratio is higher than the 2-4 orders typically observed

in ex-situ SiN passivated AlN HEMTs [54]. The peak gm is ∼ 0.2 S/mm, which

is understandably lower than ∼ 0.8 S/mm measured in ex-situ passivated AlN

HEMTs [54], due to a larger gate-channel distance and a lower 2DEG mobility

in the 15 nm channel. This translates to relatively low cut-off frequencies of

fT / fMAX = 51/75 GHz for a device with LG = 180 nm. However, these results

confirm that the new self-aligned recessed-gate HEMT process works and is

suitable for device fabrication.

To characterize the DC-RF dispersion in the devices, pulsed ID-VD measure-

ments were performed using 500 ns pulse width and 0.05% duty cycle. The
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results from two in-situ passivated AlN HEMTs with gate lengths LG = 230 nm

and 70 nm are shown in figure 5.13 (c) and (d). The HEMTs show an on-current

dispersion of ∼2% and ∼6% and knee voltage walkout of < 0.2 V at quiescent

gate/drain biases of -4/8 V. These are drastically lower than 20% measured in

the state-of-art ex-situ SiN passivated AlN HEMTs [54], shown in figure 5.7 (a),

albeit at slightly different bias and current level. However, the low dispersion

results across multiple devices serve as an experimental confirmation that the

in-situ crystalline AlN passivation technique is indeed effective in reducing the

RF dispersion in these AlN/GaN/AlN HEMTs. Interestingly, both the devices

show signs of negative dispersion - with the DC ID lower than the pulsed ID

under quiescent gate/drain bias of -4/8 V. This is beneficial to the large-signal

performance of a HEMT and the reason for this behavior is currently under

investigation. Future devices with scaled T-gates and deeper recess etches, con-

ceptualized in figure 5.7 (c), should show better small signal characteristics and

translate the advantage of the lower DC-RF dispersion to the large signal per-

formance.

In summary, this work presents in-situ crystalline AlN as a potential pas-

sivation technique for III-nitride RF HEMTs. The efficacy of this passivation

scheme is demonstrated on AlN/GaN/AlN RF HEMTs. Through a theoreti-

cal model and a series of epitaxial growths, it is found that a < 15 nm GaN

channel layer is necessary for growing 30+ nm thick AlN passivation layers in

these heterostructures. Large area growths of the optimized in-situ passivated

AlN/GaN/AlN HEMT structures are performed on quarter-of-4 inch SiC wafer.

A sheet resistance of ∼ 450 Ω/sq and 2DEG density of 3.5×1013 cm−2 is measured

across the wafer at room temperature, which is suitable for HEMT fabrication.

The 2DEG is also shown to survive the low-power ICP etch for forming the re-
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cess gates. Pulsed ID-VD measurements on the fabricated scaled recess-gate RF

HEMTs show a much reduced RF dispersion down to ∼ 2− 6%, which is almost

an order of magnitude lower compared to the dispersion in previously reported

ex-situ SiN passivated AlN/GaN/AlN HEMTs.

Since the RF dispersion from the surface states limits the RF power outputs

of the current state-of-art AlN/GaN/AlN HEMTs, it is expected that the new

passivation scheme and the recess-gate HEMT fabrication process developed as

part of this work should push the output powers even higher. The next genera-

tion of in-situ passivated AlN HEMTs with aggressive scaled T-gates should be

able soon confirm this.

To the authors’ best knowledge, this represents the first demonstration of in-

situ passivation of HEMTs using thick crystalline AlN layers which also act as

a barrier layer for the 2DEG. Previously, in-situ amorphous AlN has been used

to demonstrate passivation of MBE-grown GaN HEMTs [299]. However, these

layers require a low-temperature MBE growth condition at > 200◦ C below the

growth temperature of the rest of the heterostructure. The crystalline AlN pas-

sivation layer in this work are grown as part of the HEMT structure growth

and does not need separate growth calibrations. Even though the metal-polar

AlN/GaN/AlN HEMT is used as a demonstration in this work, this passivation

technique is not limited to this structure and can be applied to other III-nitride

heterostructures as well by appropriately controlling the strains in the layers.

Since the findings of this work are not affected by the polarity, this passivation

technique should also be beneficial to heterostructures grown on N-polar AlN

such as N-polar GaN/AlN HEMTs.
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5.6 Enhancement-mode AlN/GaN/AlN MOS-HEMTs with ultra-

thin 3 nm GaN channels

Wide bandgap (WBG) enhancement-mode (E-mode) or normally-off n-channel

and p-channel transistors are highly desirable for enabling energy-efficient

high-voltage complementary (CMOS) circuits, both for logic and RF applica-

tions [137]. As presented in the previous chapters, best-in-class GaN/AlN

p-channel FETs have recently been realized, thanks to the discovery high-

conductivity undoped GaN/AlN 2DHGs [3]. The recessed gates in these pFETs

offer the option of either E-mode or D-mode operation depending on the recess

etch depth. The D-mode GaN/AlN pFETs have very recently demonstrated

record high currents >0.5 A/mm in scaled devices with LG ∼ 80 nm and bro-

ken the GHz speed barrier with fT/ fMAX = 23/40 GHz. On the E-mode side, 1.5

µm long p-channel GaN/AlN MIS-HFETs have shown [209] on-currents of 30

mA/mm. The current in the E-mode pFETs can be improved further by scaling

the gate lengths, as done in the D-mode pFETs.

The availability of high-performance p-type FETs and the material advan-

tages of the AlN buffer layer (higher thermal conductivity, wider bandgap) have

propelled the AlN platform as leading contender for realizing wide bandgap RF

complementary circuits [137]. On this AlN platform, D-mode AlN/GaN/AlN

HEMTs have demonstrated high-power RF amplification with output powers of

3.3/2.2 W/mm at 10/94 GHz respectively [54, 218]. These normally-on devices

have typical threshold voltages around −5 V. The missing component for real-

izing CMOS logic operation on the AlN platform is the E-mode, normally-off

n-channel FET.
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In this section, the first demonstration of enhancement-mode opera-

tion AlN/GaN/AlN metal-oxide-semiconductor (MOS) HEMTs is presented.

Normally-off operation is achieved by lowering the GaN channel layer thick-

ness down to 3 nm, as opposed to p-GaN gate, recess gating or ion implantation

typically done in the normally-off GaN HEMTs. This approach ensures that the

resulting devices are epitaxially compatible with previously demonstrated E-

mode GaN/AlN pFETs. The as-grown structure is shown to contain a 2DHG

which is depleted on application of positive gate bias, before the accumulation

of a 2DEG - the III-nitride analog of silicon-on-insulator n-MOSFETs operation.

Long channel self-aligned MOS-HEMTs with gate lengths LG = 6, 12 µm are fab-

ricated, which show on currents upto 100 mA/mm, very high on-off ratio of 9

orders of magnitude and good output characteristics. The devices obey 1/LG

scaling, making them really promising for future RF and CMOS-logic applica-

tions on the AlN platform.

Because of its wide bandgap and high conductivity 2DEGs, GaN HEMTs

find applications in both high-frequency power amplifiers as well as high-

power switches. Normally-off operation is especially desired in power electron-

ics, since they enable safer operation and simpler gate driver circuitry. How-

ever, the inherent presence of the polarization-induced 2DEG in an as-grown

Al(Ga)N/GaN HEMT structure makes specific processing steps necessary to

achieve normally-off operation. This is done by modifying the energy band

alignments underneath the gate - by either using gate recess [300], p-GaN gates

[301] or by modifying the surface using ion implantation [302]. Additionally,

few companies have realized normally-off operation by combining a normally-

on, high-power GaN HEMT with a normally-off, low-voltage silicon MOSFET

in a cascode configuration [303]. This provides a stable positive threshold and
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avoids complicated HEMT fabrication, but introduces packaging challenges

and switching speed limits due to parasitics.

Figure 5.14: 1D-Poisson simulation showing the control of the as-grown 2DEG,
2DHG densities in the AlN/GaN/AlN heterostructure by adjusting the GaN
channel thickness. A heterostructure with 2 nm AlN barrier/3 nm GaN channel
layer is not expected to have any 2DEG in the as-grown structure.

The electrostatics of the AlN/GaN/AlN HEMTs on AlN platform offers an

new way to achieve normally-off n-channel operation by scaling down the GaN

channel layer thickness. The AlN/GaN/AlN double heterostructure has oppo-

site signs of polarization induced fixed sheet charges at the two opposite het-

erointerfaces of the GaN quantum well channel. This gives rise to a 2D elec-

tron (2DEG) at one interface, and a 2D hole gas (2DHG) at the other interface

in an as-grown heterostructure. The densities of the 2DEG and 2DHG depend

on the AlN barrier layer and GaN channel layer thicknesses. Figure 4.1 shows

the calculated 2DEG and 2DHG densities in a metal-polar AlN/GaN/AlN het-

erostructure as a function of the AlN and GaN thickness. Consider a struc-

ture with the AlN barrier layer thickness fixed at 2 nm. Figure 5.14 shows the

variation of the 2D electron and hole gas densities in this structure with the

GaN channel layer thickness. Clearly, there exists a critical GaN thickness of

∼7 nm below which no 2DEG is expected in the as-grown heterostucture. Sim-
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ilarly, the critical thickness for the existence of a 2DHG is around 2 nm. An

AlN/GaN/AlN heterostructure with a GaN layer thickness between 2 and 7

nm is therefore expected to have a 2DHG but not a 2DEG in the as-grown struc-

ture.

An AlN/GaN/AlN heterostructure with a 2 nm AlN barrier and 3 nm GaN

channel is studied in this work. Figure 5.15 (a) shows the energy band diagram

of the heterostructure with and without an applied positive bias. A 2DHG is ex-

pected to be present when no bias is applied (as-grown). On applying a positive

bias to the gate on the surface, the bands are pulled down, depleting the 2DHG.

Once the applied bias is greater than a certain threshold voltage, the 2DHG

is completely depleted and a 2DEG starts accumulating at the top GaN/AlN

interface. According to the simulation, even though the as-grown structure

has a 2DHG, this structure should show enhancement-mode operation of an n-

channel FET upon suitable device fabrication. Interestingly, unlike the previous

AlN/GaN/AlN heterostructures studied in this dissertation where a 2DEG and

a 2DHG were present in parallel, this structure is expected to be able to switch

between a 2DHG and a 2DEG by gate voltage - in an undoped heterostructure.

The undoped metal-polar 2 nm AlN/3 nm GaN channel layer/500 nm AlN

buffer layer heterostructure was grown using plasma-assisted MBE on 6H-SiC

substrates. The details have been provided in the appendix A. A hole density

of 2.6 × 1013 cm−2 and mobility of 5.8 cm2/Vs were obtained by room temper-

ature Hall effect measurement on the as-grown sample. The sheet resistance

of ∼40 kΩ/sq is reasonable for a GaN 2DHG. Atomic force microscopy and

photo-luminescence measurements were performed to confirm the quality of

the growth, the results shown in figure 5.15 (b). Under excitation by a 325 nm
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Figure 5.15: (a) Layer structure and band diagram of the sample used in this
work, showing an expected 2DHG in as-grown structure and 2DEG induced by
applying positive gate bias. (c) Photoluminescence and AFM scans (inset) of
the MBE-grown heterostructure, confirming high-quality epitaxial growth and
presence of a thin GaN quantum well.

He-Cd laser, a sharp photoluminescence peak was observed at 3.39 eV at room

temperature, which is indicative of high quality crystal GaN layer. The slight

red shift in the PL compared to a compressively strained GaN bandgap of 3.5

eV is believed to be due to the quantum confinement in the thin GaN well. A

smooth surface top surface in the AFM scan with sub-nm rms roughtness fur-

ther confirms high quality epitaxial growths, and that the sample is ready to be

fabricated into a transistor.
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Figure 5.16: (a) Schematic cross-section of the long channel AlN MOS-HEMT
with regrown source drain contacts and self-aligned, overlapping gates. (b)
SEM images of the fabricated devices, showing the overlapping regions of the
gate.

The schematic of the fabricated long-channel MOS-HEMTs with overlapping

gates is shown in figure 5.16 (a). The device geometry is similar to that of a Si

n-MOSFET. First, the source and drain regions were formed by MBE-regrowth.

Dry etch was performed to define the ohmic regions, and then reintroduced

into the MBE chamber to grow n++ GaN with [Si]∼ 1020 cm−3. The devices

were isolated using ion-implantation. A ∼3.8 nm SiO2 was deposited as the

dielectric layer under the gate using atomic layer deposition (ALD). The chan-

nel/gate length LG, defined as the distance between the edges of the regrown

ohmic regions, was varied from 3 to 12 µm with a further 2 µm overlap with the

source/drain regions. Top and angled view of scanning electron microscopy

(SEM) scans of the final fabricated devices are shown in figure 5.16 (b), with the

gate overlapped regions clearly visible.

Capacitance-voltage measurements were performed to characterize the

MOS-capacitors and determine whether a electron channel is indeed induced.

The source and drain contacts were shorted to ground, and a 1 MHz AC voltage

signal was applied at the gate around a bias voltage VG sweep from -2 to 3 V.

The resultant CV profiles obtained from two devices with LG = 6 and 12 µm are

shown in figure 5.17 (a). A non-zero capacitance COFF is observed at VG = -2
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Figure 5.17: (a) CV curves of showing channel turn-on and extracted 2DEG den-
sities in channel. (b) The equivalent CV model shows a large gate-S/D overlap
capacitance dominating the COFF > 0.

V in both the devices. This is expected due to the overlap capacitances at the

gate/source and gate/drain overlap regions, as shown in the equivalent capac-

itance network in figure 5.17 (b). Note that no capacitance is expected from the

channel region even though there is a 2DHG since the n++GaN regions do not

connect to the valence bands. On sweeping to VG > 0, a sharp increase in the

measured capacitance C is observed in both the devices reaching a value of CON .

This rise in the capacitance confirms the electron accumulation and formation

of a 2DEG channel. CON − COFF corresponds to the gate-channel capacitance

CGS which agrees with the theoretical value of 7.6 × 10−7 F/cm2 for a gate and

2DEG seperated by 2 nm AlN barrier layer and 3.8 nm SiO2 dielectric. The

2DEG density ns in the channel as a function of voltage is then extracted using

qe ns =
∫ 3

−2
dV(C(V) −COFF), where qe is the electron charge. The result is plotted

in figure 5.17 (a). Because of the high CGS , a high 2DEG density of 0.7 - 1 ×1013

cm−2 is achieved at a moderate gate bias of 3 V. The difference in turn-on voltage

in the two devices is believed to be an effect of interface traps at the SiO2-AlN
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interface. This is also evident in the hysteresis in the CV curve of the LG = 6 µm

device. However the CV profile is conclusive evidence that an undoped sample

which showed 2DHG conduction as grown, switches to 2DEG conduction upon

application of gate bias, and represents the first such observation.

Figure 5.18: (a), (b) Transfer characteristics and (c) family curves of two
representative MOS-HEMTs with LG = 6 and 12 µm. The results confirm
enhancement-mode operation with threshold voltage VT H > 0, on-off ratios of
up to 9 orders of magnitude and on currents upto 100 mA/mm. (d) For devices
with similar VT H, the on-currents exhibit 1/LG gate length dependence.

With the formation of the channel established, the DC characteristics of the

MOS-HEMTs were measured. The results for the LG = 6 and 12 µm devices are

plotted in figure 5.18. They exhibit on-off ratios as high as 109, which is the

highest on-off ratio among reported in AlN/GaN/AlN HEMTs [47, 54]. A sub-

threshold slope of ∼170 mV/dec is measured. Importantly, both the devices

showed enhancement-mode operation as desired and expected, with threshold

voltages VT H of +1 and +2 V. The family curves for these long channel devices

show good transistor behavior with current saturation at drain voltages of ∼ 5

V. The 6 µm long channel device exhibits on-currents upto 100 mA/mm. For

devices with similar VT H, the maximum on currents exhibit 1/LG scaling, which

means higher on-currents can potentially be accessed by further scaling down

the gate lengths.
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Figure 5.19: Observed breakdown when the gate voltage is swept to ∼3.7 V in
three devices with different LG.

Even in the 6 µm device, the current is not completely saturated and is still

rising at VGS = 4 V, as visible from figure 5.18 (a) and (b). Applying higher VGS

should push the on-currents higher. However, the gate-source overlap regions

limit the gate bias accessible for device operation. Figure 5.19 shows the output

curves and CV profile of three devices with different gate lengths of 4, 5, 6 µm.

All of them exhibit a breakdown at a VGS ∼ 3.7 V. This is attributed to the gate-

source overlap capacitor which has a 3.8 nm SiO2. 3.7 V corresponds to a field

of 10 MV/nm in the SiO2 layer, which is close to the expected critical field of

silicon dioxide. This limits the range of gate biases accessible in these proof-

of-principle devices to approximately ±3.7 V and prevents the on-currents from

reaching its maximum saturation value. Future devices should be able to solve

this limitation by decreasing the capacitance in the overlap regions.

The first demonstration of an enhancement-mode AlN/GaN/AlN MOS-

HEMTs is thus achieved in 3 nm GaN ”delta” quantum well channel het-

erostructures. Figure 5.20 compares its output and transfer characteristics with
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Figure 5.20: E-mode n-channel MOS-HFET results plotted with previously
demonstrated E-mode GaN/AlN p-channel FET demonstrating the compati-
bility for complementary operation. The typical current levels for best D-mode
FETs on this platform are marked for reference

a previously demonstrated long channel E-mode GaN/AlN pFET [209]. Note

that both the n- and p-channel devices use a similar undoped 3 nm GaN chan-

nel, making them perfect candidates for integration. Both low voltage and RF

complementary circuits are now possible via suitable device process flow (see

section 6.3). Hence this work takes the AlN platform closer to realization of

WBG CMOS. Previously unseen applied voltage-controlled switching between

a polarization-induced 2DEG and a 2DHG presents a unique playground to cre-

ate new devices. Ambipolar devices on GaN are now possible if p- and n- type
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contact to the same channel are realized. A better SiO2 deposition process to re-

duce the AlN-SiO2 interface should lead to more consistent threshold voltages

across devices in the future, especially with the lack of a gate recess step. Fre-

quency dependent capacitance voltage measurements should help to quantita-

tively track the improvement in the interface trap densities with different SiO2

deposition conditions. Channel length scaling, and reducing the capacitance

in the gate-S/D overlap regions should allow these E-mode AlN MOS-HEMTs

reach their true potential by maximizing the on-currents and breakdown volt-

age and consequently the power handling capabilities.

5.7 Future Directions

The AlN/GaN/AlN RF HEMTs, still in its early stage of development, has made

great progress over the past 4 years to compete with GaN-HEMT based PAs.

This shows the immense promise of the platform, and is expected to exceed the

GaN HEMT PA performance especially at 100+ GHz. Towards that, future di-

rections are listed below which should improve the performance of the current-

state-of-art :

• ScAlN as high-K dielectric and etch stop layer

To access higher powers and high breakdown voltages in of AlN HEMTs

it is necessary to suppress the gate leakage current which limits the off-

state. Gate to drain Fowler-Nordheim tunneling plays a critical role in

determining the breakdown characteristics in lateral III-nitride FETs. To

reduce this tunnelling, a high-K dielectric is desired for the scaled AlN

HEMTs, similar to how high-K dielectric HFO was critical in Si CMOS
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technology scaling [304]. A higher K allows a thicker dielectric layer under

the gate without compromise of reduction the gate capacitance.

ScAlN has garnered interest thanks to its high piezoelectricity and ferro-

electricity properties [305, 306, 307, 308]. Recent investigations into MBE

epitaxial growth of ScAlN films have led to discovery of high dielectric

constant of ∼ 21 at Sc concentrations of 25%. This is almost 2.5× the di-

electric constants of GaN, AlN. Since these are epitaxial films grown in

the same MBE system as the HEMTs, this makes the ScAlN very attractive

for integration into the in-situ AlN passivated AlN HEMT structure as a

high-K dielectric and etch stop layer.

ScAlN barrier for etch stop layer + high k dielectric

Gate

15 nm GaN

500 nm AlN buffer layer
on 6H-SiC

2DEG

in-situ AlN
passivation layer

ScAlN
high-K + 
etch stop

Source Drain

n++
GaN

n++
GaN

Figure 5.21: Cross-section of a in-situ AlN passivated HEMT with an ScAlN
high-K dielectric with also acts as an etch stop layer for the gate recess.

The proposed device cross-section is shown in figure 5.21. Instead of

a thick, 30+ nm AlN barrier layer, a ScAlN layer is incorporated 5-10

nm away from the 2DEG channel. Recent MBE-grown ScAlN/AlN/GaN

HEMTs structures have shown 2DEG densities of 1×1013 cm−2 with RT mo-

bilities of 1000 cm2/Vs, so no adverse effect on the transport of the 2DEG

channel is expected on the incoporation of the ScAlN layer. The thick AlN
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layer on top of ScAlN then acts as the in-situ passivation layer.

The ScAlN layer provides an additional advantage of acting as a natural

etch stop layer during the HEMT gate recess process, thanks to the 10:1

etch selectivity of ScAlN with respect to AlN [309]. This bypasses the re-

liance on a carefully timed dry etch process and ensures that the device

characteristics are more repeatable. The gate metal is placed on the ScAlN

layer, so the ScAlN layer then acts as the gate dielectric. This should re-

duce the gate leakage and hence increase the breakdown voltage of the

HEMT, which when combined with the high on-currents of the HEMTs,

should be able to operate at higher powers.

• in-situ passivation using amorphous AlN

The output powers of the current generation of AlN HEMTs are believed

to be limited by DC-RF dispersion from the surface states [54]. Section 5.5

presented a possible solution in the form of in-situ crystalline AlN passi-

vation. This required modification to the HEMT fabrication process, in-

cluding a critical timed etch step to define the gate recess depth. In the

absence of a natural etch stop layer in the gate stack, the etch depth de-

termined by the plasma calibration, chemistry and precise timing, all of

which can potentially vary between runs and lead to inconsistent device

characteristics.

One of the alternative to circumvent this limitation is to use an in-situ

amorphous AlN instead of crystalline AlN as a passivation layer. MBE-

grown amorphous passivation layers have previously been demonstrated

[299] using low temperature growth regimes, and were found to be ef-

fective in reducing the DC-RF dispersion from the surface states in GaN

HEMTs. The lower growth temperatures for the amorphous AlN (Tsub <
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250◦C) can be incorporated into the HEMT MBE growth recipe by cooling

the sample after growth.

An AlN HEMT with this passivation scheme will have a ∼ 4 nm of crys-

talline AlN barrier layer, followed by an amorphous AlN passivatiob

layer. Since the etch rates of amorphous AlN and crystalline AlN are ex-

pected to be different, recess etch should be more controllable than the in-

situ crystalline AlN passivation. Furthermore, a thinner crystalline AlN

barrier layer should maintain the 2DEG mobility at > 650 cm2/Vs, as op-

posed to ∼ 350 cm2/Vs measured in post-recess etched crystalline AlN

passivated HEMT at similar charge densities of 2 − 3 × 1013 cm−2.

• AlGaN channel AlN HEMTs for higher breakdown

AlGaN channel HEMTs on GaN have been used for pushing the break-

down voltages higher for power switching applications [310]. The incor-

poration of AlGaN channels on AlN HEMT should also lead to a boost in

the breakdown voltage of these devices thanks to the wider bandgap chan-

nel. For the same reason, the AlN/AlGaN/AlN heterostructure should

also be suitable for Schottky barrier diodes (SBDs).

However the channel 2DEG mobility is expected to be lower because of

the alloy disorder scattering in the AlGaN channel. Initial series of MBE

growths of 15 nm AlN/24 nm AlGaN/AlN HEMTs on SiC substrates

[311] have demonstrated good charge control via AlGaN composition tun-

ing, with densities varying from 3 × 1013 cm−2 in 10% AlGaN channel to

∼ 1.5 × 1013 cm−2 in 58% AlGaN. It was also observed that the room tem-

perature mobilities of > 25% AlGaN channel HEMTs are limited by alloy

disorder scatting to below 50 cm2/Vs. However, a 10% AlGaN channel

showed a decent phonon-limited 300 K mobility of 250 cm2/Vs, promis-
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ing for transistor operation.

• Backgate for AlN HEMT using 2DHG

The presence of the 2DHG under the 2DEG in an AlN/GaN/AlN het-

erostructure presents an opportunity of applying a backgate bias, similar

to body biasing in silicon-on-insulator (SOI) devices [312]. Figure 5.22

(a) shows the configuration for using the 2DHG as a backgate for AlN

HEMTs. A backgate bias in this configuration will provide electrostatic

control over the top-gate threshold voltage (VT H) of the AlN HEMT. This

can be used to compensate for the VT H variation from processing or to

switch between E-mode and D-mode operation in the same device [313].

Gate
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-10 -8 -6 -4 -2 0
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Figure 5.22: Body-biasing in AlN HEMTs using the 2DHG as a backgate. (a)
shows a schematic of such a realizion, which will require a contact to the 2DHG
at the back. (b) Expected dependence of the AlN HEMT threshold voltage on the
applied backbias on the 2DHG, for different AlN barrier layer and GaN channel
layer thicknesses.

Assuming the individual access to the 2DHG through a suitable ohmic

contact that does not connect to the 2DEG, the 2DHG can be considered

as a buried metallic layer, which can be connected to an external bias. In

this configuration, the 2DEG channel is electrostatically coupled to both
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the top gate and the bottom (2DHG) gate, represented by parallel plate ca-

pacitances Cbarr and C2DEG−backgate respectively. The relative variation in the

HEMT threshold voltage with respect to the applied backgate voltage VBG

applied to the 2DHG is given by ∂Vth/∂VBG ∝ −C2DEG−backgate/Cbarr, which

is in turn determined by the gate-2DEG distance and the 2DEG-2DHG

separation. Figure 5.22 (b) shows the predicted variation of the threshold

voltage for an AlN/GaN/AlN HEMT with different AlN barrier and GaN

channel thicknesses. Experimental demonstration will require develop-

ment of individual ohmic contacts to the 2DEG and 2DHG first.
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CHAPTER 6

INTEGRATED RF ELECTRONICS ON THE ALN PLATFORM

6.1 Introduction

This dissertation has so far used the physical understanding of the 2D carriers

on AlN material to demonstrate actives device in the form of RF transistors of

both flavors - the AlN/GaN/AlN HEMT [218] and GaN/AlN pFET [39]. This

presents the opportunity of integrating these two record-performance devices

monolithically [137] towards achieving complementary circuits which operate

at speeds faster than the previous demonstrations of complementary operation

in GaN [13, 62, 61, 58, 60]. In fact, the mechanical properties of AlN platform

enable this integration to go beyond just the active devices and include all of

the RF front end elements such as power amplifiers (PAs), low noise amplifiers

(LNAs), RF filters, RF antennas and waveguides to carry the RF signals between

them.

Figure 6.1 compares the conductivities of the 2DEGs and 2DHGs presented

in this work against similar 2D hole and electron channels in other semiconduc-

tor platforms. Ideally, a high-conductivity channel (low RON) and wide energy

bandgap Eg (high operating voltage) are desired for high-power applications

such as PAs. On the n-side, InP HEMTs with InGaAs channels offer the high-

est conductivities thanks to very high electron mobilities. However the nar-

row channel bandgap of < 1 eV makes them unsuitable for high power appli-

cations. Focusing on the wide bandgap materials (Eg > 3 eV), the AlN/GaN

2DEGs [173] exhibit the highest conductivities at a channel bandgap of 3.4 eV.

The AlN/GaN/AlN 2DEGs studied in this work have slightly lower conductiv-
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Figure 6.1: Benchmark comparing the hole and electron channel conductivi-
ties across semiconductor material systems as a function of the energy bandgap
which, under suitable device design, determines ability of the device to with-
stand high voltages. The AlN platform offers some of the highest conductivities
in a wide bandgap semiconductor.

ities than the best AlN/GaN 2DEGs, however they are more than suitable for

making competitive high-power RF HEMTs.

On the p-side, the GaN/AlN 2DHG clearly has the highest reported conduc-

tivity reported among the 2D carriers in widebandgap semiconductors. Again

narrow gap materials such as strained Ge [26] win purely in terms of hole mobil-

ities due to their lower hole effective mass but cannot sustain high electric fields.

A wide bandgap is simultaneously necessary to modulate the high charge den-

sities in the channel. Clearly, the 2DEGs and 2DHGs on the AlN platform offer

the highest conductivity channels for wide bandgap semiconductors. Therefore,
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purely from the fundamental material limits perspective, circuits integrating

these 2DEGs and 2DHGs should be highly suitable for high-power applications.

For example, energy-efficient complementary logic circuits for high-power ap-

plications such as power converters and switches [102].

= 10 GHz

100 GHz

1 THz

RF p-channel FETs RF n-channel FETs

GaN/AlN
pFETs

AlN/GaN/AlN
HEMTs

10 THz

= 10 GHz

100 GHz

1 THz

10 THz

Figure 6.2: Benchmark comparing the speeds of p-channel and n-channel FETs
across all semiconductor systems. The AlN platform devices, GaN/AlN pFET
and AlN/GaN/AlN HEMT, are the only wide bandgap devices on both charts
- a truly exclusive advantage!

A further advantage in high-speed operation emerges on comparing the

AlN-platform FETs to transistors based on other semiconductor materials. Fig-

ure 6.2 plots the voltage gain and power gain cut-off frequencies fT and fMAX

of n-channel and p-channel RF transistors reported in literature. The mature Si

p-MOSFET technology have achieved highest speeds of ∼400 GHz [314, 315], as

seen in figure 6.2 (a). Among wide bandgap semiconductors, the highest speeds

of operation have been demonstrated by pFETs on diamond with fT / fMAX of

around 50/120 GHz [316]. However, in these devices the critical electric field is

not determined by the diamond bandgap since the 2D hole channel is formed

on the surface and not in the bulk [317], which somewhat negates the advan-
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tage of a wide bandgap platform. Interestingly, the GaN/AlN pFETs presented

in chapter 3 represent the only III-nitride semiconductor FETs on this chart ex-

hibiting best fT / fMAX ∼ 40 GHz.

Among the n-channel RF FETs, again the highest speeds of operation is

achieved by the narrow bandgap SiGe and InP HEMTs [318, 319], thanks to

their high room temperature electron mobilities. InP HEMTs [320, 321, 322]

have in fact demonstrated the first amplification at terahertz speeds using a

solid state device, while the state-of-art Si n-MOSFETs technology today exceed

400 GHz [314]. Among widebandgaps, the conventional GaN HEMTs show

speeds comparable to Si MOSFETs at 400 GHz [323, 324, 325], owing to heavy

investment and technological development spanning the last two decades. In

comparison, the relatively “new kid on the block” AlN/GaN/AlN HEMT on

the AlN-platform shows speeds upto 250 GHz [47]. Although this is not as high

as the state-of-art GaN HEMTs, the numbers are improving and is already high

enough to show large-signal amplification at frequencies upto 94 GHz [218].

From the benchmark charts in figure 6.2, it is seen that diamond and SiC

provide high-power RF amplification capability in p-channel and n-channel re-

spectively. However, the AlN-platform FETs are the only wide bandgap plat-

form to provide both n-channel and p-channel FETs capable of operating at GHz

speeds.

Thus, the AlN-platform FETs are not only attractive for complementary

logic, but also for complementary RF circuits. This opportunity for integration

of RF electronics is unique to the AlN-platform and is the reason why AlN is

the leading candidate for future of RF electronics.
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Additionally, this integration opportunity in theory exists beyond the active

devices, to passive RF devices such as filters, SiC waveguides and antennas

[53]. Since 2020, efforts in the Jena-Xing Group into realizing these AlN-based

passive components have yielded world record RF passives such as epitaxial

AlN bulk acoustic waveguide (BAWs) operating at 10 GHz [56] and SiC-based

substrate integrated waveguides (SIWs) [57] operating at D-band. These pas-

sive devices utilize the same MBE-grown epitaxial AlN films on 6H-SiC which

are used to make the AlN FETs, thereby providing evidence of the feasibility

of all-AlN monolithic RF front end. Such monolithic integration, which will

drastically reduce circuit size, increase speed of operations (through reduced

parasitics) and reduce costs, is impossible in the current state-of-art since RF

components LNAs, PAs, filters are all made of different materials integrated on

the package level. This vision of the all-AlN monolithic integrated RF front end

is presented in figure 6.3.

With all the individual components of this vision now experimentally

demonstrated and available, this chapter presents the next steps in integrat-

ing RF active and passive components on the AlN platform. First, the recent

work in the field in integrating GaN nFETs and pFETs for CMOS logic is pre-

sented in order to calibrate the reader to the challenges of such integration and

what the AlN platform is up against. Using the learnings from GaN CMOS,

few novel epitaxial and process design concepts are proposed for monolithic in-

tegration of the AlN-based complementary FETs. One common feature across

the designs is the need for selective area etch and regrowth. An ex-situ etch

introduces contaminants in the crystal from the ambient which are especially

harmful for p-type devices. To overcome this challenge, in-situ thermal etch

of GaN is demonstrated in the next section, and is believed to be a significant
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Figure 6.3: The envisioned AlN platform, with integrated active devices (n- and
p-channel RF transistors) and passive devices (bulk acoustic waveguide (BAW)
filters and substrate integrated waveguides (SIW) all monolithically compatible
to enable integrated RF electronics for next-generation of communication sys-
tems. Figures modified from Hickman et al. [53], Zhao et al. [56] and Asadi et al.
[57].

processing step in realizing the monolithic complementary operation on AlN.

Summaries of the recent results of the passive RF components on AlN platform
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is provided, which will be critical to bring out the true potential of the AlN RF

electronics platform.

6.2 Survey of GaN-based CMOS-logic Realizations

With the focus of this chapter on monolithic integration of discrete electronic de-

vices in III-nitride semiconductors, it is helpful to take a brief look at the other

similar efforts in the field to understand the technical challenges expected. The

last 5 years have seen a number of demonstrations of GaN-based complemen-

tary circuits [102] driven by the research in GaN pFETs [32, 16, 60, 17]. These

efforts aim to achieve CMOS-like logic [59] to enable integrated gate driver cir-

cuitry for energy efficient GaN high-power switches [102]. Prospects of GaN

CMOS and comparison with other wide bandgap platforms are detailed in

Bader et al. [137].

With the GaN HEMT well established in the commercial space since over

2 decades, the performance of the GaN pFETs is what limits the GaN CMOS

realizations. The material properties lead to low-conductivity p-type channels

and high-resistance VB contacts compared to the n-type analog GaN HEMTs.

Several groups have demonstrated GaN pFETs using different techniques [187,

126, 32, 16, 60, 17] to overcome these limitations (discussed in detail in Chapter

3). Among these, few groups from RWTH Achen [62], HRL [13], AIST [61],

MIT [60] and HKUST [58, 59] have gone on to monolithically integrate their

pFETs with epitaxially-compatible GaN HEMTs and have demonstrated simple

complementary logic operation on GaN.

In addition to the fundamental scientific challenges posed by GaN pFETs,
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the integration process serves up additional technological challenges. First is the

low on-currents of GaN pFET (typically in ∼10-100 mA/mm) compared to GaN

HEMTs (typically ∼1 Am/m). Hence different pFET and HEMT gate widths,

Wp and Wp respectively, are necessary to compensate for this mismatch. Typical

value of Wn/Wp used is 1/10 [61, 58, 60].

Secondly, co-fabrication of devices places constraints since certain processes

such as regrowth etch in one region can potentially damage the other. To get

around this, careful design of the epitaxial stack and process flow is necessary.

Figure 6.4 illustrates the strategies adopted so far for realizing monolithic com-

plementary GaN circuits. All the schemes are based on metal-polar HEMT het-

erostructures on GaN buffer layers grown on Si/SiC/Sapphire substrates. The

Al(In)GaN/GaN interface provides the polarization-induced 2DEG channel for

the HEMT. For complementary logic circuit application, normally-off or E-mode

operation necessary to reduce steady-state losses. This is achieved by either us-

ing a p-GaN gate [60, 58] and/or a gate recess etch [61, 13, 62].

For inducing a p-channel in the GaN HEMT structure, a GaN layer is needed

on top of the Al(In)GaN barrier layer to induce a 2DHG using polarization. Fur-

thermore, Mg-doped p-GaN contact layers are necessary for making an ohmic

contact to the 2DHG. This results in a parallel 2DHG on top of the 2DEG which

needs to be selectively ”adjusted” during the pFET-HEMT integration. Strate-

gies include growth of the n-type HEMT stack, followed by selective etch to

remove the 2DEG and regrowth of the p-type stack from GaN buffer up [13]. Or

alternatively, growth of the full n- and p-type epitaxial stack and selective re-

moval of the 2DHG top layers to leave just the 2DEG for the HEMTs [60, 58, 61].

In the latter scheme, couple of groups have smartly made use of the p-GaN
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Figure 6.4: Schematics of GaN CMOS-logic realizations by groups from (a)
HKUST [58, 59] (b) MIT [60], (c) AIST [61], (d) HRL [13] and (e) RWTH Achen
[62], with their coressponding logic inverter characteristics for comparison.

ohmic contact layer in the epitaxial stack to enable E-mode operation in HEMTs

[60, 58]. This regrowth-free technique has shown real promise with inverter
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rail-to-rail operation at VDD of 5 V, as seen in the I-V characteristics of figure 6.4

(a). A full variety of logic gates such as NOT, NAND, NOR [59] have also been

recently demonstrated on GaN.

The GaN platform has the advantage of an already mature HEMT technol-

ogy in terms of epitaxial growth and fabrication processes. The GaN CMOS-

integration effort builds on this knowledge. On the other hand, AlN-based elec-

tronics is a much newer technology where both the n- and p-channel FETs are

relatively new. Still rapid progress has been seen over the past 4 years, with

individual devices already performing at par with, and sometimes better than,

their GaN counterparts. Integrating these individual components will hope-

fully result in the sum being greater than its parts, and will very soon exceed

performance of the GaN complementary circuits, especially in the RF domain.

6.3 AlN-based CMOS Realizations

This section provides selected ideas of epitaxial and fabrication process flow

towards monolithically integrating AlN-based n- and p-channel FETs, in the

hope that it will guide the future efforts to realize them. This list does not claim

to be exhaustive, but rather represent those ideas which are most feasible given

the current state-of-art and the author’s learnings over the past 4 years.

Based on the devices discussed in the previous chapters and the AlN-

platform concept in figure 6.3, the most natural and logical monolithic realiza-

tion of the AlN-based CMOS is shown in figure 6.5.

In this realization, first an undoped AlN/GaN/AlN epitaxial structure is
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Figure 6.5: Proposed process flow for integrating AlN pFET and HEMT on the
AlN/GaN/AlN heterostructure using n and p type regrown ohmic contacts.

grown on the substrate. The sample should have a 2DEG-2DHG bilayer across

the entire as-grown surface. Next, using suitable lithography, selective area etch

is performed to remove the AlN barrier layer from some parts of the sample. As

experimentally shown in chapter 4, this leaves only the 2DHG in the etched area

of the sample. Isolation is performed by either ion-implantation or mesa etch.

This is followed by two successive ohmic regrowths for the n- and p-type ohmic
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contacts to the 2DEG and the 2DHG by selectively etching and regrowing n++

and p++ GaN in etched regions. Finally gate and ohmic metals are put down,

with the desired patterned interconnects, and passivation layer is deposited to

form laterally-separated pFET and HEMT on AlN-platform.

The main technological hurdle in realizing this integration scheme is the un-

availability of p-type regrown ohmic contacts to the 2DHG, unlike the n++ GaN

regrowth which is well developed [158]. P-type ohmic regrowth is challeng-

ing mainly due to (1) fundamental limits to the carrier density/conductivity

of the p++ regrown regions, and (2) impurities from exposure to the ambient

[206, 207, 208] and damage from the dry etch [205] at the regrowth interface

are both n-type, which lead to improper contact between the VB of the regrown

GaN and the 2DHG. The second challenge can be tackled by using an in-situ

sublimation etch which is discussed in the next section. However, it is still a

work in progress and until p-type regrown ohmic contacts are ready, Mg-InGaN

p-type ohmic contact layer needs to be incorporated in the initial as-grown epi-

taxial heterostructure.

Along this line, an alternate realization is to grow the 2DHG heterostruc-

ture first and then regrow the HEMT heterostructure. This is illustrated in figure

6.6. The as-grown epitaxial stack consists of p-InGaN/UID GaN/AlN which

will serve as the material for pFET. Then part of the sample is masked and se-

lectively etch down all the way into the AlN buffer. The sample is then rein-

troduced into the chamber where an AlN/GaN/AlN stack is regrown to form

the 2DEG. Thus, part of the sample has a 2DEG-2DHG bilayer and the other

part just has a 2DHG. These two regions then undergo the transistor fabrication

and form the monolithic HEMT and pFET. This scheme avoids the need of a p-
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Figure 6.6: Proposed process flow for pFET and HEMT integration on AlN by
growing a p-type stack for the pFET, selectively etching away the active region
and regrowing the n-type stack for the HEMT.

type regrowth, but still needs an n-type ohmic regrowth, resulting in two MBE

regrowths in total. The author believes this scheme to be the most achievable

given the current state-of-art and will hopefully be realized experimentally very

soon.

Beyond the two discussed above, a couple more novel schemes to integrate

AlN-based CMOS have emerged thanks to the very recent developments in the
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field. They are listed below. Even though these schemes need bit more epitaxial

growth development before being realized, each of them present certain unique

advantages which make them scientifically and technologically interesting.

Al0.5Ga0.5N
AlGaN

AlN

1. Epitaxial growth 2. Selective etch

3. n-type heterostructure regrowth4. etch + n-type ohmic regrowth

5. Ohmic, gate metals, and passivation

Substrate

UID GaN channel

2D Hole Gas 
(2DHG)

p-InGaN “contact layer”

Al0.5Ga0.5N

AlN

Al0.5Ga0.5N

AlN

AlN

2D Electron Gas 
(2DEG)

Al0.5Ga0.5N

AlN

AlN
n++ n++

AlN

GaN/AlGaN RF
p-channel FETs

AlN/AlGaN RF
n-channel FETs

Figure 6.7: Proposed process flow for AlN-based RF CMOS by using an
GaN/AlGaN 2DHG and an AlN/AlGaN 2DEG as channels for the pFET and
HEMT on AlN. This configuration avoids parallel 2DEG or 2DHG channels in
any part of the sample.

• The recent observations of 2DHGs in metal-polar GaN/AlGaN het-

erostructures [326] and 2DEGs in AlN/AlGaN heterostructures [327, 311]

on AlN buffer layers provide a opportunity to combine the two. The pos-
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sible scheme is shown in figure 6.7. The main advantage of this configura-

tion is the avoidance of a parallel 2DEG-2DHG anywhere on the sample.

Of course, to realize this under the constraints of lack of p-type regrown

contacts, a p-InGaN/GaN/AlGaN stack needs to be grown first incorpo-

rating the p-ohmic contact layer. The InGaN/GaN layers are then selec-

tively etched away part of the sample, either using an ex-situ dry etch or

in-situ sublimation etch. Then the AlN/AlGaN 2DEG stack is regrown on

top of the buffer layer to form the n-type regions. The two regions are then

used to fabricate the HEMTs and pFETs. A second regrowth is required to

make the ohmic contacts to the 2DEG. Since the electron channel is high-

composition AlGaN, n++ GaN might not be sufficient to connect to the

conduction bands and graded AlGaN ohmic regions might be necessary.

• Because of the flipped polarities, an N-polar GaN/AlN structure is ex-

pected to induce a 2DEG. 2DEG density of ∼ 5 × 1013 cm−2 and electron

mobility of ∼ 200 cm2/Vs has recently been observed in our group in

an N-polar GaN/AlN structure grown on N-face of single-crystal bulk

AlN substrates. Additionally, metal-polar GaN/AlN 2DHGs with high

low temperature mobilities have also been obtained on single-crystal AlN

substrates [30] (see appendix B). These two observations, plus the avail-

ability of high-quality single-crystal AlN [200, 201] provide another very

novel configuration to realize an AlN CMOS. This is illustrated in figure

6.8. Essentially, GaN/AlN epitaxy is performed on both sides of the single-

crystal substrate - with one side yielding a 2DEG and the other a 2DHG.

An N-polar GaN/AlN HEMT should not require a ohmic regrowth, hence

this process will need just one ”regrowth” in total. Through substrate vias

(TSVs) can be fabricated to interconnect the n- and p-FETs. However, the
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Figure 6.8: A unique realization of AlN CMOS by combining a metal-polar
GaN/AlN pFET and nitrogen-polar GaN/AlN HEMT on two sides of a single
crystal AlN substrate. This will also necessitate through-substrate vias (TSVs)
to connect the two devices.

complexity of the structure results in a number of process constraints since

epitaxial growth needs to be performed on one side, unloaded, flipped and

then performed on the other side. The typical ex-situ and in-situ cleaning

processes [64, 65] for MBE-growth on bulk AlN substrates during the sec-

ond growth can potentially damage the initial epitaxial layers. This real-

ization also limits the choice of substrate. It needs to be single crystal bulk

AlN, which has a limited availability and costlier than SiC, Si or Sapphire.

Furthermore, N-surface CMP polishing of single-crystal AlN substrates is

not as well developed as Al-side mainly due to the higher reactivity of the

N-face. However, rapid progress is being made in this field, and should
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soon enable this AlN CMOS configuration.

6.4 in-situ Sublimation Etch of GaN

The AlN CMOS realization conceptualized in the last section relies on atleast

one step of selective area etch and regrowth. The MBE regrowth technique [158]

has helped achieve some of the lowest n-type contact resistances to 2DEGs and

proven to be critical for enabling high-power RF HEMTs. A typical MBE re-

growth process consist of the following steps :

1. Putting down a suitable etch mask, patterned using photolithography or

electron beam lithography depending on the feature size.

2. Etching away the III-nitride material to the desired depth, typically us-

ing a ICP plasma dry etch. A low-power plasma is used to minimize the

damage to the crystal and its electronic properties from the physical ion

bombardment.

3. (Re)introduction of the patterned sample into the MBE chamber and re-

growth of desired epilayers. For example, highly degenerately doped

n++GaN is grown for n-type ohmic contacts.

The etched surface of the sample is exposed to the ambient, even if only for a

short while, between steps 2 and 3. This introduces impurities such as Si, O, C at

the etched sidewall regrowth interface [206, 207, 208] which are n-type dopants

in GaN. These impurities concentrations are on the order of 1017 − 1019 cm−3,

extending 50 − 100 nm across the interface[206, 207, 208]. Since the impurities

are n-type, they do not have a large effect on the n-type regrown contacts if a
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suitable wet chemical cleaning using HCl or piranha is performed right before

loading into the MBE chamber [158, 47]. However, these impurities pose a real

problem for p-type regrown contacts as they form a energy barrier for the holes

between the VB of the regrown layer and the 2DHG. An impurity concentration

as-low-as-possible is therefore desired at the regrowth interface to enable a p-

type ohmic regrowth process.

In this section an in-situ regrowth etch using thermal sublimation of GaN

is proposed. Using this instead of ex-situ plasma-based dry etch in step 2

avoids the exposure of the sample to ambient between steps 2 and 3. The sam-

ple instead remains in ultra-high vacuum MBE chamber throughout and hence

avoids contamination of the regrowth interface. The feasibility of the technique

to etch a GaN/AlN 2DHG structure is demonstrated. A blanket etch and a pat-

terned etch of the GaN is demonstrated by heating the sample to upto 1200◦C.

Through a comparative study, SiO2 is found to be the more suitable ex-situ de-

posited dielectric mask for this etch as opposed to SiN.

The thermal decomposition of a GaN film in an epitaxial growth chamber

under the ultra high vacuum of < 10−8 Torr and temperatures above 800◦C has

been studied and reported previously [328]. This process is a thermodynamic

competitor to the process of epitaxial growth and hence GaN film growths are

performed at temperatures below 800◦C in an MBE growth chamber. However,

this process of decomposition can be used for in-situ nanofabrication processes.

It has been used to fabricate GaN nanowires [329] and mesoporous GaN [330].

Near-vertical etch profiles with good selectivity was obtained with in-situ de-

posited SiN mask.

It has also been reported that the presence of Al in the GaN layer decrease
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the thermal decomposition rate by orders of magnitude [328]. A controlled

study found that the rate of thermal decomposition at 1000◦C dropped from ∼ 1

µm/min in GaN to ∼ 10.1 nm/min at 5% AlGaN. This means a buried AlGaN

or AlN layer can potentially act as an etch stop for thermal decompostion etch

of GaN. Although this study was performed in an MOCVD chamber at a cham-

ber pressure of 76 Torr, this trend is expected to apply even to the ultra-high

vacuum chamber of MBE.

Building on these two observations, an in-situ regrowth etch is conceptual-

ized for (In)GaN/AlN 2DHG structures. Using a compatible ex-situ deposited

mask, the aim is to selectively etch and remove the GaN layer (or InGaN layer)

in the unmasked region and stop the etch on the AlN buffer layer interface.

First, to test and determine the GaN sublimation etch conditions, an MBE-

grown 15 nm UID GaN on AlN 2DHG sample without any mask was prepared.

The target was a blanket etch removal of the GaN layer across the surface to

leave just the AlN buffer layer. The in-situ sublimation etch experiments were

performed in a Veeco Gen10 MBE system, with a background chamber pres-

sure of < 10−9 Torr during the experiment. No gas flow or source shutters were

open during the experiment. The GaN/AlN sample was ultrasonicated in ace-

tone, methanol and propanol for 15 min each, following which it was mounted

in a molybdenum faceplate. The sample was then outgassed at 200◦C for 7

hours and 500◦C for 2 hours before introducing into the MBE growth chamber.

The substrate was heated using the radiative CAR heater at a ramp rate was

30◦C/min and monitored using the thermocouple reading. The growth surface

was continuously monitored using RHEED with no CAR rotation.

The substrate temperature as a function of time during the in-situ etch pro-
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Figure 6.9: (a) Timing diagram illustrating the recipe used for the in-situ ther-
mal etch of GaN in a Gen10 MBE growth chamber at a background pressure of
∼ 10−9 Torr. The thermal decomposition of GaN occurs at substrate temperature
> 1050◦C. (b) The RHEED pattern recorded at various times/temperatures dur-
ing the in-situ etch process. A clear change in pattern from streaky to spotty to
again streaky is observed - a signature of the roughening of GaN surface due to
thermal decomposition and eventual smoothening out when all GaN is decom-
posed.

264



cess is illustrated in the figure 6.9. The process began by heating the substrate

from ∼30◦C to 800◦C. The substrate was left at the 800◦C for ∼20 min for fur-

ther outgassing. The corresponding RHEED pattern from the sample surface is

shown in figure 6.9 (b). The initial surface of the GaN/AlN structure is smooth

indicated by a streaky RHEED. No significant changes were observed during

the outgassing at 800◦C and the RHEED pattern remained streaky. The sample

temperature was then set to 1200◦C at 30◦C/min. The RHEED pattern started to

change around 1000◦C, with spots starting to appear along the RHEED streaks.

The RHEED became very spotty at 1050◦C, which indicates a very rough surface

with 3D island-like formations likely due to the ongoing GaN decomposition.

As the temperature increased further, the RHEED pattern started “smoothen-

ing” out till the streaky RHEED was recovered. This is attributed to almost all

the GaN being completely decomposed and the AlN layer now exposed. The

final RHEED pattern from the AlN surface was streaky, indicating smooth sur-

face. To ensure complete etching, the sample was held at 1200◦C for 40 mins.

This step can potentially be made shorter if required as RHEED stayed streaky

since the AlN is not expected to decompose. After 40 mins, the sample was

cooled down and unloaded from the MBE chamber.

X-ray diffraction and atomic force microscopy (AFM) were performed to

confirm whether the in-situ sublimation etch process did indeed remove the

GaN layer completely from the GaN/AlN structure. The results are showed in

figure 6.10. AFM scans of the surface show a difference in surface morphology

before and after the etch, seen in figure 6.10 (a), corroborating with the removal

of the top GaN layer. An increase in surface root mean square (rms) roughness

was observed, going 1.37 nm from 0.6 nm across a 2 µm × 2 µm scan. Although

this is not ideal, interface roughness scattering is not expected to dominate the
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Figure 6.10: Structural characterizations before and after the in-situ GaN blanket
etch of a 15 nm GaN/AlN heterstructure. (a, b) Show atomic force microscopy
(AFM) scans before and after the etch. (c) X-ray diffraction scan confirms that
the GaN is completely removed by the etch.

2D carrier transport at room temperatures. Furthermore, the surface can be

smoothed during the subsequent crystal regrowth to ensure smoother interface

for the 2D carriers.

Figure 6.10 (b) shows the XRD scan along (002) for the sample before and

after the sublimation etch. The GaN (002) peak is no longer visible after the

etch, again confirming the removal of the top GaN layer by the in-situ etch. The
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slightly asymmetric AlN (002) peak in the XRD after etch is believed to be due

to the presence of AlGaN IBLs in the AlN buffer layer.

Now that the in-situ GaN etch is confirmed, the next step is to demonstrate

selective area etching with suitable patterned mask so that the masked region

remains unetched and the exposed GaN regions are etched. Previous reports of

in-situ sublimation etch of GaN have only used in-situ deposited SiN masks,

hence a controlled study is necessary to test the compatibility of ex-situ de-

posited masks with this etch process. Both ex-situ silicon nitride (SiN) [158]

and SiO2 [207] have been previously used as masks for selective-area GaN re-

growths. Since the sublimation etch goes to temperatures upto 1200◦C which

is higher than typical MBE regrowth temperatures (< 800◦C), it also necessary

to characterize the difference in physical and chemical behavior of the dielectric

mask used for a patterned etch.

A controlled study was performed to investigate this. Two 8 mm × 8 mm

pieces were prepared from the same 15 nm UID GaN on AlN 2DHG wafer, la-

belled sample A and B. Sample A had 257 nm of SiO2 deposited using atomic

layer deposition (ALD) and sample B had 207 nm of SiN deposited using

plasma-enhanced chemical vapor deposition (PECVD). The dielectric on both

samples were patterned using photolithography. They then underwent the in-

situ GaN etch with a recipe identical to that in figure 6.9 (a). The RHEED beam

was adjusting to obtain the RHEED pattern from the exposed GaN surface, and

the sample was not rotated during the etch.

The RHEED evolution during the etch for the two samples are shown in

figures 6.11. For sample A, with SiO2 mask, the RHEED pattern behaved as

expected. This is shown in figure 6.11 (a), where the RHEED pattern went
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Figure 6.11: Comparison of RHEED evolution during the in-situ selective-area
sublimation of GaN with (a) patterned SiO2 mask and (b) patterned SiN mask.

from streaky to spotty to streaky concurring with the observations of the blanket

etch sample in figure 6.9 (b). However, sample B with with SiN mask behaved

weirdly, as shown in figure 6.11 (b). Almost no discernible change was observed

in the RHEED pattern during the etch process. The RHEED remained smooth

even at 1200◦C, indicating a slightly different behavior compared to sample A.
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Figure 6.12: Comparison of optical images of surfaces of sample A and B after
the in-situ etch and BOE dip to remove the mask. The SiN residue could not be
removed from the surface even after leaving it overnight in HF.

Both samples A and B were unloaded from the growth chamber and dipped

in buffered oxide etch (BOE) to remove the dielectric mask. The optical mi-

croscope images after the BOE clean is shown in figure 6.12. Sample A looks

optically clean with no residue of SiO2 mask visible. Whereas on sample B,

SiN residue observed. This residue is spread out non-uniformly over the sam-

ple surface. This residue could not be removed even after leaving it in HF

overnight, which is weird since as-deposited PECVD SiN has a high etch rate in

BOE. This observation indicates a change in PECVD SiN structural or chemical

properties due to the high vacuum, high temperature anneal during the in-situ

etch. It worth noting that in-situ MBE deposited SiN mask has been used pre-

viously as a thermal etch mask, and demonstrated high thermal stability [329].

Hence, these observations could be pointing to a difference in the thermal stabil-
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ity of the PECVD-deposited SiN (densities or stoichiometry during the anneal

[331]) and/or effect of exposure to the ambient (oxidation). Further investiga-

tion should reveal the origin of these observations.
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Figure 6.13: Atomic force microscopy scans across a patterned step edge for
samples A and B. (a, b) Optically clean parts of the sample were chosen to probe
the edge profile. (c,d) show the AFMs scans on the etched and unetched regions
of the samples. Sample B showed roughening of the etched surface. (e-f) are the
etch profiles across the step edge. The step height in sample A is consistent with
the ∼ 15 nm of GaN being etched away, but there is a bunny ear like feature on
the edge.

Atomic force microscopy (AFM) scans near the edge of a were performed to

characterize the etch profile. For sample B, a relatively optically clean are with
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no visible SiN residue was chosen for the AFM scans. The results are shown in

figure 6.13.

Sample A, with the SiO2 mask, showed smooth morphology with rms rough-

ness of ∼ 0.6 nm very close to pre-etch as-grown surface in both the etched and

masked region. The etch profile shows a step height of ∼15 nm, confirming that

the UID GaN layer was removed and the etch stopped at the AlN buffer layer.

Interestingly, a “bunny ear” like feature observed on the step edge which rises

∼25 nm. The origin of this feature is not clear at the moment, and needs to

be solved with process such as planarization to incorporate into the fabrication

process.

In Sample B, the surface on the etched side was slightly rougher at rms of

1.38 nm compared to the pre-etch surface rms of 0.6 nm over the same area.

Interestingly, even though the RHEED did not show any change during the in-

situ etch, the AFM profile shows a clear step edge. No bunny ear like feature

was observed as in sample A. The measured step height is around 30 nm, which

indicates that there is still residual SiN present on the unetched area. Because

of this, it is unclear whether the step profile is due to the GaN etch or patterned

SiN. Chemical analysis of the sample in the future should be able to answer

these questions.

In summary, this short study demonstrates the feasibility of in-situ thermal

sublimation etch of GaN for regrowths. This can be used to regrow both epi-

taxial stack or ohmic contacts. From the differences in behavior observed in the

SiN and SiO2 masks, SiO2 mask is found to be more suitable for this technique

compared to PECVD deposited SiN. This is the first such controlled study to

compare the effect of dielectric mask on in-situ thermal etch of GaN. Initial at-
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tempts to regrow a 2DHG after in-situ sublimation etches have proven to be

unsuccessful so far with all the resulting films resistive. Further chemical inves-

tigations in the form of SIMS profiles across the regrowth interfaces are neces-

sary to understand the reason why.

6.5 Passive RF devices on AlN Platform

The previous sections focused on the monolithic integration of the n-type and

p-type transistors for complementary circuits, to be used for gate driver logic

circuits to drive high-power switches, PAs and LNAs. Even though these ac-

tive devices are the heart of the RF front-end circuits, the passive components

such as filters, waveguides and antennas, which operate at suitable frequen-

cies, are equally essential. Towards this, there has been a dedicated effort in the

Jena-Xing group to develop passive RF components on the AlN platform. Over-

coming the micro-fabrication challenges have yielded initial results that already

show record performances within a year of conception.

This section presents the summary of these recent advancements in RF pas-

sive components on AlN. Highlights include epitaxial AlN thin-film bulk acous-

tic resonators (FBARs) with 10 GHz operating frequency [56] and SiC substrate

integrated waveguides (SIWs) and SIW-based filters for D-band operation (110-

170 GHz) with record low insertion losses [57]. These are fabricated on the same

epitaxial MBE-AlN on SiC material that is used in the RF HEMTs for PAs, main-

taining epitaxial compatibility for future integration.

Only short summaries of these works are presented here to update the reader

with the latest developments in the AlN platform beyond the transistors, and
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to highlight the repertoire of RF devices now available on the AlN platform. In-

terested reader are encouraged to go through the references [57, 56] for detailed

discussions.

6.5.1 Epitaxial AlN Bulk Acoustic Waveguide Resonators

With the rise of 5G, internet of things (IoT) [332, 333], the commercial operating

frequencies of RF circuitry are slowly entering into the mm-wave regime (30+

GHz). Filters are an essential part of the RF front end, especially on the receiver

side where they discern or “filter” the required information-carrying signal fre-

quency among all the other signals received by the antenna. For example, in a

cell phone, each communication frequency band needs its own filter to avoid

cross-talk and congestion.

CMOS-compatible filters are micro electro-mechanical (MEMS) devices uti-

lizing a piezoelectric material. These filters are acoustic resonators with a given

resonant determined by its geometry. The coupling between electromagnetic

waves and acoustic waves is used to filter the signal at this resonant frequency

and reject all other frequencies. AlN is a popular choice for these MEMS filters

thanks to its excellent piezoelectric and acoustic properties and CMOS-BOEL

compatibility [113]. Surface acoustic waveguides (SAWs), which utilize surface

wave modes, are used for applications below 2 GHz [334]. Bulk acoustic waveg-

uides (BAWs) and FBARs are most suitable for the sub-6 GHz frequency bands.

Scaling current BAW technologies to higher frequencies is fundamentally chal-

lenging and provides a unique opportunity for the epitaxial AlN platform.

The bulk acoustic waveguid (BAW) consists of the piezoelectric material AlN
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between metal electrodes to form an acoustic cavity. The acoustic waves reflect

off the metal electrodes and form standing waves like an accordion. The reso-

nant frequency f0 is determined by the thickness t of the AlN through f0 = vs/2t,

where vs is the speed of sound in AlN. For sub-6 GHz frequencies, the AlN needs

to be few microns thick while maintaining the crystal quality, specifically in the

c-axis orientation. The AlN crystal quality is quantified by the sharpness of the

AlN (002) X-ray diffraction peak. A narrower FWHM results in higher elec-

tromechanical coupling coefficient (k2
t ) [335] and hence a more efficient, lower-

loss filter. For micron-scale BAWs, AlN films are directly deposited on metal

electrodes or Si using reactive ion (RI) sputtering, yielding decent crystal qual-

ity and high throughput, and is therefore used commercially. Typical k2
t ∼ 0.08

for sputtered AlN with (002) FWHMs of 4000-8000 arcsecs are used in sub-6

GHz sputtered AlN BAWs [335].

To access higher frequencies, scaling down the AlN piezoelectric material

is essential. A 400 nm thin AlN film is needed for resonance at 10 GHz. This

scaling down is a fundamental challenge for RI sputtering growth. In sputter-

ing, the crystal nucleates with highly disordered columns, which then slowly

coalesce as the AlN film gets thicker [336]. Therefore sputtered AlN films the

FWHM is inversely proportional to the film thickness, and hence lower k2
t .

Therefore, the technical challenge is to obtain thin, sub-micron AlN layers with

high crystal quality to access 10+ GHz operation frequencies.

Epitaxial AlN offers a viable solution. The fundamental growth kinetics of

epitaxy means the crystal has higher quality when it is thinner - the opposite

trend when compared to sputtering. Growing on a low lattice mismatch sub-

strate like SiC means the dislocations can be kept to minimum even at relatively
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Figure 6.14: (a) Benchmark comparing the AlN (002) XRD rocking curve FWHM
of sputtered AlN and MBE-AlN as a function of AlN film thickness. The crystal
quality of AlN (signified by smaller FWHM) decreases as sputtered AlN films
get thinner. At sub-micron thicknesses, the MBE-AlN shows 20× lower FWHM,
desired for FBARs with resonant frequencies at 10+ GHz. (b) Representative
XRD RC of an MBE-grown 430 nm AlN on 100 µm thin SiC substrate. (c) Surface
AFM scan showing a smooth AlN surface. This sample was used to fabricate
the FBAR device shown in figure 6.15.

thicker films upto a micron [287]. Figure 6.14 (a) compares the FWHMs of MBE-

grown AlN films on 6H-SiC versus sputtered films as function of thickness. The

details of the MBE growth is provided in appendix A. Clearly, the MBE-grown

AlN are orders of magnitude better than sputtered films at sub-micron thickness

and hence is suited to be used to making BAWs.

To explore this, ∼ 420 nm of AlN was grown on the Si-face of a full 3-inch 6H-

SiC wafer using PA-MBE. Since the BAW resonators needs the epitaxial AlN to

be released from the substrate, these SiC substrate wafers were specially thinned

down to 100 µm for etching from the back, C-face side. Figure 6.14 (b) shows

the XRD omega rocking curve scan along AlN (002) peak. The FWHM was 0.07◦
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or ∼ 250 arcsec. This is orders of magnitude lower than measured in thicker

sputtered AlN. Atomic force microscopy (AFM) scans in figure 6.14 (c) shows

a smooth final surface with rms roughness 0.3 nm. XRD also confirms that the

film is 90% relaxed, which is desired as any residual stress in the epitaxial AlN

film can potentially warp it when suspended.

Ni 50 nm

6H-SiC substrate
105 µm thick

Pt 20 nm

Air
Pocket

420 nm MBE AlN

Top Side Back Side

Top Side

Back Side

Si face

C face

Si face

C face

100 µm 100 µm SiC Si-face

AlN AlN

Ni on SiC
C-face

(b)

(a)

Figure 6.15: (a) Top and bottom side scanning electron microscope (SEM) im-
ages of epitaxial AlN based FBARs. (b) Cross-section of the FBAR, showing
the suspended AlN resonator layer between Ni and Pt electrodes. This work is
reported in Zhao et al. [56]

Figure 6.15 (a) shows the top and bottom view of the final FBAR fabricated

with a newly developed process. The key step is the through SiC etch from the

backside which stops at the epitaxial AlN and releases. 50 nm Ni and 20 nm Pt

form the top and bottom electrodes, as shown in the device cross-section in fig-

ure 6.15 (b). The resultant FBARs showed a resonant frequency of 10 GHz, with

a quality factor Q of 251 and k2
t = 1%. This represents the first report of FBAR at

this high frequency using MBE grown AlN films [56]. Further improvement in
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the Q is expected in the future with more refinements to the fabrication process,

especially the etch.

To push to higher frequencies above 10 GHz, thinning down the AlN layer

as well as the metal electrodes further is necessary. At those scales the perfor-

mance bottleneck will be the higher electrode resistance (due to thinner metal

layers). Epitaxial metal electrodes such as NbN/AlN/NbN might provide a

opportunity [289] to push the performance limits of this new filter technology,

made possible by epitaxial AlN platform.

6.5.2 SiC Substrate Integrated Waveguides (SIW)

Integration of discrete RF components such as filters, amplifiers on the AlN plat-

form also requires interconnects to carry RF signals between these components.

Current mm-wave integrated circuits (MMIC) technology uses microstrip lines

or co-planar waveguides (CPW)s [337], where the RF signal is confined as

electron-magnetic (EM) wave modes in adjacent metal lines. This configura-

tion, although suited for low frequencies, results in high loss from air resulting

in limited power handling capability at frequencies above 100 GHz. Since the

AlN-based PAs and LNAs are aiming for D-band operation, new waveguide

solutions are desired to ensure the signal is carried with high efficiency.

As a solution, substrate integrated waveguides (SIWs), in which the EM sig-

nal is confined through the cross-section of a high dielectric constant substrate

by forming a network of through-substrate-visas (TSVs), offer higher much

power carrying capability at these high frequencies. This has been demon-

strated previously at the chip level for mm-wave operation [338]. At D-band
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frequencies, monolithic integration of the SIWs have become possible with ac-

tive devices on the same substrate since the TSV separation is on the order of

< 1 mm in high dielectric substrates such as Si, AlN, SiC etc.

SIW

SiC Substra
te

CPW-SIW 

Transitio
n

SIW
 ResonatorTuning

TSV

SIW-CPW 

Transitio
n

TS
V

(b)

(a)

(c)
(d)

Figure 6.16: SiC substrate integrated waveguides (SIW) using through-substrate
vias (TSVs). (a) shows the design of an SIW resonator. (b) SEM scans of the
top and bottom surfaces of a 1100 µm long SIW. (c) Cross-section of the TSV,
demonstrating the etch process control. (d) Large area optical image of the SIW
structures showing uniformity of the etch across the wafer. Figures from Asadi,
Li et al. [57]

Recent efforts in Jena-Xing Group have yielded D-band SIWs realized on 100

µm thin 6H-SiC substrates with low insertion loss of 0.22 dB/mm. Figure 6.16

(a) shows the design of a SIW resonator flanked by two CPW-SIW transitions.

Achieving this required careful fabrication and control over through SiC etching

to form the TSVs. Figure 6.16 (b) shows the top and bottom view of D-band SiC
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SIW between CPW-SIW transitions. Figure 6.16 (c) shows the cross-sectional

SEM image of one of the TSVs, highlighting the vertical etch profile with hor-

izontal flat bottom. Additionally, this SiC SIW technology can be extended to

design RF filters [57] and edge emitting antennas [57] as well, as shown in the

optical image in figure 6.16 (d). 3-pole filters operating at 135 GHz have been

demonstrated with low 1 dB insertion loss [57]. These early results within a year

of conception, fabricated on the same material platform on which the active de-

vices and resonators are made, make it an ideal candidate to integrate with the

AlN n-channel HEMTs and p-channel FETs for enabling the next-gen efficient

RF electronics on AlN-on-SiC platform [53].
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APPENDIX A

MOLECULAR BEAM EPITAXIAL GROWTHS

A.1 PA-MBE growth of GaN/AlN 2DHGs

This section details the plasma assisted molecular beam epitaxial (PA-MBE)

growth of (In)GaN/AlN 2D hole gas structures, which are studied in chapters 2

and 3. Results of short investigations in determining the growth conditions for

optimal 2DHG transport active layer and large area growths of the 2DHG on

full 2-inch wafers are also provided.

A.1.1 Detailed Growth Recipe

The GaN/AlN 2DHG heterostructures studied in this dissertation are grown

in a Veeco Gen10 plasma assisted molecular beam epitaxy (PA-MBE) system,

with standard effusion sources for Ga, Al and an RF plasma source for N. 8

mm × 8 mm diced pieces of metal-polar MOCVD-grown AlN on sapphire tem-

plates from DOWA are used as starting substrates. The substrates are ultrason-

icated in acetone, methanol and iso-propanol for 15 minutes each and mounted

on lapped 3-inch Si wafers using molten indium. They are then out-gassed at

200◦C for 7 hours and 500◦C for 2 hours under vacuum before introducing into

the MBE growth chamber. For the active nitrogen flux during growth, the RF

plasma power is 400 W and the N gas flow rate is set at 2 sccm, corresponding

to a calibrated N-limited growth rate of 0.52 µm/hour. Magnesium and sili-

con dopant cells are kept cold throughout the growth. Reflection high energy
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electron diffraction (RHEED) is used for in-situ monitoring of the growth. The

growth chamber pressure is ∼ 2.01 × 10−5 Torr during the growth.
RH

EE
D 
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Before growth After N-rich AlN After Al-rich AlN
After excess Al 
consumption

Figure A.1: (a) Timing diagram for MBE growth of an undoped, GaN/AlN
2DHG structure, with both N-rich nucleation of AlN and IBLs in the buffer.
Characteristic RHEED pattern evolution at various stages of the growth is also
shown. Figure from Chaudhuri et al. [8]

The growth recipe for the undoped GaN/AlN 2DHG is illustrated in the tim-

ing diagram in figure A.1. The sample is heated to Tsub = 780◦C for AlN buffer

growth. The first ∼30 nm of AlN, the nucleation layer (NL), is grown under

N-rich conditions by opening both Al and N shutter simultaneously at Al BEP

of ∼ 6.1 × 10−7 Torr, corresponding to an Al:N flux ratio ∼0.9. The Al cell tem-

perature is then ramped up at 3◦C/min to a final BEP flux of ∼ 9.1 × 10−7 (Al:N
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flux ratio ∼1.33). While the cell temperature ramped up, migration enhanced

epitaxy (MEE) cycles are performed to smoothen out the growth surface. The

Al shutter and N shutter are alternatively opened for 30 s each. As the Al flux

slowly ramped up, the monitored RHEED pattern goes from spotty, indicating a

rough surface as expected from a N-rich AlN growth [138], to streaky, indicating

a smooth surface with a coalesced film.

The rest of the AlN buffer layer is grown in metal-rich conditions in a 3-

step cycle consisting of (1) Ga pre-deposition, (2) Al-rich AlN growth and (3) N

anneal. Ga BEP flux of ∼ 1 × 10−6 Torr is initially deposited on the surface for

∼30 s while N and Al shutter remains closed. Both the Al and N shutter are then

opened simultaneously to grow AlN under metal rich conditions. After 5 min

of AlN growth, the Al shutter is closed and the excess Al metal on the surface

is consumed by the incident N flux [63]. The pre-deposited Ga has a dual role

here - to act as a surfactant for the subsequent AlN growth [287] and to form the

high-composition AlGaN IBLs. A small amount of this pre-deposited Ga metal

incorporates into the initial layers of the AlN crystal to form high-composition

> 90 − 95% AlGaN, due to non-idealities of the growth conditions - N leak from

around the shutter when it is closed and instantaneous variance in Al and N

fluxes when the shutter is opened. Reports have also shown that a small amount

of Ga is incorporated into AlN crystal when used a surfactant for AlN growth

[339]. The AlGaN composition and thickness is controlled by the Ga BEP flux,

deposition time and substrate temperature during the AlN growth, which were

optimized separately. Since Al desorption rate from AlN growth surface is low

at Tsub = 780◦C, the accumulated Al metal is periodically consumed after 5 mins

of AlN growth by closing the the Al shutter and keeping the N shutter open.

The consumption of Al is monitored by tracking the saturation of the RHEED
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pattern intensity [63]. This technique of consumption of excess Al on the surface

also ensures a sharp, abrupt AlN-GaN interface [63], minimizing the interface

roughness scattering of the 2D carriers.

The substrate is then cooled down to Tsub = 750◦C for the UID-GaN growth.

The Ga shutter is opened for 10 s at a Ga BEP flux of ∼ 1×10−6 Torr before the N

shutter waiss opened to wet the growth surface, following which the N shutter

is also opened to grow the 15 nm thick UID-GaN channel. The GaN grown at

high Ga flux is not an issue here since the total growth duration of the 15 nm

thick GaN layer is low. However, the Ga cell temperature should be lowered

to reduce the BEP flux in case a thicker GaN layer is being grown to reduce the

accumulation of excess Ga metal droplets on the final surface.

Figure A.1 also includes representative RHEED patterns from the AlN crys-

tal surface from the same orientation at different stages of the growth. The

RHEED intensity profile during the nucleation process is plotted in figure A.2.

The RHEED pattern starts off streaky before growth, signifying a smooth start-

ing AlN template surface. The RHEED pattern turns spotty and bright after the

N-rich AlN nucleation, indicating the roughening and incomplete coverage of

the AlN surface, expected from a N-rich AlN growth [138]. During the MEE cy-

cles, the RHEED slowly turns dark and streaky. The decreasing N consumption

time during the MEE cycles indicates the increasing Al flux, as more N is re-

quired to consume the 30 s of Al flux. Once the Al:N > 1, the RHEED no longer

saturates during the N part of the MEE cycle. Also shown is a comparison of

the RHEED pattern after 5 min of Al-rich AlN growth and after the subsequent

consumption of excess Al by nitrogen. The RHEED pattern remains the same,

but the streaks become brighter and saturate, indicating the absence of Al metal
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Figure A.2: (a) RHEED intensity of the specular beam tracked during the AlN
nucleation growth shown in figure A.1. The RHEED gets very bright during
the intial AlN growth under N-rich condition, indicating a rough and metal free
growth surface. Once the MEE cycles begin, the RHEED starts getting streakier
and dimmer, indicating the smoother surface. (b) zooms into the RHEED be-
havior during MEE. The N consumption time decreases as the Al flux increase,
indicating the growth slowly moving from N-rich to Al-rich regime.

on the surface [63].

A.1.2 Variations in the 2DHG active region

Compared to MBE growth of GaN, optimal MBE growth of InGaN requires a

different growth conditions in terms of lower substrate temperature and lower

Ga fluxes. Hence, slight modifications are required in the above growth recipe

to incorporate the InGaN layers in the active region. They are as follows :
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• InGaN channel for InGaN/AlN 2DHGs :

After the growth of AlN buffer layer with the IBLs, the substrate is cooled

down to Tsub = 655◦C for the growth of the InGaN layer during a ∼ 2.5 min

growth interruption. Different InGaN layer thicknesses and compositions

are obtained varying the Ga (ΦGa) and In (ΦIn) fluxes with respect to active

N flux (ΦN) and shutter open times. The relative flux conditions of ΦGa +

ΦIn > ΦN , ΦGa < ΦN were maintained to ensure N-limited InGaN MBE

growth conditions [340].

• Mg-InGaN ohmic contact to GaN/AlN 2DHGs :

The sample growth proceeds as described for the undoped GaN/AlN

2DHG . After 15 nm of UID GaN layer is grown at the substrate temper-

ature Tsub = 750◦C in metal rich conditions (ΦGa > ΦN), the shutters are

closed and the plasma is killed.

During this growth interrupt, the following is done carefully : (1) desorb

excess Ga on the surface by annealing the sample at 750◦C and monitoring

the RHEED intensity, which should get brighter as the Ga desorbs. (2)

Start cooling down the substrate to the InGaN growth temperature of Tsub

= 655◦C. This interrupt is crucial, since the top GaN surface, if exposed to

750◦C for too long after all the Ga has desorbed, will start roughening. (3)

Cool the Ga cell temperature to reduce the Ga BEP flux to ensure ΦGa < ΦN

at the lower Tsub. The last step is crucial to ensure growth of InGaN with

targeted composition.

Then the plasma is struck, and the InGaN layer of the required concentra-

tion and thickness is grown by controlling the shutters.
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A.1.3 Growth condition optimization studies

In this section, we investigate and demonstrate (1) GaN/AlN heterointerface

growth conditions for improved 2DHG transport, leading to (2) controlled

2DHG growths on large areas—quarter of a 2-inch wafer and eventually a full

2-inch wafer [63].

Optimizing the GaN/AlN Interface

A series of samples with ∼13 nm UID GaN/AlN were grown at various sub-

strate temperatures and metal-fluxes. The growths were first performed on 8

mm × 8 mm pieces of the starting substrate, mounted at the center of a 3-inch

Si lapped wafer to prevent unintentional variation in fluxes from the measured

beam equivalent pressure (BEP) before each growth. The samples were rotated

at 20 rotations per minute (rpm) during growth.

By keeping the growth conditions of the AlN layer constant, we observed

that Ga flux used for the growth of the top UID GaN layer had no perceivable

effect on the 2DHG conductivity - as long as the Ga:N flux ratio was >1. Even

for metal-rich conditions that lead to the formation of Ga-droplets, the 2DHG

conductivity was not affected and the Ga droplets that remained on the surface

after growth could be cleaned off by soaking in HCl.

On the other hand, clear trends were observed when the growth conditions

of the AlN buffer layer was varied while keeping the GaN layer growth condi-

tions the same. Since significant Al desorption from the growth surface is not

expected at the typical growth temperature range of ∼650◦C - 790◦C for Indium-

mounted substrates [341], Al-rich AlN growth results in accumulation of excess
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Figure A.3: MBE growth of smooth GaN/AlN interface for high-conductivity
2DHGs. (a) Variation in the sheet resistance of the 2DHG structure with AlN
buffer grown at different substrate temperatures and Al:N flux ratios. For all
samples, the growth condition for the 13 nm UID GaN on top was kept the
same. A resistance minimum is observed for both the variables pointing to
an optimum growth condition (dashed lines provided as a guide to the eye).
(b) RHEED intensity versus growth time, showing the dimming RHEED as ex-
cess Al accumulates on the surface during Al-rich AlN growth. The excess Al
droplets are then consumed be keeping just the N-shutter open after the AlN
growth. The RHEED intensity brightens and intensity saturates once the excess
Al is consumed by N (c) High-angle Annular dark field (HAADF) STEM along
the [1̄00] zone axis and corresponding line profile of the measured STEM in-
tensity across the GaN/AlN interface. Profiles along 20 lattice lines (grey) are
averaged (red), showing clear intensity difference from the Al and Ga atoms and
the measured heterointerface is ∼1-2 ML in thickness. Figure from Chaudhuri et
al. [63]

Al metal on the growth surface, causing the resultant RHEED pattern to darken

as growth progresses. This is shown in figure A.3 (b). Al droplets on the AlN

surface are undesired as they inhibit the formation of an abrupt GaN/AlN in-

terface. To consume these Al droplets, the N shutter is kept open after a period

of AlN growth while monitoring the RHEED brightness. The RHEED inten-

sity slowly increases and saturates, indicating that all of the excess Al droplets
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have been consumed to form AlN. This cycle of AlN growth followed by Al-

consumption is repeated to grow the entire AlN buffer. A similar technique has

previously been reported for low-temperature MBE growth of AlN by moni-

toring laser reflectometry signal [341]. Qualitatively, the amount of excess Al -

which is determined by the Al:N flux ratio - can affect the AlN surface morphol-

ogy. A low density of droplets might lead to incomplete coverage of the surface

by AlN, whereas it might not be possible to consume a very high density of

Al droplets uniformly. There should then exist an optimum Al:N flux for the

smoothest AlN buffer surface, and consequently the sharpest GaN/AlN inter-

face. This should be reflected in the 2DHG transport. Figure A.3 (a) shows that

it is indeed the case - the 2DHG sheet resistance at both 77 K and 300K show

clear statistical minima when plotted versus Al:N flux ratio and also the sub-

strate temperature, with the best transport seen at Tsub = 780◦C and Al:N flux

ratio of 1.33. The hole densities in all samples measured are consistent with the

expected polarization-induced charge of ∼5×1013, and the optimized low sheet

resistance is a result of the improved mobilities.

The lowest 2DHG sheet resistances measured were ∼6 kΩ/sq at 300 K and

∼2 kΩ/sq at 77 K. These are some of the highest conductivity hole channels re-

ported so far in III-nitrides. Temperature-dependent transport of these 2DHGs

[3] show that the conductivity further increases as the temperature is lowered,

down to sheet resistance of ∼1 kΩ/sq at 10 K. The room temperature transport of

the GaN/AlN 2DHG is dominated by acoustic phonons (AP) scattering [128, 5].

At the low temperatures of 77 K, phonons freeze-out and extrinsic scattering

mechanisms such as due to interface roughness (IR) dominate. The AlN/GaN

interface roughness has previously been shown to be important for the transport

of 2D electron gas (2DEG) [342], especially at high charge densities. Similarly,
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IR scattering likely plays a significant role in the transport at 77 K of the high-

density 2DHGs at the GaN/AlN interface. The consumption of excess Al after

Al-rich AlN growth at the optimum Al flux (Al:N ∼1.33) and substrate temper-

ature (780◦C) are expected to result in high quality heterointerface, decreasing

the IR scattering and thereby minimizing the 77 K sheet resistances in figure

A.3(a).

An atomic-scale image of a GaN/AlN sample grown under optimal condi-

tions was obtained by imaging the interface cross-section in a scanning trans-

mission electron microscope (STEM). Figure A.3 (c) shows the high-angle an-

nular dark field (HAADF) STEM image of the GaN/AlN lattice at the interface

where the 2DHG is expected. The STEM intensity profile across the interface

is plotted. The intensity profile was measured along 20 different lattice lines in

the [0001] direction and averaged to highlight the variations. A clear contrast

in STEM intensity between Ga and Al atoms is seen due to difference in their

atomic numbers. A transition of ∼0.5 nm between the Ga and Al atom layer

indicates that under the optimized growth condition for 2DHG transport, the

GaN/AlN interface is sharp to the order of ∼1-2 ML.

Large area growths

The optimum growth conditions for the high conductivity GaN/AlN 2DHG

were used for growths on larger area substrates. The structures used for these

growths are differ from the UID GaN on AlN studied in the previous section

by addition of a Mg-doped cap layer of (In)GaN on top of the UID GaN layer,

which is desired for low resistance ohmic contacts to the 2DHG in a p-channel
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transistor (see section 3.3).

Table A.1 summarizes the results of the large area growths. The heterostruc-

ture layer details of the wafers and the 300K sheet resistance maps are shown in

figure A.4. Wafers B and C have a ∼ 4% InGaN cap on top of the undoped GaN

channel layer, with targeted Mg-doping densities of ∼1 × 1019 cm−3 and ∼5 ×

1019 cm−3 respectively. The 2DHG sheet densities for each wafer were measured

to be approximately uniform across the surface, with varying hole mobilities

resulting in the sheet resistance distribution. Since the three wafers A, B and

C have different heterostructures, the uniformity of the sheet resistances is com-

pared and not their absolute values. The uniformity metrics as (1) Yield = Diced

square pieces with a 2DHG / Total # of diced square pieces from the wafer, and

(2) Standard deviation of the sheet resistances as a percentage of the mean. A

high yield and a low standard deviation is desirable.

Table A.1: Wafer details for large area growths of GaN/AlN 2DHG structures
and corresponding uniformity metrics. *considers only the inner 85% area of
the full-wafer C

Wafer Size Yield Mean Rsh Std. Dev.(kΩ/sq.)
A Quarter of 2” 30% 21 15.7%
B Quarter of 2” 87.5% 10.5 15.8%

C Full 2” wafer 100% 13.3 35.8%
11.4* 20.7%*

Wafer A was grown on a quarter of a 2-inch substrate wafer using the same

growth conditions as described in section A.1.3 - the sample was In-mounted on

the center of a 3-inch lapped Si wafer, and rotated at 20 rpm (3 sec/rotation). As

seen in figure A.4, 2DHGs were present in only 4 out of 13 pieces, resulting in a

low yield of 30% - indicating a non-uniform growth. The growth rate used for
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Figure A.4: Sheet resistance maps (300 K) of the 2DHG wafers grown using
MBE, along with the corresponding heterostructure details. Wafer A was ro-
tated at 20 rpm; wafers B, C were rotated at 30 rpm during growth. The
red regions on the maps indicate areas where no 2DHG was measured (high-
resistance, Rsh > 1 MΩ/sq). The dashed circle inside the full wafer C indicate
the area with high-uniform transport. Figure from Chaudhuri et al. [63]

this growth was 520 nm/hr or ∼1.7 s/ML. Thus, at a rotation speed of 20 rpm,

the effective growth rate is ∼2 ML per rotation which could be a possible cause

of non-uniformity.

To tackle this, wafer B was grown at an increased rotation speed of 30 rpm

corresponding to effective growth rate of ∼1 ML per rotation, keeping the rest of

the growth conditions identically. An increase in the uniformity was observed,

with only one piece without a 2DHG, pushing the yield up to 87.5%. Follow-

ing this result, a third sample - a full 2-inch wafer C, was grown under the same

conditions as wafer B. 2DHG conductivity was observed across the whole wafer

- a yield of 100%. The lack of carrier freeze-out and increase in their conductiv-
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ity at 77 K confirmed that the conductivity was due to a 2DHG. Though the

standard deviation of sheet resistance is higher for the entire wafer C compared

to wafers A/B, if we consider only the inner ∼85% of the wafer surface (dotted

circle in figure A.4), the standard deviation decreases to 20.7%. This points to a

high uniformity in the central part of wafer C. Further study is necessary to un-

derstand nominally-higher 2DHG sheet resistances than the small pieces grown

under the similar conditions.

A.2 PA-MBE growth of AlN/GaN/AlN 2DEGs

This section presents the detailed growth recipe of the AlN/GaN/AlN bilayer

heterostructures, the transport and device applications of which were discussed

in chapter 5 and 4. The AlN on SiC MBE-growth recipe is also used to grow the

wafers for the epitaxial AlN BAW in chapter 6.

The AlN/GaN/AlN heterostructures are grown in a Veeco Gen10 plasma

assisted molecular beam epitaxy (PA-MBE) system, with standard effusion

sources for Ga, Al and an RF plasma source for N. High-resistivity, Prime Grade

6H-SiC wafers from II-VI Advanced Materials are used as starting substrates.

Before growth, these wafers are sent for CMP polishing on the Si-face to Nova-

SiC [286] to enhance the epitaxial starting surface for step-flow growth. The SiC

substrates are diced into 10 mmm × 10 mm pieces. Before loading into the MBE

system, the substrates are ultrasonicated in acetone, methanol and iso-propanol

for 15 minutes each and mounted on lapped 3-inch Si wafers using molten in-

dium, Si face up. They are then outgassed at 200◦C for 7 hours and 500◦C for

2 hours under vacuum before introducing into the MBE growth chamber. For
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the active nitrogen flux during growth, the RF plasma power is kept at 400 W

and the N gas flow rate is set at 2 sccm, corresponding to a calibrated N-limited

growth rate of 0.52 µm/hour. Magnesium and silicon dopant cells are kept cold

throughout the growth. Reflection high energy electron diffraction (RHEED)

is used for in-situ monitoring of the growth. The growth chamber pressure is

∼ 2.01 × 10−5 Torr during the growth.

A.2.1 in-situ Cleaning of 6H-SiC

Before strating the growth, it is necessary to clean the SiC surface to get rid of the

contaminants using Ga polishing technique. The process is shown in figure A.5.

The SiC substrate is heated up to 780◦C with the background chamber pressure

at < 10−7 Torr. The Ga cell temperature is raised to corresponding to BEP flux

of ∼ 4.5 × 10−7 Torr. For the polishing, the Ga shutter is first opened for 30 s

to deposit Ga on the SiC surface and then closed to allow for the Ga atoms to

desorb from the surface. This is then repeated for 10 to 12 cycles.

The surface is monitored using RHEED along the [1̄100] azimuth. The

RHEED pattern during the first cleaning cycle is shown in figure A.5. The inten-

sity of the specular beam is tracked during the successive cleaning cycles. Two

changes are observed - (1) the RHEED intensity of the Ga absorption-desorption

process slowly starts showing a 2-step behavior, (2) the (1/3, 1/3) beams in the

RHEED pattern appear, corresponding to a (
√

3×
√

3)R30◦ reconstruction [343].

The reconstruction is sign of the O atoms being removed from the SiC surface

through the chemical reaction S iO2 + 2Ga → S iO ↑ +Ga2O ↑ and leaving a

clean surface of SiC to start the growth. The substrate is cooled to 750◦C after
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Nucleation : 6H-SiC in-situ cleaning 

DARPA DSSP Q1 Review 100

1 cycle Ga polish
After few cycles of Ga-polish
Clean 6H-SiC surface

• Ga-polishing after introducing into the growth chamber to remove surface oxide contaminants
• ( 3× 3)R30 surface reconstruction visible after multiple cycles Ga-polishing, attributed to clean SiC surface

Ga-shutter 
open
30s

Change in RHEED behavior 
All shutters 

closed

6H-SiC
Substrate

Si-face

[-1100] [-1100]

6H-SiC
Substrate

Si-face

Oxide contaminants 
on SiC surface

Clean surface,
Ready for 

AlN growth

Figure A.5: in-situ cleaning of Si-face of 6H-SiC substrate using Ga desorption.
Ga metal is incident on the SiC surface for 30 sec and then allowed to desorb.
The intensity of the specular RHEED beam tracked over mulitple cycles. A
change in RHEED intensity behavior is observed after 10-12 cycles, which corre-
sponds to appearance of a (

√
3×
√

3)R30◦ reconstruction in the RHEED pattern.
This indicates a clean 6H-SiC starting surface.

the cleaning.

N flow is then started and the RF plasma is struck. An interesting phe-

nomenon is observed during the plasma stabilization on the Gen10. The sta-

bilization typically takes about 10 mins before start of the growth. During this

time, the (1/3, 1/3) beam in the RHEED slowly disappears within the first 2

mins. Figure A.6 shows the evolution of the RHEED profile over time. The ori-

gin of this behavior is still unclear. Oxygen contamination is unlikely since the

oxygen level is very low in the MBE chamber (confirmed through RGA). One

possibility for this observation is that the active nitrogen species leaking from

the shutter deposits on the SiC surface and modifies the surface reconstruction.

Nevertheless, the substrate is now ready for heterostructure growth.
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After Ga polish, 
at plasma strike

1 min after 
plasma strike

2 min after 
plasma strike

RHEED profile 
along this line

[1-100]

• Fractional order peak from reconstruction gradually disappears ~90s after striking plasma with shutter closed
• Hypothesis : The active nitrogen leaking from the plasma during stabilization is nitridating the 6H-SiC surface

Figure A.6: The (1/3, 1/3) beams in the (
√

3 ×
√

3)R30◦ reconstructed RHEED
from a clean SiC surface slowly vanishes after the plasma is struck (but N shut-
ter is still closed). The reason for this observed behavior is still unclear.

A.2.2 Detailed Growth Recipe
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Figure A.7: Timing diagram for MBE growth of an undoped, AlN/GaN/AlN
2DHG structure, with thin AlN barrier layer of < 10 nm.

The growth recipe for the AlN/GaN/AlN HEMT structure with a thin AlN
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barrier (< 10 nm) and GaN passivation layer, is illustrated in the timing dia-

gram in figure A.7. The sample is kept at Tsub = 750◦C throughout the epi-stack

growth. The first ∼50 nm of AlN is grown under N-rich conditions by opening

both Al and N shutter simultaneously at Al BEP of ∼ 6.1×10−7 Torr, correspond-

ing to an Al:N flux ratio ∼0.9. The Al cell temperature was then ramped up at

3◦C/min to a final BEP flux of ∼ 2.7 × 10−7 Torr (Al:N flux ratio ∼1.1). While

the cell temperature ramped up, migration enhanced epitaxy (MEE) cycles are

performed to smoothen out the growth surface by alternatively opening and

closing the Al and N shutters for 30 s each. The N-rich nucleation layer blocks

the Si up diffusion from the SiC surface and it from incorporating in the Ga

channel [141, 142].

Once the Al cell is at the targeted cell temperature corresponding to BEP flux

of ∼ 2.7 × 10−7, the rest of the buffer is grown under metal-rich AlN condition

by opening both the Al and N shutters simultaneously. Since Al desorption

rate from AlN growth surface is negligible at Tsub = 750◦C, the accumulated Al

metal is periodically consumed after 5 mins of AlN growth by closing the the Al

shutter and keeping the N shutter open. The consumption of Al is monitored

by tracking the saturation of the RHEED pattern intensity [63]. A total of ∼ 550

nm thick AlN buffer was grown in this manner. This technique of consumption

of excess Al on the surface also ensures a sharp, abrupt AlN-GaN interface [63].

After the buffer growth, the Ga shutter is opened for 10 s at a Ga BEP flux

of ∼ 7.8 × 10−7 Torr before the N shutter is opened to wet the growth surface,

following which the N shutter is also opened to grow the UID-GaN channel.

After the required thickness of GaN, the Al shutter is opened while keeping the Ga

shutter open to grow the AlN barrier. The Ga does not incorporate in the barrier
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but acts as surfactant during the AlN growth, thanks to the thermodynamic

preference of N to form AlN over GaN in the presence of both species. The Al

shutter is then closed to grow the GaN passivation layer, after which all shutters

are closed and the plasma is killed. Care is taken to avoid keeping the sample at

high temperature ≥ 750 C and/or with N shutter open since it will result in the

roughening of the GaN surface. However that is not a concern if the top layer is

AlN.

A few additional notes regarding the MBE growth are as follows :

• The AlN/GaN/AlN HEMT stack uses a N-rich AlN nucleation layer on

SiC to stop the contamination of Si. However, for applications where the

chemical properties of the crystal are not that important and/or the Si rid-

ing is tolerable, the N-rich layer not necessary. Instead metal rich AlN

nucleation with Ga surfactant results in a better crystal quality. It has

been reported that Ga acts as a surfactant for promoting step flow growth

mode of AlN on 6H-SiC with suitable starting surface [287]. Figure A.8

(a) shows the timing diagram of this technique. About 10 s of Ga flux at

∼ 6.2 × 10−7 Torr is incident on the clean SiC surface before opening the N

and Al shutter simultaneously. This Ga ”pre-deposition” leads to marked

difference in the final crystal quality and surface of the AlN crystal. Fig-

ure A.8 (b,c,d) compares two samples with 600 nm of AlN grown on SiC

under same growth conditions except for one difference. One was grown

with the Ga pre-dep step before nucleation and the other without. Even

though both the surfaces are very smooth in an atomic force microscope

(AFM) scan, a marked difference in the morphology is observed. In the

sample without Ga pre-dep, spiral features are visible, which are signs of
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screw dislocations [147]. These spirals are completely lacking in the AFM

of the sample with Ga pre-dep indicating a low screw dislocation density

in the crystal. This is corroborated by X-ray diffraction rocking curve scan

along AlN (002). The sample with Ga pre-dep shows an order of mag-

nitude lower FWHM, corresponding to estimated 3 orders reduction in

screw dislocation density from ∼ 109 cm−2 to ∼ 106 cm−2.

The Ga pre-dep is a critical step, which requires low N leakage when shut-

ter closed [344], low N plasma stabilization time [344] and optimal Ga flux

[345]. This technique is especially promising for applications such as the

epitaxial AlN for BAW, where the Si floating on the AlN growth front is

not of particular concern.

• The above growth recipe for AlN/GaN/AlN HEMTs does not include any

impurity blocking layers (IBLs) [8] in AlN buffer layer. This is because the

N-rich AlN layer has been shown to be effective in stopping the Si up

diffusion in PA-MBE AlN on SiC [142, 141]. Additionally even if some Si,

O do float up from the substrate, they are expected to incorporate at the

GaN/AlN lower interface which is >20-30 nm away from the 2DEG at the

AlN/GaN top interface (depending on the GaN channel thickness) and

should not influence the transport of the 2DEGs. Hence IBLs are typically

not required for the HEMTs.

However, for applications which make use of both the 2DEG and 2DHG

in the AlN/GaN/AlN heterostructure - for example, light emission from

bilayer, 2DHG as a backgate etc., the 2DHG transport properties are also

equally valuable. In those cases it is recommended to include the IBLs in

the AlN buffer layer. The buffer growth will then follow the same steps as

shown in figure A.1.
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Figure A.8: (a) Timing diagram showing the metal-rich nucleation of AlN on
SiC using Ga as a surfactant. The Ga metal is deposited before opening the Al
and N shutters, to promote layer-by-layer growth. (b) Compares the quality
of 600 nm AlN film grown under metal-rich conditions with and without the
Ga pre-dep step. The sample with Ga showed orders lower screw dislocation
density, evidenced from the lack of spirals in the surface AFM and (002) AlN
FWHM of 48 arcsec.

• In the above recipe, the substrate temperature Tsub corresponds to the ther-

mocouple temperature Ttc of an SiC piece mounted on Si wafer with In-
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dium, not the surface temperature. Thus the Ttc needs to be adjusted if the

mounting method is modified, for example, when using faceplates.

~190C

Heater Heater

Si(111) Wafer

SiC substrate

Molybdenum 
holder

SiC substrate

Conventional Indium mounting
Literature Ea : 2.5-3.5 eV, 0th order

3-inch SiC
wafer 

3-inch lapped Si 
wafer

Indium 10 mm x 10 mm 
6H-SiC

Figure A.9: Comparison of the surface temperature of a SiC substrate wafer with
and without Indium mounting using Ga desorption time. The surface temper-
ature on the faceplate mounted wafer is ∼190◦C cooler than indium-mounted
wafer at the same thermocouple temperature.

As an example, for the full 3-inch wafer HEMT growths, the SiC substrate

wafer is directly loaded onto the 3-inch molybdenum block in the MBE

chamber without any backside metal coating. SiC is transparent to IR ra-

diation because of which, at the same Ttc, the actual surface temperature of

the SiC full wafer is lower compared to an indium-mounted SiC substrate

piece. The temperature offset between different mounting schemes is be

quantified by comparing the desorption times of a fixed known Ga flux.

Figure A.9 plots the Ga desorption time as a function of the Ttc for the sim-

ilar SiC substrate wafer with and without indium mounted. The indium

mounted SiC surface is about 190◦C hotter than the faceplate mounted SiC

wafer at the same Ttc. Hence applying an offset to the substrate tempera-

tures used in the recipe above is necessary in this case while keeping the

rest of the growth conditions same.

300



A.2.3 in-situ AlN passivated AlN/GaN/AlN HEMTs
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Figure A.10: Timing diagram for the modified active region recipe for an in-situ
passivated AlN HEMT with thick AlN barrier layer. The nucleation and buffer
layers’ growth is same as shown in figure A.7.

The growth recipe in figure A.7 is suitable for AlN/gaN/AlN HEMT struc-

ture with thin (∼ 5-10 nm) top AlN barriers. Certain modifications need to be in-

corporated to grow the in-situ passivated HEMT structures with thick, > 30 nm

top AlN barrier. The modified recipe is shown in the timing diagram in figure

A.10. After the AlN buffer layer and GaN channel layer growth, the Al shutter

is opened and Ga shutter is closed, while keeping the N shutter open through-

out. During the AlN growth, the substrate temperature is raised to 770◦C. This

enhances the desorption rate of the excess Ga metal on the surface which has

accumulated during the GaN channel layer growth. Since the AlN top layer

growth is > 6 min long, all the Ga is desorbed by the time the AlN layer growth

finishes. After that, the Al shutter is closed and N kept open to consume the ex-

cess Al on the surface. This is tracked by the RHEED intensity, which increases

and saturates once all the Al is consumed. Finally, all shutters are closed, RF
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plasma is killed and the sample is cooled down to finish the growth.
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APPENDIX B

BULK ALN PLATFORM

Unlike Si, III-nitride semiconductors currently lack low-cost, large-diameter,

high-quality native substrates for homoepitaxial growth. Right since the 1990s,

the community has gotten get around this by developing growth techniques

on foreign substrates like SiC, Sapphire, Si. The choice of substrate is dictated

by the application and cost-performance ratio. Driven by the potential perfor-

mance gains in vertical transistors lasers and (visible) LEDs, there is an ongoing

effort in the field to develop high-quality native substrates. HVPE grown bulk

GaN substrates have recently become commercially available and have enabled

high performance vertical diodes as well as transport studies [4, 346, 347, 348].

Similarly, physical vapor transport (PVT) grown bulk AlN substrates are

now available in up to 2-inch diameter wafers sizes [285]. These are mainly

driven by UV LEDs and laser development, and were instrumental in the

demonstration of the first UV-C Laser [349]. Other electronic devices are also

being investigated on the bulk AlN substrates [310, 279] with promising perfor-

mance gains thanks to the ultra low dislocation densities of 104 cm−2. As of now,

the cost of these substrates are very high, limiting their use in high-performance

applications and scientific investigations. But with further research and devel-

opment they are poised to get cheaper and see mainstream adoption soon.

This chapter aims to serve as a motivation for studies of electronic devices

beyond vertical transistors and LEDs on these bulk AlN substrates. Bulk AlN

is the native substrate for the AlN-platform transistors discussed in this disser-

tation, and is the structurally purest realization of these heterostructures. This

chapter summarizes the potential gain in performance expected for the AlN-
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platform lateral transistors on bulk AlN substrate.

Results of some of the recent studies at the Jena-Xing Group in growing these

heterostructures on bulk AlN are also presented, which are enabled by new

advancements in MBE homoepitaxy of AlN [65, 64].

B.1 Single-crystal AlN substrates for transistors

Single crystal bulk AlN substrates provide a number of potential advantages to

a lateral transistor thanks to its low dislocation densities of 104 − 105 cm−2 and

high thermal conductivities of ∼ 340 W/m.K. Figure B.1 (a) summarizes the

advantages of an AlN/GaN/AlN RF HEMT on bulk AlN vs on conventional

substrate such as SiC and Si. These advantages are equally applicable for p-

channel GaN/AlN FETs too. These can be broadly classified as follows :

• Higher breakdown voltages through reduced gate leakage :

High breakdown voltage is desired in an RF HEMT to maximize the volt-

age handling capability. In a typical lateral III-nitride semiconductor FET,

the breakdown is limited by the leakage of carriers from the channel to the

gate instead of the channel semiconductor critical field. This leakage is ei-

ther by Fowler-Nordheim tunnelling, or through charged threading dislo-

cations which act as leakage paths. Typically heteroepitaxial AlN HEMTs

on SiC or Si have dislocation densities in the order of than 109 − 1010 cm−2

due to the lattice mismatch. For a 100 nm long and 50 µm wide gate, this

corresponds to ∼ 50000 leakage paths. In a high-quality bulk AlN, the

dislocation density is 6 orders lower at 104 − 105 cm−2 which results in

1 leakage path in every 20 transistors instead. Hence a lower dislocation
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Figure B.1: Advantages of a low-dislocation single crystal AlN substrate for
AlN-based HEMTs. (a) cartoon showing how the bulk AlN substrate eliminates
the dislocation related traps, phonon scattering in the bulk and thermal bound-
ary resistance at the buffer-substrate interface. (b) These result in lower current
collapse amd suppression of gate leakage current. These advantages equally
apply for p-channel transistors on bulk AlN as well.

mediated gate leakage is expected, which should translate to higher on-off

ratios and higher breakdown field, closer to the material limits.

• Higher currents through reduced current collapse :
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Under high operation biases, the charges from the transistor channel are

trapped in surface traps, bulk traps, buffer traps present near the active

region. Since these traps respond slowly to the applied RF signal, they do

not contribute to current flow at high frequencies and cause a current col-

lapse. This is observed as a reduction in current knee and increase in RON

during pulsed measurements under high quiescent bias conditions. In an

AlN HEMT on SiC or Si, these traps are introduced by the threading dislo-

cations. If each threading dislocation contributes one deep-level bulk trap

per unit cell, then a dislocation density of 1010 cm−2 gives trap density of

∼ 1018 cm−3. By moving to bulk AlN substrates, the bulk traps density also

reduces by 6 orders to around ∼ 1012 cm−3. This should translate to fewer

charge being trapped, lower current collapse, and low device degradation.

Combined with higher breakdown voltages, this increases the theoretical

maximum output power of the transistor.

• Higher reliability through better thermal performance :

The output powers from GaN HEMTs are not limited by the material, but

by their thermal performance instead [111]. It is understood that ther-

mal management is the key to achieving higher powers in high-frequency

HEMTs. The AlN platform provides an advantage over GaN HEMTs in

this regard because of higher thermal conductivity of the buffer layer (see

section 5.2) and lower thermal boundary resistances on Si and SiC sub-

strates, and has been experimentally shown to result in cooler channel

temperatures than GaN HEMTs. Use of Bulk AlN substrates is expected

to further improve the thermal performance.

A transistor operating as an amplifier converts the power delivered by the

DC bias PDC to amplify the input AC signal. Depending on the power
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(a)
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Figure B.2: (a) Simple model representing a heat disspation by a HEMT as a
wire disspating 1 W of power into the 1 µm thick buffer layer on a 50 µm thinned
substrate. Because of the dimensions, the heat flow can be assumed to be cylin-
drical. (b) The values of thermal conductivities and boundary resistances used
in this model, representing the best reported values in the literature. (c) Calcu-
lated rise in temperature as a function of depth for AlN and GaN buffer layers
on different substrates (Si, SiC, native). AlN-on-AlN shows the lowest surface
temperature rise, thanks to the absence of thermal bounary resistance.

added efficiency PAE of the transistor, part of the input power is dissi-

pated as heat into the crystal Pdiss = PDC(1 − PAE). In the absence of top-

side heat sink, this heat is carried by phonons vertically downwards from
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the active region on the surface to the heat sink under the substrate. Unim-

peded flow of heat is desired to avoid the rise in channel temperature. The

presence of crystal imperfections (dislocations) increases the phonon scat-

tering in this path, thereby contributing to rise in the channel temperature.

Thus, lower dislocations in the bulk AlN has an advantage in this regard.

Furthermore, the AlN-substrate interface acts as a thermal resistor in the

phonon flow path because of the mismatch in phonon density of states

[52]. This is quantified as thermal boundary resistance or TBR. It causes a

rise in temperature at the interface due to phonon reflections. In the case

of homoepitaxial AlN on bulk AlN substrate, there is no buffer-substrate

interface, and hence no TBR.

This thermal advantage in an FET can be quantified using a simple heat

flow model, show in figure B.2. The drain side of the HEMT dissipating

heat is represented as a line heat source of width WG = 50 µm under a

wide die approximation. It is dissipates Pdiss = 1 W as heat into a tbuffer

= 1 µm thick AlN or GaN buffer layer, which is on a tsub = 50 µm thick

substrate. The setup is shown in figure B.2 (a). Because tsub ∼ WG, the

temperature rise due to the heat conduction away from the channel can be

approximated as a cylindrical heat flow model [350].

According to Fourier’s cylindrical heat flow model, the temperature dif-

ference ∆T along two points r1 and r2 distance away from the heat source

is given by :

∆T =
Pdiss

2πWGκth
.Ln

(
r1

r2

)
, (B.1)

where κth is the thermal conductivity of the material through which the

heat is flowing.
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The buffer layer-substrate interface also acts as a resistor, characterized by

its TBR RBR. The temperature difference at the interface is then given by :

∆TT BR =
Pdiss

2πWGtbuffer
RBR. (B.2)

Figures B.2 (c), (d) show the calculated temperature profile along the line

perpendicular to the surface for AlN and GaN buffers layers respectively

on different substrates. The highest reported experimental thermal con-

ductivities and lowest experimental TBRs for the respective materials,

listed in table B.2 (b), are used to represent the best case scenarios. The

model clearly shows that AlN buffer layer on bulk AlN susbtrate results

in the lowest surface temperature. It beats AlN on diamond thanks to the

absence of TBR, and GaN on bulk GaN thanks to higher thermal conduc-

tivity.

Although this model ignores the effect of dislocations and, more impor-

tantly, lateral heat spread, it still highlights the importance of TBR in de-

termining the surface temperature during high power operation. A cooler

surface should results in higher power outputs in AlN HEMTs on bulk

AlN, compared to GaN and AlN HEMTs on other substrates.

B.2 Early results

Motivated by the above advantages of high-quality bulk AlN substrates and its

recent availability [285], numerous efforts in the field to explore their effect on

electronic lateral device performance. Recently GaN HEMTs growth on bulk

AlN from Fujitsu [279] have demonstrated power outputs up 15 W/mm in X-
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Just AFM and TEM
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MBE - AlN

Figure B.3: (a) Representative atomic force microscopy (AFM) scan of a 300 nm
homoepitaxial AlN film grown using MBE shows very smooth surface with
atomic steps and no sprial features. (b) The cross-sectional TEM showing the
lack of an observable boundary between the MBE grown film and substrate - a
sign of true homoepitaxy! Figures from Lee et al. [64] and Cho et al. [65]

band. Khachariya et al. from NCSU recently showcased [310] very high break-

down fields >9 MV/cm in AlGaN HEMTs on bulk AlN substrates.

In the Jena-Xing Group, there is ongoing effort to realize AlN-based transis-

tors on these bulk AlN substrates. Recently, Lee et al. [64] and Cho et al. [65]

developed ex-situ and in-situ cleaning steps critical to for growing high-quality

homoepitaxial AlN using on bulk AlN substrates using PA-MBE. The represen-

tative structural characteristics of these films are shown in figure B.3. Atomic

force microscopy (AFM) scan of the surface shows smooth, atomic terraces with

no spiral hillocks, signifying step-flow growth mode and low dislocations. In

the cross-sectional TEM image, no boundary is visible between the substrate

and epitaxial AlN layer, confirming ideal homoepitaxy.

Building on these growth advancements, GaN/AlN 2DHGs [30] and

AlN/GaN/AlN 2DEGs [66] have been also been grown recently using MBE

on bulk AlN substrates in the Jena-Xing Group. Figure B.4 compares the Hall

transport of these 2D carriers grown on bulk AlN vs grown on foreign substrates

(SiC/AlN templates) [3, 47]. At room temperature, the 2DEG, 2DHG mobilities

on bulk AlN are to those measured on SiC or templates. But low temperature
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Figure B.4: Comparison of (a) 2DEGs and (b) 2DHGs on bulk AlN substrates
and foreign substrates (AlN on sapphire template, SiC). While the room tem-
perature mobilities are comparable, the low temperature mobilities of the
2DEGs/2DHGs on bulk AlN show significant improvement over those on tem-
plate/SiC. This could be due to the reduced dislocation scattering and/or in-
terface roughness scattering thanks to the low threading dislocation densities in
the bulk AlN substrates. The bulk AlN 2DEG data is from Encomendero et al. [66]
and 2DHG data is from Zhang et al. [30]

mobilities at 10 K are higher on the bulk AlN platform for both the 2DEG and

2DHG. This suggests a reduced scattering from an extrinsic mechanism, most

likely dislocation scattering.

These 2DEGs, 2DHGs are currently being made into transistor channels for

demonstrating GaN/AlN pFETs and AlN/GaN/AlN HEMTs on bulk AlN. A

comparative study between these and the ones on SiC/template substrates will

be valuable comparison and hopefully experimentally validate the theoretical

predictions listed in the previous section.

Although foreign substrates like sapphire, Si and SiC will dominate the III-

nitride semiconductor market in the near future by offering a balance between

cost and performance, single crystal AlN substrate will definitely find niche ap-
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plications (SATCOM, defense) to cater where the higher performance is desired

over cost. But more excitingly, the substrates will tremendously help scientific

investigations by offering structural and chemically pure epitaxial crystals for

transport experiments.

312



BIBLIOGRAPHY

[1] F. Bernardini, V. Fiorentini, and D. Vanderbilt, “Spontaneous polarization
and piezoelectric constants of III-V nitrides,” Physical Review B - Condensed
Matter and Materials Physics, vol. 56, pp. R10024–R10027, 10 1997.

[2] I. Vurgaftman and J. R. Meyer, “Band parameters for nitrogen-containing
semiconductors,” Journal of Applied Physics, vol. 94, no. 6, pp. 3675–3696,
2003.

[3] R. Chaudhuri, S. J. Bader, Z. Chen, D. A. Muller, Huili, Xing, and D. Jena,
“A polarization-induced 2D hole gas in undoped gallium nitride quan-
tum wells,” Science, vol. 365, no. 6460, pp. 1454–1457, 2019.

[4] M. Horita, S. Takashima, R. Tanaka, H. Matsuyama, K. Ueno, M. Edo,
T. Takahashi, M. Shimizu, and J. Suda, “Hall-effect measurements of
metalorganic vapor-phase epitaxy-grown p-type homoepitaxial GaN lay-
ers with various Mg concentrations,” Japanese Journal of Applied Physics,
vol. 56, p. 031001, 3 2017.

[5] S. J. Bader, R. Chaudhuri, M. F. Schubert, H. W. Then, H. G. Xing, and
D. Jena, “Wurtzite phonons and the mobility of a GaN/AlN 2D hole gas,”
Applied Physics Letters, vol. 114, no. 25, 2019.

[6] D. E. Aspnes and A. A. Studna, “Schottky-barrier electroreflectance: Ap-
plication to GaAs,” Physical Review B, vol. 7, no. 10, pp. 4605–4625, 1973.

[7] L. Janicki, R. Chaudhuri, S. J. Bader, H. G. Xing, D. Jena, and R. Kudraw-
iec, “Electric Fields and Surface Fermi Level in Undoped GaN/AlN Two-
Dimensional Hole Gas Heterostructures,” Physica Status Solidi - Rapid Re-
search Letters, vol. 15, 4 2021.

[8] R. Chaudhuri, Z. Chen, D. Muller, H. G. Xing, and D. Jena, “High conduc-
tivity Polarization-induced 2D hole gases in Undoped GaN/AlN Hetero-
junctions enabled by Impurity Blocking Layers,” Journal of Applied Physics,
vol. 130, no. 025703, 2021.

[9] T. Takeuchi, H. Takeuchi, S. Sota, H. Sakai, H. Amano, and I. Akasaki,
“Optical properties of strained AlGaN and GaInN on GaN,” Japanese Jour-
nal of Applied Physics, Part 2: Letters, vol. 36, p. L177, 2 1997.

313



[10] M. Leyer, J. Stellmach, C. Meissner, M. Pristovsek, and M. Kneissl, “The
critical thickness of InGaN on (0 0 0 1)GaN,” Journal of Crystal Growth,
vol. 310, no. 23, pp. 4913–4915, 2008.

[11] A. Fischer, H. Kiihne, and H. Richter, “New Approach in Equilibrium The-
ory for Strained Layer Relaxation,” Physical Review Letters, vol. 73, no. 20,
pp. 2712–2715, 1994.

[12] A. Nakajima, Y. Sumida, M. H. Dhyani, H. Kawai, and E. M. S.
Narayanan, “High density two-dimensional hole gas induced by nega-
tive polarization at GaN/AlGaN heterointerface,” Applied Physics Express,
vol. 3, no. 12, 2010.

[13] R. Chu, Y. Cao, C. Mary, R. Li, and D. Zehnder, “An Experimental Demon-
stration of GaN CMOS Technology,” IEEE Electron Device Letters, vol. 37,
no. 3, pp. 269–271, 2016.

[14] T. Zimmermann, M. Neuburger, M. Kunze, I. Daumiller, A. Denisenko,
A. Dadgar, A. Krost, and E. Kohn, “P-channel InGaN-HFET structure
based on polarization doping,” IEEE Electron Device Letters, vol. 25, no. 7,
pp. 450–452, 2004.

[15] K. Zhang, M. Sumiya, M. Liao, Y. Koide, and L. Sang, “P-Channel In-
GaN/GaN heterostructure metal-oxide-semiconductor field effect tran-
sistor based on polarization-induced two-dimensional hole gas,” Scientific
Reports, vol. 6, no. January, p. 23683, 2016.

[16] H. Hahn, B. Reuters, A. Pooth, B. Hollander, M. Heuken, H. Kalisch,
and A. Vescan, “P-channel enhancement and depletion mode GaN-based
HFETs with quaternary backbarriers,” IEEE Transactions on Electron De-
vices, vol. 60, no. 10, pp. 3005–3011, 2013.

[17] B. Reuters, H. Hahn, A. Pooth, B. Holländer, U. Breuer, M. Heuken,
H. Kalisch, and A. Vescan, “Fabrication of p-channel heterostructure field
effect transistors with polarization-induced two-dimensional hole gases
at metal-polar GaN/AlInGaN interfaces,” Journal of Physics D: Applied
Physics, vol. 47, no. 17, 2014.

[18] M. Shatalov, G. Simin, J. Zhang, V. Adivarahan, A. Koudymov, R. Pachip-
ulusu, and M. A. Khan, “GaN / AlGaN p-Channel inverted heterostruc-
ture JFET,” IEEE Electron Device Letters, vol. 23, no. 8, pp. 452–454, 2002.

314



[19] G. Li, R. Wang, B. Song, J. Verma, Y. Cao, S. Ganguly, A. Verma, J. Guo,
H. G. Xing, and D. Jena, “Polarization-induced GaN-on-insulator E/D
Mode heterostructure FETs,” IEEE Electron Device Letters, vol. 34, no. 7,
pp. 852–854, 2013.

[20] H. Lee, N. Campbell, J. Lee, T. J. Asel, T. R. Paudel, H. Zhou, J. W. Lee,
B. Noesges, J. Seo, B. Park, L. J. Brillson, S. H. Oh, E. Y. Tsymbal, M. S.
Rzchowski, and C. B. Eom, “Direct observation of a two-dimensional hole
gas at oxide interfaces,” Nature Materials, vol. 17, no. 3, pp. 231–236, 2018.

[21] A. A. Yamaguchi, Y. Mochizuki, H. Sunakawa, and A. Usui, “Determi-
nation of valence band splitting parameters in GaN,” Journal of Applied
Physics, vol. 83, p. 4542, 1998.

[22] M. Kasu and N. Kobayashi, “High hole mobility (1300 cm2/Vs) at room
temperature in hydrogen-terminated (001) diamond,” Applied Physics Let-
ters, vol. 80, pp. 3961–3963, 5 2002.

[23] H. J. Looi, R. B. Jackman, and J. S. Foord, “High carrier mobility in poly-
crystalline thin film diamond,” Applied Physics Letters, vol. 72, p. 353, 6
1998.

[24] K. Hayashi, S. Yamanaka, H. Watanabe, T. Sekiguchi, H. Okushi, and
K. Kajimura, “Investigation of the effect of hydrogen on electrical and op-
tical properties in chemical vapor deposited on homoepitaxial diamond
films,” Journal of Applied Physics, vol. 81, pp. 744–753, 1 1997.

[25] M. Myronov, T. Irisawa, O. A. Mironov, S. Koh, Y. Shiraki, T. E. Whall,
and E. H. Parker, “Extremely high room-temperature two-dimensional
hole gas mobility in Ge/Si0.33Ge0.67/Si (001) p-type modulation-doped
heterostructures,” Applied Physics Letters, vol. 80, pp. 3117–3119, 4 2002.

[26] M. Myronov, K. Sawano, Y. Shiraki, T. Mouri, and K. M. Itoh, “Obser-
vation of two-dimensional hole gas with mobility and carrier density ex-
ceeding those of two-dimensional electron gas at room temperature in the
SiGe heterostructures,” Applied Physics Letters, vol. 91, p. 082108, 8 2007.

[27] R. J. H. Morris, T. J. Grasby, R. Hammond, M. Myronov, O. A. Mironov,
D. R. Leadley, T. E. Whall, E. H. C. Parker, M. T. Currie, C. W. Leitz, and
E. A. Fitzgerald, “High conductance Ge p-channel heterostructures real-
ized by hybrid epitaxial growth,” Semiconductor Science and Technology,
vol. 19, pp. L106–L109, 10 2004.

315



[28] M. Kaneko, I. Narita, and S. Matsumoto, “The Study on Hole Mobility in
the Inversion Layer of P-Channel MOSFET,” IEEE Electron Device Letters,
vol. 6, no. 11, pp. 575–577, 1985.

[29] S. H. Shin, Y. H. Park, H. C. Koo, Y. H. Song, and J. D. Song,
“GaSb/InGaAs 2-dimensional hole gas grown on InP substrate for III-
V CMOS applications,” Current Applied Physics, vol. 17, pp. 1005–1008, 7
2017.

[30] Z. Zhang, J. Encomendero, R. Chaudhuri, Y. Cho, V. Protasenko,
K. Nomoto, K. Lee, M. Toita, H. G. Xing, and D. Jena, “Polarization-
induced 2D hole gases in pseudomorphic undoped GaN/AlN het-
erostructures on single-crystal AlN substrates,” in review, 2021.

[31] S. J. Bader, R. Chaudhuri, K. Nomoto, A. Hickman, Z. Chen, H. W. Then,
D. A. Muller, H. G. Xing, and D. Jena, “Gate-recessed E-mode p-channel
HFET with high on-current based on GaN/AlN 2D hole gas,” IEEE Elec-
tron Device Letters, vol. 39, no. 12, pp. 1848–1851, 2018.

[32] A. Nakajima, P. Liu, M. Ogura, T. Makino, K. Kakushima, S. I. Nishizawa,
H. Ohashi, S. Yamasaki, and H. Iwai, “Generation and transportation
mechanisms for two-dimensional hole gases in GaN/AlGaN/GaN dou-
ble heterostructures,” Journal of Applied Physics, vol. 115, no. 15, 2014.

[33] Z. Zhang, Y. Cho, M. Gong, S. T. Ho, J. Singhal, J. Encomendero, X. Li,
H. Lee, H. G. Xing, and D. Jena, “Epitaxial Ferrimagnetic Mn4N Thin
Films on GaN by Molecular Beam Epitaxy,” IEEE Transactions on Mag-
netics, 2021.

[34] B. Ofuonye, J. Lee, M. Yan, C. Sun, J.-M. Zuo, and I. Adesida, “Elec-
trical and microstructural properties of thermally annealed Ni/Au and
Ni/Pt/Au Schottky contacts on AlGaN/GaN heterostructures,” Semicon-
ductor Science and Technology, vol. 29, p. 095005, 7 2014.

[35] K. A. Rickert, A. B. Ellis, J. K. Kim, J.-L. Lee, F. J. Himpsel, F. Dwikusuma,
and T. F. Kuech, “X-ray photoemission determination of the Schottky bar-
rier height of metal contacts to n–GaN and p–GaN,” Journal of Applied
Physics, vol. 92, p. 6671, 11 2002.

[36] H. B. Michaelson, “The work function of the elements and its periodicity,”
Journal of Applied Physics, vol. 48, p. 4729, 8 2008.

316



[37] Y. Liu, S. Kijima, E. Sugimata, M. Masahara, K. Endo, T. Matsukawa,
K. Ishii, K. Sakamoto, T. Sekigawa, H. Yamauchi, Y. Takanashi, and
E. Suzuki, “Investigation of the TiN gate electrode with tunable work
function and its application for FinFET fabrication,” IEEE Transactions on
Nanotechnology, vol. 5, pp. 723–728, 11 2006.

[38] S. J. Bader, R. Chaudhuri, A. Hickman, K. Nomoto, S. Bharadwaj, H. W.
Then, H. G. Xing, and D. Jena, “GaN/AlN Schottky-gate p-channel HFETs
with InGaN contacts and 100 mA/mm on-current,” Technical Digest - In-
ternational Electron Devices Meeting, IEDM, pp. 1–4, 2019.

[39] K. Nomoto, R. Chaudhuri, S. J. Bader, L. Li, A. Hickman, S. Huang, H. Lee,
T. Maeda, H. W. Then, M. Radosavljevic, P. Fischer, A. Molnar, J. C. M.
Hwang, H. G. Xing, and D. Jena, “GaN/AlN p-channel HFETs with Imax >
420 mA/mm and ∼20 GHz fT /fmax,” Technical Digest - International Electron
Devices Meeting, IEDM, 2020.

[40] S. Rennesson, M. Leroux, M. Al Khalfioui, M. Nemoz, S. Chenot,
J. Massies, L. Largeau, E. Dogmus, M. Zegaoui, F. Medjdoub, and F. Se-
mond, “Ultrathin AlN-Based HEMTs Grown on Silicon Substrate by NH3-
MBE,” Physica Status Solidi (A) Applications and Materials Science, vol. 215,
pp. 1–4, 5 2018.

[41] S. Patwal, M. Agrawal, K. Radhakrishnan, T. L. A. Seah, and N. Dhar-
marasu, “Enhancement of 2D Electron Gas Mobility in an AlN/GaN/AlN
Double-Heterojunction High-Electron-Mobility Transistor by Epilayer
Stress Engineering,” Physica Status Solidi (A) Applications and Materials Sci-
ence, vol. 1900818, pp. 3–9, 2019.

[42] M. Qi, G. Li, S. Ganguly, P. Zhao, X. Yan, J. Verma, B. Song, M. Zhu,
K. Nomoto, H. Xing, and D. Jena, “Strained GaN quantum-well FETs on
single crystal bulk AlN substrates,” Applied Physics Letters, vol. 110, no. 6,
pp. 6–10, 2017.

[43] J. T. Chen, J. Bergsten, J. Lu, E. Janzén, M. Thorsell, L. Hultman, N. Rors-
man, and O. Kordina, “A GaN-SiC hybrid material for high-frequency
and power electronics,” Applied Physics Letters, vol. 113, no. 4, 2018.

[44] U. Choi, D. Jung, K. Lee, T. Kwak, T. Jang, Y. Nam, B. So, and
O. Nam, “The Effect of AlN Buffer Layer on AlGaN/GaN/AlN Double-
Heterostructure High-Electron-Mobility Transistor,” Physica Status Solidi
(A) Applications and Materials Science, vol. 217, no. 7, pp. 1–8, 2020.

317



[45] S. M. Islam, M. Qi, B. Song, K. Nomoto, V. Protasenko, J. Wang, S. Rou-
vimov, P. Fay, H. G. Xing, and D. Jena, “First demonstration of strained
AlN/GaN/AlN quantum well FETs on SiC,” Device Research Conference -
Conference Digest, DRC, no. 10, pp. 5–6, 2016.

[46] G. Li, B. Song, S. Ganguly, M. Zhu, R. Wang, X. Yan, J. Verma, V. Pro-
tasenko, H. Grace Xing, and D. Jena, “Two-dimensional electron gases in
strained quantum wells for AlN/GaN/AlN double heterostructure field-
effect transistors on AlN,” Applied Physics Letters, vol. 104, no. 19, pp. 1–5,
2014.

[47] A. Hickman, R. Chaudhuri, S. J. Bader, K. Nomoto, K. Lee, H. G. Xing,
and D. Jena, “High Breakdown Voltage in RF AlN/GaN/AlN Quantum
Well HEMTs,” IEEE Electron Device Letters, vol. 40, no. 8, pp. 1293–1296,
2019.

[48] T. Fang, R. Wang, G. Li, H. Xing, S. Rajan, and D. Jena, “Effect of Optical
Phonon Scattering on the Performance of GaN Transistors,” IEEE Electron
Device Letters, vol. 33, no. 5, p. 709, 2012.

[49] B. Romanczyk, M. Guidry, X. Zheng, H. Li, E. Ahmadi, S. Keller, and U. K.
Mishra, “Bias-Dependent Electron Velocity Extracted From N-Polar GaN
Deep Recess HEMTs,” IEEE Transactions on Electron Devices, pp. 1–5, 2020.

[50] C. Y. Ho, R. W. Powell, and P. E. Liley, “Thermal Conductivity of the Ele-
ments,” Journal of Physical and Chemical Reference Data, vol. 1, pp. 279–421,
4 1972.

[51] K. Chen, B. Song, N. K. Ravichandran, Q. Zheng, X. Chen, H. Lee, H. Sun,
S. Li, G. A. G. U. Gamage, F. Tian, Z. Ding, Q. Song, A. Rai, H. Wu,
P. Koirala, A. J. Schmidt, K. Watanabe, B. Lv, Z. Ren, L. Shi, D. G. Cahill,
T. Taniguchi, D. Broido, and G. Chen, “Ultrahigh thermal conductivity
in isotope-enriched cubic boron nitride,” Science, vol. 367, pp. 555–559, 1
2020.

[52] E. T. Swartz and R. O. Pohl, “Thermal boundary resistance,” Reviews of
Modern Physics, vol. 61, no. 3, pp. 605–668, 1989.

[53] A. L. Hickman, R. Chaudhuri, S. J. Bader, K. Nomoto, L. Li, J. C. M.
Hwang, H. Grace Xing, and D. Jena, “Next generation electronics on
the ultrawide-bandgap aluminum nitride platform,” Semiconductor Sci-
ence and Technology, vol. 36, p. 044001, 4 2021.

318



[54] A. Hickman, R. Chaudhuri, L. Li, K. Nomoto, S. J. Bader, J. C. M. Hwang,
H. G. Xing, and D. Jena, “First RF Power Operation of AlN/GaN/AlN
HEMTs With >3 A/mm and 3 W/mm at 10 GHz,” IEEE Journal of the
Electron Devices Society, vol. 9, pp. 121–124, 12 2021.

[55] S. Birner, T. Zibold, T. Andlauer, T. Kubis, M. Sabathil, A. Trellakis, and
P. Vogl, “nextnano: General purpose 3-D simulations,” IEEE Transactions
on Electron Devices, vol. 54, pp. 2137–2142, 9 2007.

[56] W. Zhao, M. J. Asadi, L. Li, R. Chaudhuri, K. Nomoto, H. G. Xing,
J. Hwang, and D. Jena, “Demonstration of 10 GHz Epi-BAW Resonators
on the MBE AlN on SiC HEMT Platform,” in preparation, 2021.

[57] M. J. Asadi, L. Li, W. Zhao, K. Nomoto, P. Fay, H. G. Xing, D. Jena, and
J. C. Hwang, “SiC substrate-integrated waveguides for high-power mono-
lithic integrated circuits above 110 GHz,” in IEEE MTT-S International Mi-
crowave Symposium, 2021.

[58] Z. Zheng, W. Song, L. Zhang, S. Yang, J. Wei, and K. J. Chen, “Monolith-
ically Integrated GaN Ring Oscillator Based on High-Performance Com-
plementary Logic Inverters,” IEEE Electron Device Letters, vol. 42, no. 1,
pp. 26–29, 2020.

[59] Z. Zheng, L. Zhang, W. Song, S. Feng, H. Xu, J. Sun, S. Yang, T. Chen,
J. Wei, and K. J. Chen, “Gallium nitride-based complementary logic inte-
grated circuits,” Nature Electronics, vol. 4, pp. 595–603, 8 2021.

[60] N. Chowdhury, Q. Xie, M. Yuan, K. Cheng, H. W. Then, and T. Palacios,
“Regrowth-Free GaN-Based Complementary Logic on a Si Substrate,”
IEEE Electron Device Letters, vol. 41, pp. 820–823, 6 2020.

[61] A. Nakajima, S. Kubota, K. Tsutsui, K. Kakushima, H. Wakabayashi,
H. Iwai, S.-i. Nishizawa, and H. Ohashi, “GaN-based complementary
metal–oxide–semiconductor inverter with normally off Pch and Nch
MOSFETs fabricated using polarisation-induced holes and electron chan-
nels,” IET Power Electronics, vol. 11, no. 4, pp. 689–694, 2018.

[62] H. Hahn, B. Reuters, S. Kotzea, G. Lukens, S. Geipel, H. Kalisch, and
A. Vescan, “First monolithic integration of GaN-based enhancement
mode n-channel and p-channel heterostructure field effect transistors,”
Device Research Conference - Conference Digest, DRC, vol. 60, no. 10, pp. 259–
260, 2014.

319



[63] R. Chaudhuri, S. J. Bader, Z. Chen, D. Muller, H. G. Xing, and D. Jena,
“MBE Growth of Large-Area GaN/AlN 2-dimensional Hole Gas Het-
erostructures,” Physica Status Solidi (B) Basic Research, vol. 1900567, pp. 1–
5, 2020.

[64] K. Lee, Y. Cho, L. J. Schowalter, M. Toita, H. G. Xing, and D. Jena, “Surface
control and MBE growth diagram for homoepitaxy on single-crystal AlN
substrates,” Applied Physics Letters, vol. 116, no. 26, 2020.

[65] Y. Cho, C. S. Chang, K. Lee, M. Gong, K. Nomoto, M. Toita, L. J. Schowal-
ter, D. A. Muller, D. Jena, and H. G. Xing, “Molecular beam homoepi-
taxy on bulk AlN enabled by aluminum-assisted surface cleaning,” Ap-
plied Physics Letters, vol. 116, p. 172106, 4 2020.

[66] J. Encomendero, Z. Zhang, K. Lee, R. Chaudhuri, A. Hickman, M. Toita,
D. Jena, and H. G. Xing, “Complementary 2D Electron and Hole Gases
on Single-crystal AlN Substrates,” in 63rd Electronic Materials Conference
(EMC) (presented), 2021.

[67] NASA, “Voyager - The Golden Record.” https://voyager.jpl.nasa.gov/
golden-record/ , accessed 2021-08-30.

[68] J. Gertner, The Idea Factory: Bell Labs and the great age of American innovation.
Penguin, 2012.

[69] J. Neal and J. Bledoe, Fire In The Belly: Building A World-leading High-tech
Company From Scratch In Tumultuous Times. Down Home Pr, 2005.

[70] J. W. Orton, The Story of Semiconductors. Oxford University Press, 2008.

[71] J. Orton and T. Foxon, Molecular beam epitaxy: a short history. Oxford Uni-
versity Press USA, 2015.

[72] C. E. Shannon, “A Mathematical Theory of Communication,” Bell System
Technical Journal, vol. 27, no. 3, 1948.

[73] K. Lifshitz, Makers of the Telegraph Samuel Morse, Ezra Cornell and Joseph
Henry. McFarland, Incorporated, Publishers, 2017.

[74] J. C. Bose, “Detector for electrical disturbances.” U.S. Patent 755840, 1901.

320

https://voyager.jpl.nasa.gov/golden-record/
https://voyager.jpl.nasa.gov/golden-record/


[75] F. Braun, “On Current Conduction Through Metallic Sulfides,” Semicon-
ductor Devices: Pioneering Papers, pp. 377–380, 3 1991.

[76] R. Buderi, The invention that changed the world: How a small group of radar
pioneers won the second world war and launched a technical revolution. Touch-
stone, New York, 1996.

[77] V. Bush, Science, the endless frontier. Princeton University Press, 2020.

[78] “The Origin of Semiconductor Research at Purdue.” https://www.physics.
purdue.edu/about/history/semi conductor research.html, accessed 2021-08-30.

[79] L. Edgar, “Method and apparatus for controlling electric currents.” U.S.
Patent 1745175, 1930.

[80] J. Bardeen and W. H. Brattain, “The Transistor, A Semi-Conductor Triode,”
Physical Review, vol. 74, p. 230, 7 1948.

[81] W. Shockley, M. Sparks, and G. K. Teal, “p-n Junction Transistors,” Physi-
cal Review, vol. 83, p. 151, 7 1951.

[82] M. Riordan, “The silicon dioxide solution,” IEEE Spectrum, vol. 44, pp. 51–
56, 12 2007.

[83] J. Hoerni, “Planar silicon diodes and transistors,” in 1960 International
Electron Devices Meeting, IRE, 1960.

[84] J. Andrus and W. L. Bond, “Photoengraving in transistor fabrication,”
Transistor technology, vol. 3, pp. 151–162, 1958.

[85] J. S. Kilby, “Invention of the Integrated Circuit,” IEEE Transactions on Elec-
tron Devices, vol. 23, no. 7, pp. 648–654, 1976.

[86] R. N. Noyce, “Semiconductor Device-and-Lead Structure, Reprint of U.S.
Patent 2,981,877 (Issued April 25, 1961. Filed July 30, 1959),” IEEE Solid-
State Circuits Newsletter, vol. 12, pp. 34–40, 2 2009.

[87] D. Kahng, “Silicon-silicon dioxide field induced surface devices,” in The
Solid State Device Research Conf., (Pittsburgh PA), 1960.

321

https://www.physics.purdue.edu/about/history/semi_conductor_research.html
https://www.physics.purdue.edu/about/history/semi_conductor_research.html


[88] F. M. Wanlass and C. T. Sah, “Nanowatt Logic Using Field-Effect Metal-
Oxide Semiconductor Triodes,” Semiconductor Devices: Pioneering Papers,
pp. 637–638, 3 1991.

[89] M. Bohr, “A 30 Year Retrospective on Dennard’s MOSFET Scaling Paper,”
IEEE Solid-State Circuits Newsletter, vol. 12, pp. 11–13, 2 2009.

[90] R. R. Schaller, “Moore’s law: past, present, and future,” IEEE Spectrum,
vol. 34, pp. 52–55, 6 1997.

[91] K. F. Schuegraf, C. C. Kin, and C. Hu, “Ultra-thin silicon dioxide leakage
current and scaling limit,” Digest of Technical Papers - Symposium on VLSI
Technology, vol. 1992-June, pp. 18–19, 1992.

[92] I. L. Markov, “Limits on fundamental limits to computation,” Nature,
vol. 512, pp. 147–154, 8 2014.

[93] H. M. Manasevit and W. I. Simpson, “The Use of Metal-Organics in the
Preparation of Semiconductor Materials: I . Epitaxial Gallium- V Com-
pounds,” Journal of The Electrochemical Society, vol. 116, p. 1725, 12 1969.

[94] A. Y. Cho and J. R. Arthur, “Molecular beam epitaxy,” Progress in Solid
State Chemistry, vol. 10, pp. 157–191, 1 1975.

[95] U. Ruddenklau, “mmWave Semiconductor Industry Technologies,” ETSI
White Paper No. 15, 2018.

[96] B. J. Baliga, “Power Semiconductor Device Figure of Merit for High-
Frequency Applications,” IEEE Electron Device Letters, vol. 10, no. 10,
pp. 455–457, 1989.

[97] E. Johnson, “Physical limitations on frequency and power parameters of
transistors,” in IRE International Convention Record, Institute of Electrical
and Electronics Engineers, 1985.

[98] S. Nakamura, “Nobel Lecture: Background story of the invention of effi-
cient blue InGaN light emitting diodes,” Reviews of Modern Physics, vol. 87,
pp. 1139–1151, 10 2015.

[99] M. A. Khan, J. N. Kuznia, J. M. Van Hove, N. Pan, and J. Carter, “Ob-
servation of a two-dimensional electron gas in low pressure metalor-

322



ganic chemical vapor deposited GaN-AlxGa1−xN heterojunctions,” Applied
Physics Letters, vol. 60, no. 24, pp. 3027–3029, 1992.

[100] O. Ambacher, J. Smart, J. R. Shealy, N. G. Weimann, K. Chu, M. Mur-
phy, W. J. Schaff, L. F. Eastman, R. Dimitrov, L. Wittmer, M. Stutzmann,
W. Rieger, and J. Hilsenbeck, “Two-dimensional electron gases induced
by spontaneous and piezoelectric polarization charges in N-and Ga-face
AlGaN/GaN heterostructures,” Journal of Applied Physics, vol. 85, no. 6,
pp. 3222–3233, 1999.

[101] U. Mishra, Shen Likun, T. Kazior, and Yi-Feng Wu, “GaN-based RF power
devices and amplifiers,” Proceedings of the IEEE, vol. 96, pp. 287–305, 2
2008.

[102] H. Amano, Y. Baines, E. Beam, M. Borga, T. Bouchet, P. R. Chalker,
M. Charles, K. J. Chen, N. Chowdhury, R. Chu, C. De Santi, M. M.
De Souza, S. Decoutere, L. Di Cioccio, B. Eckardt, T. Egawa, P. Fay, J. J.
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