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The ultra-wide bandgap (UWBG) semiconductor aluminum nitride (AIN)
has conventionally been used in optoelectronics, and as piezoelectric layers
in radio-frequency (RF) micro electro-mechanical systems (MEMS). AIN, 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 AIN-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 Ill-nitride 2D hole gas
(2DHG) in GaN/AIN 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 AIN layer on top of the GaN/AIN 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 AIN/GaN/AIN heterostructure is then
studied in detail for use as a channel in AIN 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.mq
is extracted at densities of 2-3 10 cm 2. The state-of-art scaled AIN 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 AIN passi-
vation technique which drastically reduces the RF-DC dispersion from the sur-
face states in AIN HEMTs. By scaling the GaN channel layer down to 3 nm,
enhancement-mode operation is achieved for the first time in AIN 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-AIN 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 AIN-platform.
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work with their corresponding structural and 2DEG transport
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from the X-ray diffraction reciprocal space maps detailed in g-
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Polarization-induced xed charge densities at the interfaces of
(a) pseudomorphic AlinGaN on relaxed GaN and (b) pseudo-
morphic AlinGaN on relaxed AIN, as a function of the indium
and aluminum compositions in the layer. The sign indicates the
polarity ofthecharge. . . . . . ... ... ... ... .. ...,
Epitaxially grown GaN/AIN heterostructures. (A) Energy-band
diagram of a 13 nm undoped GaN on AIN heterostructure,
showing the formation of quantum well in the valence band, and
the high-density of con ned holes accumulated at the GaN/AIN
interface. (B) Schematic of the epitaxially grown layer structure.
(C) High resolution scanning transmission electron microscopy
(STEM) image showing the metal-polar wurtzite crystalline lat-
tice of the heterointerface, as in (D). The valence band edge, and
probability density of the holes from (A) are overlaid on the in-
terface. Figure modi ed from Chaudhurietal. [3] . . .. .. .. ..
Structural properties of the MBE-grown GaN/AIN heterostruc-
tures. (A) Atomic Force Microscopy (AFM) scans of the as-
grown surface. The rms roughnesses are 0.69 nmand 0.46 nm
forthe 10 m and 2 m scans respectively (B) X-ray diffraction
(XRD) 2 scan across the symmetric (002) re ection and the sim-
ulated data (19), con rming the targeted thicknesses and sharp
interfaces. (C) Reciprocal space map (RSM) scan of the asymmet-
ric (105) re ections of GaN and AIN shows the 13 nm GaN layer

is fully strained to the AIN layer. Figure from Chaudhuri et al. [3].
STEM annular dark eld (ADF) images of the cross-section of
the GaN/AIN heterostructure along [-110] zone-axis. The wide-
area image and the zoomed-in regions clearly show the coher-
ently sharp interface between the GaN and AIN ( 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]
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Temperature-dependent Hall-effect measurement data from 300
Kto 10 K at 1 T magnetic eld of 2DHG samples A and B, along
with Mg-doped GaN control sample C. Also included for com-
parison is the Hall data of the highest hole mobility reported [4]
in Mg-doped GaN, labelled Horita (2017). (A) The 2DHG sam-
ples 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 measurement. (B) The measured mobile hole con-
centrations show freeze-out of holes in the Mg-doped GaN (sam-
ple 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 signi cantly higher mobili-
ties than C. Even though Horita (2017) shows a higher mobilities
than 2DHG samples A and B (due to low charge concentrations),
the 2DHGs survive till much lower temperature. Sample A at 10
K represents the highest hole mobilities ever reported in GaN.
(Inset) Hall resistance versus magnetic eld measured at room
temperature indicates a positive Hall coef cient (holes) in both
samples A and B. Figure from Chaudhurietal. [3]. . . . . .. . ..
(@) Numerical [5] and (b) analytical model of the GaN/AIN
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 Baderetal. [5]. . . . .
Comparison of temperature-dependent Hall effect measure-
ments performed at Air force research labs (AFRL) and Cornell
on a GaN/AIN 2DHG sample as shown in inset of (b). Corner
soldered indium were used at Cornell and alloyed Ni/Au con-
tacts were used for ohmic contacts to the 2DHG for Hall mea-
surement. The close agreement of the results serves as a inde-
pendent con rmation of the discovery of the 2DHG. Addition-
ally, the AFRL measurements also provide valuable data points
above room temperature, showing that the 2DHG not only sur-
vives upto 800 K, but also the hole concentration increases
slightly. This makes it suitable for high-temperature circuit ap-

plications. Measurements at AFRL were performed by Dr. Adam Ne#d0
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Contactless sheet resistance measurements of an undoped
GaN/AIN 2DHG wafer performed Teledyne Technologies. (A)
2-inch MBE-grown GaN/AIN heterostructure wafer with the
corresponding layer structure shown, along with a bare sub-
strate wafer used as a control sample (B) Sheet resistance map for
wafer A shows sheet resistances in the range of 16 33k /sq
across the surface, whereas wafer B is highly resistive (> 350
k /sq). These results provide an independent con rmation of
the presence of a polarization-induced 2D hole gas as a conduc-
tive channel in the undoped heterostructure on wafer A. Figure
from Chaudhurietal. [3] . . . . . .. ... .. ... .. ...,
Dependence of the properties of the polarization-induced 2D
hole gas on the thickness of the undoped strained GaN layer
grown on AIN. (A) shows the valence band edge and the spa-
tial hole density distribution as a function of the GaN layer
thickness. The triangular quantum well at the heterojunction

is clearly visible, with the large valence band offset to con ne
the 2D holes to a width of 1 nm in the vertical direction. The
2D hole gas density increases and saturates for GaN layer thick-
nesses above 30 nm. (B) shows the measured 2D hole gas den-
sities in various undoped (solid circles) and Mg-doped (hollow
circles) GaN/AIN samples with varying GaN thicknesses. The
numerical simulations for the variation of the hole gas density
with the thickness of the GaN cap layer, for various surface bar-
rier heights is also shown for reference. There clearly exists a crit-
ical minimum thickness of GaN for the existence of mobile holes
at the GaN/AIN interface - a characteristic of the polarization-
induced nature of the 2D hole gas. Figure from Chaudhuri et al.
[B] . . e
Results of contactless electrore ectance (CER) to probe the elec-
tric elds in the GaN layer in a GaN/AIN 2DHG sample. (a), (b)
show the CER spectra measured from samples 1 and 2 respec-
tively. 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 tted to extract the
electric elds 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 sim-
ulation results is  1:9 eV above the valence band in both the
samples. Figures from Janicki, Chaudhurietal. [7] . . . . . . . ..
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2.11 (a) Heterostructure details of sample C, with an AIN nucleation
layer (NL) grown under N-rich conditions and impurity block-
ing layers (IBLs) marked in the buffer layer. (b) Scanning trans-
mission electron microscope (STEM) images of the cross-section
of a GaN/AIN heterostructure of sample C. The bright- eld (BF)
image shows the presence of the N-rich NL. The IBLs are visible
in both BF and high angle annular dark eld (HAADF) image.
(c) X-ray diffraction Reciprocal space maps (RSM) around the
AIN (105) peak con rms that the GaN layers in sample A and C
are fully strained to the AIN buffer layer. Figure from Chaudhuri
etal. [8] . . .. . . 51

2.12 Secondary ion mass spectrometery (SIMS) pro les showing the
impurity levels and Ga atomic fractions : (a) at the GaN-AIN in-
terface where the 2DHG is expected, (b) in the AIN buffer layer,
and (c) at the AIN-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 corre-
sponding to the IBLs in sample B and C are also indicated. The
results show that the high-concentration AlGaN IBLs are effec-
tive in blocking the impurities from oating up and incorporat-
ing in the GaN layer. Figure from Chaudhurietal. [8]. . . . .. .. 55

2.13 Temperature dependent Hall-effect measurement results for
sample A, B and C. (a) Comparing the holes mobilites, 3 boost
in mobilities is observed in sample B and C compared to sam-
ple A throughout the temperature range due to the suppression
of impurities at GaN/AIN interface. Data from other samples
grown under similar conditions [3] is also included, and shows
high hole mobilities upto 190 cn?=Vs at 20 K. (b) The 2DHG
sheet concentration is approximately the same in all the samples.
(c) Thisresults in 3 higher conductivity in sample B and C com-
pared to sample A. Figure from Chaudhurietal. [8]. . . . . .. .. 58

XXVI



2.14

2.15

2.16

(@) Theoretical room temperature (RT) mobility 300 Of a
GaN/AIN 2DHG of density 5 10" cm 2, as a function of con-
centration of ionized background impurities Nimp. The 2DHG
scattering is limited by ionized impurity scattering at impurity

concentrations Nimp N 1:2 10 cm 3. The 2DHGs with

imp
IBLs ensure that N¢ and thus have a higher phonon-limited

m
mobility. (b) 300K rpnobility vs charge density of GaN/AIN
2DHG samples grown with and without the IBLs under similar
conditions. A polarization-induced 2DHG density of 5 108
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 ex-

pected 2DHG density and have higher mobilities, resulting in

high-conductivity 2DHGs. Figure from Chaudhurietal. [8] . . . .

(a) Metal-polar undoped InGaN/AIN heterostructure with the
expected 2DHG at the interface studied in this work. (b) A sim-
ulated band diagram and charge pro le for 11 nm In  0;GaggsN
on AIN buffer layer, showing the negative polarization-induced
xed sheetcharge  atthe InGaN/AIN interface which is partly
compensated by the mobile 2DHG of density ps. (c) Contour plot
of the expected in this hetereostructure as a function of the In-
GaN layer relaxation r and In composition xin the InGaN layer.
The 1D proles along the r = Oand r = 1is plotted in (d). An
increase in polarization xed charge is expected on increasing
In composition while maintaining pseudomorphic compressive

straininthelayer. . . . ... ... . ... ...

(a) Experimental reports of pseudomorphic InGaN layers on
GaN [9, 10] compared with the calculated critical coherent thick-
ness [11] of InGaN on GaN to validate the model. (b) Pseudo-
morphic and relaxed InGaN on AIN samples grown using MBE
in this work, and the calculated critical coherent thickness[11] of
InGaN on AIN 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 gures 2.17 (c) and (d).
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2.17

2.18

2.19

2.20

(a) Representative AFMs of the surface of InGaN/AIN heter-
structures, samples A and D in Table 1. Atomic steps are visi-
ble 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 AIN
(105) asymmetric peak con rming an 11 nm In ¢0;Gage3N layer
is psuedomorphically-strained to the AIN buffer whereas a 50
nm thick In o.0sGag.94N layer on AIN is relaxed. This agrees well
to the calculated curves in gure 2.16 (b) of critical thickness of
INGaN/AIN. . . . . . .
The 2DHG densities in the InGaN/AIN structures plotted as a
function of InGaN layer thickness, and compared to simulated

values. . . . .

Temperature dependent Hall-effect measurement results for an
InGaN/AIN 2DHG (sample A) and a GaN/AIN 2DHG (sample
G). (&) The InGaN/AIN 2DHG charge density is double that of
the GaN/AIN 2DHG throughout the temperature range. (b) The
2DHG mobility however is about 10  lower in the InGaN/AIN
2DHG, with a 300 K (10 K) mobility of 3 cm?/Vs (18 cn?/Vs).
(c) The InGaN/AIN 2DHG room temperature sheet resistance of
15 k /sq is competitive to the other 2DHGs demonstrated in

Hl-nitrides. . . . . . . . . e

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 In-
GaN/AIN 2DHGs, limiting the hole mobilities to below the in-
trinsic limit. The experimental data measured in this work con-
curs with the theoretical predictions. . . . . . . .. ... .. .. ..
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2.21

2.22

2.23

2.24

Comparison of room-temperature transport properties of 2D
hole gases presented in this chapter with prior work. (A) Com-
parison with previously reported 2DHGs in nitride heterostruc-
tures [12, 13, 14, 15, 16, 17, 18, 19]. Unless labelled, the het-
erostructures have Mg-doping. The doped as well as undoped
structures reported in this work have much higher hole den-
sities and decent mobilities, enabling record high p-type con-
ductivity of 6 k /sq. (B) Comparing across other semicon-
ductor material systems such as oxides SrTiOs/LaAlO 3 [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 conductivities among wide-bandgap semiconduc-
tors (lll-nitrides, oxides, diamond). . . . . . ... . ... ... ..
Strategies to increase the 2DHG mobility in GaN by applying
a uniaxial, in-plane strain. The current ows along x direction,
represented by the red hollow arrow. (a) the compressive strain
in the pseudomorphic GaN layer on AIN is released by forming
narrow ns parallel to the current direction. This is strain relax-
ation expected toresultina 2 room temperature mobility boost.
(b) Compressive strain parallel to the current ow is applied to
the pseudomorphic GaN on AlGaN, by regrowing AIN layers in
trenches. This should result in 3 boost in hole mobilities. The
ohmic contact is made through Mg-InGaN layers. The schematics
are modi ed and updated from Baderetal. [5]. . . . . .. .. ...
Room-temperature, phonon scattering limited mobility of a
GaN/AIN 2DHG as a function of 2DHG density, assuming sin-
gle parabolic valence band [8, 30]. The 2DHG mobility is ex-
pected to increase if the density is reduced either electrostati-
cally by applying a gate voltage, or by tuning the polarization-
difference at the interface using alloys. . . . ... ... ... ...
(a) Initial results from eld effect mobility measurements from a
GaN/AIN 2DHG. The data was extracted from a GaN/AIN FET
with Lg =20 m, reported in Bader et al. [31]. The extracted mo-
bilities 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) Capaci-
tance and normalized conductance vs applied gate biases on a p-
MIS-HFET (from device in gure 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 SiO, gate dielectric
device is observed over successive measurements. . . . ... ..
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2.25

2.26

2.27

2.28

3.1

Polarization-induced xed charge density expected at the metal-
polar AlIGaN/AIN and GaN/AlGaN heterointerfaces as a func-
tion of Al composition. The top layer is assumed pseudomor-
phic to the relaxed buffer layer. It should be possible to tune
the 2DHG density by varying the Al composition during epitx-
lalgrowth. . . . . .
Comparison of the expected transport properties of a metal-
polar InGaN/AIN 2DHG and AlGaN/AIN 2DHG. Due to low
polarization-induced hole densities and high alloy-disorder scat-
tering, the AIGaN/AIN 2DHGs are expected to have high sheet
resistances> 100k /sq at room-temperatures for Al composi-
tion > 20%. This model predicts a small-window of Al composi-
tions of 0-10% to obtain conductive AlGaN/AIN 2DHGs.

(a) Schematic of a gated Hall bar fabricated on a GaN/AIN
2DHG sample. A 15 nm SiO, gate dielectric was used to sup-
press gate leakage. (b) The measuredR,, and R,, versus temper-
ature at B = 0. The resistances initially decrease with tempera-
ture 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 gure 3.6
for supporting data). This increase of resistance at T < 20 K is
not observed when large-area soldered indium contacts are used
instead of ohmic-contact layers, as shown in gure 2.5. The non-
zero value of Ryy indicates a high mixing between the longitu-
dinal and perpendicular current components, indicative of ei-
ther non-uniformity of the sample or improper Hall bar design.

These issues need to be addressed before the next magnetotrans-

portexperiment. . . . . . . . . ...
GaN/AIN 2DHG charge density as a function of temperature,
plotted in a (a) linear scale and (b) log scale. The 2DHG den-
sity 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].

(a) Schematic showing a cross-section of a eld effect transistor
(FET). It consists of a conductive channel, connected to the ex-
ternal circuit through ohmic contacts. The gate capacitively con-
trols the charge density in the channel, and therefore the cur-
rent owing through the channel. (b) A cartoon of a FET out-

put characteristics showing the on-resistance R,,, the maximum
drain current Iyax and the knee voltage Vinee = ImaxRon- Ron @and
VineelS determined by the resistance components in (a). Vknee O
(very low Ry,) is desired for best performance of the transistor.
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3.2

3.3

3.4

3.5

3.6

3.7

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] . ... ... 108
Schematic cross-section of ohmic metals deposited directly on

an undoped GaN/AIN 2DHG sample (b) TLM IVs showing
non-linear Schottky-like behavior. (c) Extracted sheet and con-

tact resistance from the TLM analysis as a function of excitation
currents. This structure shows very high contact resistances of

> 101! .cm? which is notideal for a transistor operation. . . . . 109
(a) Layer diagram of the series of MBE-grown GaN/AIN 2DHG

samples B1, B2, B3 with different contact layers. The details

of the samples are summarized in table 3.1. (b) Energy band

pro le of the metal-contact layers, for UID GaN, Mg-GaN and
Mg-InGaN contact as the contact layers. The higher doping

level results in a narrower barrier width for the holes in the

valence band, promoting thermionic eld emission (TFE) over
thermionic emission (TE), and thereby lowering the contact re-
sistance. . . . . .. 111
(a) IV curves for the three different ohmic contact layers in sam-

ples 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 speci ¢ 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) modi ed from Bader et al. [38], © 2019 IEEE. . . . 112
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/AIN 2DHG at 300 K, 200

K and 77 K. (b) sheet resistance, and (c) contact resistances ex-
tracted at 200 mA/mm. These results show that while the 2DHG
resistance decreases upon cooling, the contacts get more resistive. 114
Benchmark plot comparing the various ohmic contacts reported

to p-GaN in literature. The Mg-InGaN contacts to the GaN/AIN

2DHG presented in this work represent some of the lowest con-
tactresistances across allreports. . . . . . ... .. ... ... ... 115
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3.9

3.10

3.11

(a) Layer structure of the epitaxial Im 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/AIN interface and the 2DHG. (c) Polarization dif-
ference at the undoped GaN/AIN interface gives rise to xed
negative sheet charges, which together with a valence band off-
set between the GaN and AlIN, leads to a tightly-con ned 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/AIN interface as desired. Figure
modi ed from Nomoto, Chaudhuri et al. [39], © 2020 IEEE. . . . . 118
Fabrication process for scaled GaN/AIN p-FETs, which consists

of (a) MBE grown GaN/AIN heterostructure with the Mg-doped
Ing.0sGaggsN layer, (b) non-alloyed Pd/Au/Ni ohmics, (c) ClI 5 -
based ICP etching for mesa isolation , (d) rst "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 de ne the channel, and (f) Mo/Au Schottky T-gate.

(g9) Enlarged cross-sectional schematic of the nal device struc-
ture with a T-gate of Lg = 120 nm, Wg =25 m 2, and 70
angled-view SEM images of the fabricated p-FETs and T-gate.
Figure modi ed from Nomoto, Chaudhuri et al. [39], © 2020 IEEE. 119
Transistor characteristics of the p-channel FETs with Lg = 120
nm, Wg =25 m 2, and Lsp =680 nm. (a) Output I-V curves
show current saturation and an on-resistance of 18.6 mm at
Vgs = -4 V. (b) Log-scale transfer curves show two orders of
lon/l of¢ Mmodulation, limited by Schottky gate leakage. (c) The
linear-scale transfer curve shows normally-on operation and a
peak gmext Of 66 mS/mm. (d) maximum drain current Ip versus
gate length Lg for scaled GaN/AIN p-channel FETs shows the ef-
fect of device scaling. From Nomoto, Chaudhuri et al. [39], © 2020
IEEE . . . . . e 120
Small-signal measurements on the p-channel FETs withLg = 120
nm, W =25 m 2,andLsp=680nm. (a) S-parameter measure-
ment results on the GaN/AIN p-channel FETs showing cut-off
frequencies fr=fyax= 19.7/23.3 GHz. (b) and (c) show the Vps
and Vgs bias dependence of the fr and fyax respectively. The
colors indicate frequencies on the contour maps. From Nomoto,
Chaudhurietal. [39], ©2020IEEE . . . . . . .. .. .. ... ... 121
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3.12

3.13

3.14

3.15

3.16

3.17

3.18

Fabricated GaN/AIN pFETs with (a) Schottky-gate and (b) ALD

SiO, 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 thefyax . . . . . 122
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 characteristicsandlow Ry, . . . . ... .. .. 123
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 g,

A maximum on current of 0.96 A/mm is recorded, which is the

highest on-current ever recorded in GaN pFETs. . . . . . ... .. 123
Small signal measurements on the p-channel FETs shows cutoff-
frequencies of fr=fyax of 21/40 GHz in the Schottky gated de-

vice, and best fr=fyax of 15.5/16.5 GHz in the MIS-gated FET. . . 124
(a) Benchmark plot comparing on-currents reported in llI-nitride
p-channel FETs in literature. This work represents the new
record highest on-currents, enabled by high-density GaN/AIN
2DHGs. (b) Comparison of the cut-off frequencies measured in

all GaN pFETs, showing the dominance of the GaN/AIN platform.125
Effect of source-drain separation Lsp scaling for a given gate
length on GaN/AIN pFET transconductance ( gm) and cut-off fre-
quency (fr). Both g and fr are expected to increase by 50% on
scaling down Lsp from 1000 nm to 400 nm. The value of intrin-

sic gn used for the calculation is from the small-signal extracted

model in scaled GaN/AIN pFETs[39]. . .. .. ... ... .... 129
Process ow for possible schemes to achieve regrown ohmic con-

tacts to the GaN/AIN 2DHG, using (a) p++InGaN regrowth for

2D-3D contact, (b) n++GaN regrowth for 2D-3D tunnel contacts,

and (c) p+InGaN regrown regions on in-situ selective sublima-

tion etched GaN, for 2DHG-2DHG ohmic contacts. . . . . . . .. 131
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4.1

4.2

4.3

4.4

4.5

4.6

(a) Heterostructure details, and (b) energy band diagram show-
ing the expected 2DEG and 2DHG in an AIN/GaN/AIN het-
erostructure. (c), (d) show the dependence of the 2DEG and
2DHG densities on the GaN channel and AIN barrier layer thick-
nesses, assuming the layers are pseudomorphic to AIN buffer
layers. A 2DEG density of ns 3 103 cm 2 and 2DHG denisty
of ps 5 10%cm 2are expectedin a4 nm AIN/30 nm GaN/AIN
Structure. . . . . . .
(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. . . . . . . ... ... ... ..

(a) Schematics of the AIN/GaN/AIN samples in this study. Sam-
ple A underwent a patterned etch to remove the AIN barrier
layer, leaving a cross-shaped pattern in the center unetched.
Sample B underwent a blanket etch, leaving a GaN/AIN 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

137

polarization-induced 2DEG and 2DHG are expected. . . . . . .. 139

Hall resistance Ryy versus applied magnetic eld 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. . . .

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 con rm the
presence of 2DHG and 2DEG in the AIN/GaN/AIN hetersotruc-

ture. . . . e

(a) The measured sheet resistance of sheet resistand@syeetin 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 gure 4.8, explains this trend. (b) This behavior is not
observed in as-grown GaN/AIN 2DHGs [3] or blanket etched
GaN/AIN (sample B), where the Rgneethas no dependence on the
excitation current as expected from a Hall effect measurement.
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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 A. . . . .. 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-

haviorin gure4.6.. . . . . . . . ... ... 147
4.9 Benchmark plot comparing the best room-temperature transport

of AIN/GaN/AIN 2DEGs with 2D electron systems across all

semiconductor material platforms. . . . . . .. .. ... ... ... 150
4.10 Temperature dependent Hall effect mobilities of (a) an

AIN/GaN HEMT with 2DEG density of 1:1 10" cm 2, and

(b, c) ALN/GaN/AIN HEMTs with 2DEG density of 2.3 103

cm 2. The mobility in the AIN/GaN HEMT is limited by

optical phonon scattering at room temperatures and by inter-

face roughness scattering at low temperature. However, the

AIN/GaN/AIN 2DEG transport is affected by an unknown ex-

trinsic scattering mechanism at temperatures < 400 K. High-

temperature Hall-effect measurements were peformed by Sophia HaBaley.
4.11 Calculated total mobility at room temperature of AIN/GaN/AIN

2DEG (density 2.3 10" cm 2) as a function of the extrinsic scat-

tering mechanism limited mobility  g4. Total mobility considers

the scattering due to optical pop and acoustic phonons ap and

the unknown extrinsic mechanism. Once the extrinsic scattering

mechanism is identi ed and its effect reduced, the room tem-

perature 2DEG mobility can be increased to the phonon limit of

1000 CNPIVS. . o o o e 155

4.12 Field effect (FE) mobilities as a function of 2DEG densities of an

(a) AlGaN/GaN 2DEG and (b) AIN/GaN/AIN 2DEG, measured

from output conductance of gate controlled channelin a FATFET

(Le=20 m). . . . 156
4.13 (a) Hall-effect measurement was performed on an as-grown

AIN/GaN/AIN 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 parallel conduction in the

as-grown sample Hall measurement. . . . .. ... .. ... ... 158
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4.14

4.15

4.16

4.17

4.18

Benchmark of all reported 2DEGs in Al(Ga)N/GaN/AIN het-
erostructures, grown on different substrates (Si, SIiC, sapphire)
using different epitaxial growth techniques (PAMBE, NH ;-MBE,
MOCVD) [40,41,42,43,44,45,46]. . .. ... ... ... .....
Room temperature 2DEG mobilities in Al(Ga)N/GaN/AIN 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

(@) The electron channel velocity in an AIN/GaN/AIN het-
erostructure [47], extracted from a pulsed IV measurement
across a constriction of length/width of 10/2  m, as shown in
the inset. (b) The extracted channel velocity of 8:45 10° 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. . . . . . . 162

(a) Representative STEM of showing the AIN/GaN/AIN het-
erostructure grown on 6H-SIiC with  tow = 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 SiO, 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
gated-Hall bar shows clear oscillations at magnetic elds above
25 T. The Fast Fourier transform (FFT) spectrum of the oscilla-
tions in 1=B shows a clear peak above the background, which
con rms the periodic nature of the oscillations in  1=B - sighature
of SdH oscillations. (d) The frequencies of these oscillations vary
as 1=cos on rotating the sample with respect to the magnetic
eld, being the angle between the sample and eld lines, con-
rming that the oscillations are from 2D con ned electrons. . . . 165
(@), (b) Gate voltage Vgs sweeps for samples A and B at 45
T showing the oscillations arising from sweeping through the
guantized Landau levels, and modulation of 2DEG density re-
sulting in modulation of longitudinal resistance Ryxx. (c),(d) Hall
resistancesRyy as a function of magnetic elds B at different Vgs
for Samples A and B. The dashed lines are linear extrapolated
data for extraction of the Hall densities. (e), (f) Longitudinal re-
sistance Ryx as a function of B and 1=B, exhibiting Shubhnikov-
de-Haas (SdH) oscillations at B ' 25 T. All measurements are

performed attemperature T O03K. . ... ... .. .. ...... 166
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4.19

4.20

4.21

4.22

4.23

(a) The 2DEG density variation with gate voltage Vgs as experi-
mentally measured by Hall-effect nHa! and from SdH oscillation
frequencies nS%. The solid lines for comparison are calculated
electrons densities populating the rst sub-band n;, second sub-
band n,, and the total density ng™. (b) The relative energies of
the rst E; and second E; sub-bands in the triangular quantum
well as a function of Vgs. Insets contrast the expected conduction
band pro les at the AIN/GaN 2DEG interface in samples A and

B at total 2DEG density of nS™=2:4 10%¥cm 2 . ... ... ...
(a) Temperature-dependent SdH at Vg = OV 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 ( anspon and quantum ( quanwn) lifetimes extracted
from the damping of SdH oscillations, along with their ratios for

(c)sample Aand (d)sampleB. . . . .. ... .. ... .......

(a) Raw data of measuredRyyx in sample B plotted as a function
of B and 1=B at two selected gate voltagesVgs. 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 ny respectively. Similar double-peaked FFT spectra is ob-
served for Vgs > 6 V. (c) Gate voltage Vgs dependence of the
extracted n- and ny. The total electron density ns = n- + n; agrees
well with the measured Hall densities nfa!. (d) High zero- eld
spin splitting energies  extracted from the SdH beats in sample
B as a function of total charge density. . . . . ... ... .. ...
Schematic showing an undoped AIN/GaN/AIN bilayer sample,
with individually contacted and gated 2DEG and 2DHG. The
2DHG contact is realized using p-type ohmic regrowth, is elec-
trostatically coupled to an epitaxial metal in the AIN buffer layer
actingasabackgate. ... ... .. .. ... ... ...
Calculated Coulomb drag between a 2DHG and 2DEG of den-
sities ps and ns respectively, separated by a perfectly insulating
GaN barrier of thickness d. A low density of 5 10 cm ? for
d of 10 nm is necessary to observe the effect of Coulomb drag

between the carriers. . . . . . . . . ... .
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4.24

4.25

5.1

(a) Hall bar con guration for measuring the longitudinal resis-
tance Rxx and Hall resistance Ryy across an uncoupled 2DEG-
2DHG bilayer. (b) Table showing the assumed values of 2DEG
and 2DHG transport for cases I, Il and lll. (c - f) Show the ex-
pected behaviour of the Hall coef cient ( Ry), measured Hall den-
sity npan, Rxy and Ryx for cases I-11l when the magnetic eld is
swept from 0 to 14 T. A large change in Rxx and eld depen-
dence of nyy is expected for parallel 2DHG-2DHG conduction
in case Il - which represents the case when the AIN/GaN/AIN
sample is at atemperature of < 10K. . . . . .. .. .. ... ...
Investigations into the effect of Si doping at the GaN/AIN back
barrier in an AIN/GaN/AIN HEMT. (a) Shows the energy band
pro le 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 eld 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

Benchmark plot comparing the normalized output powers of
ampli ers based on the AIN HEMTSs 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 AIN
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. . . . . . ...
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5.2

5.3

5.4

5.5

5.6

(a) Thermal conductivities of some commonly used materials in
[lI-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. AIN is expected to have a lower TBR
compared to GaN buffers on common substrates such as silicon

and silicon carbide. A perfect homoepitaxially grown AIN on

single crystal AIN substrates will not have any thermal bound-

ary resistance as a boundary is not de ned in that case. Figure
from Hickman, Chaudhurietal. [53]. . . . ... ... ... ..... 198
(a) AFM scan of the surface showing low dislocation density in a
MBE-grown 500 nm AIN on SiC. (b) Transient thermore ectance
(TTR) measurement results, with extracted AIN isotropic ther-

mal conductivity of > 80 W/mK and AIN/SiC TBR of < 10
m2K/GW (d) Channel temperature of AIN HEMT, cross-section

in (c), measured using Raman thermometery. AIN HEMTs show
atleast 20% reduction in channel temperature compared to GaN
HEMTSs of similar dimensions at 8 W/mm power outputs. These
measurements were performed at Bristol University in Prof. Kuball's2@b.
(a) Layer structure of high quality AIN "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 AIN (1 1 4) peak shows the AIN layer partially
relaxes by forming edge type dislocations, which is con rmed

by the AIN (102) FWHMin(c). . . . . . . . . .. ... ... .... 204
(a) Growth of AIN/GaN/AIN 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 0:5nm, which is desired for device fabrication. . . . 206
(a) Cross-section of a state-of-art AIN/GaN/AIN 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 a2 25 m 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

5.8

5.9

(a) Pulsed b-Vp measurement results for the the current state-
of-art AIN/GaN/AIN RF HEMTs [54], showing a 20% DC-
RF dispersion due to surface states. (b) Schematic of the state-
of-art AIN/GaN/AIN 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 AIN/GaN/AIN
HEMT with in-situ crystalline AIN passivation layer. A > 30nm
AIN 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
AIN/GaN/AIN structure with 50 nm of AIN passivation layer

and 15 nm GaN channel layer. A 2DEG of density 3.5 10
cm ?is expected at the top AIN/GaN interface. . . ... ... ..
(a) The calculated dependence of the critical coherent thickness
of the AIN passivation/barrier layer on the compressive strain
of GaN layer in the AIN/GaN/AIN structure. A higher GaN
compressive strain results in larger AIN critical thickness. A
GaN channel layer almost pseudomorphic to AIN with > 2%
compressive-strain is desired to grow thick > 30 nm AIN bar-
rier layers which will act as in-situ passivation. (b) and (d)
show the atomic force microscopy (AFM) scans of the surface
of AIN/GaN/AIN 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 AIN barrier, as illustrated in (e). Sample A however
shows smooth surface with no cracks as the whole structure is
pseudomorphic to AIN as shownin(c). ... ... ........
(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
AIN/GaN/AIN 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. . . . . ... ..
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5.10

5.11

5.12

Experimental dependence of the in-plane compressive strain
in the GaN layer as a function of its thickness in an MBE-
grown AIN/GaN/AIN heterostructure grown on 6H-SiC. The
strains are extracted from X-ray diffraction reciprocal space
maps shown in gure 5.9. The results show a GaN channel thick-
ness of < 15 nm results in the > 2% compressive strain desired
for growing > 30nm thick AIN passivation layers. The nite lat-
tice constant difference between the strained GaN channel and
fully relaxed AIN is a result of a slight elastic relaxation, which

is not expected to generate extra dislocations. . . . .. ... ...
(a) Sheet resistance map of an in-situ passivated 50 nm AIN/15
nm GaN/500 nm AIN 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 AIN/GaN/AIN 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, con rming the suit-
ability for transistor fabrication. . . . .. .. ... ... ......
2DEG transport in in-situ passivated AIN/GaN/AIN samples

B and D as a function of remaining AIN 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 AIN thickness is observed, con rming 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 AIN barrier thickness of 10 nm. (d),
(e) show the sheet resistance remains 400 /sq as the remain-
ing AIN barrier thickness decreases to 3 nm, after which the

sample becomesresistive. . . . . ... ... oL oL
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5.13

5.14

5.15

5.16

5.17

5.18

5.19

5.20

(@), (b) DC characteristics of a scaled, in-situ passivated
AIN/GaN/AIN HEMT with a recessed gate length Le = 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 | p-Vp
measurement results from two representative in-situ passivated
AIN/GaN/AIN HEMTs with different gate dimensions. The low

DC-RF dispersion of 2% and 6% across multiple devices

con rm the ef cacy of this in-situ crystalline AIN passivation

scheme compared to the ex-situ PECVD SiN (shown in in gure

5.7 (a)) for AIN/GaN/AINHEMTs. . . . ... ... ... ..... 226
1D-Poisson simulation showing the control of the as-grown
2DEG, 2DHG densities in the AIN/GaN/AIN heterostructure by

adjusting the GaN channel thickness. A heterostructure with 2

nm AIN barrier/3 nm GaN channel layer is not expected to have

any 2DEG in the as-grown structure. . . . . . ... .. ... ... 231
(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,

con rming high-quality epitaxial growth and presence of a thin
GaNquantumwell. . . . .. ... ... .. 233
(a) Schematic cross-section of the long channel AIN 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 thegate. . . . . ... ... ... .... 234
(a) CV curves of showing channel turn-on and extracted 2DEG
densities in channel. (b) The equivalent CV model shows a large
gate-S/D overlap capacitance dominating the Corr>0. . . . . . 235
(a), (b) Transfer characteristics and (c) family curves of two repre-
sentative MOS-HEMTs with Lg = 6 and 12 m. The results con-

rm enhancement-mode operation with threshold voltage Vry

> 0, on-off ratios of up to 9 orders of magnitude and on cur-

rents upto 100 mA/mm. (d) For devices with similar V1, the

on-currents exhibit 19 s gate length dependence. . . . . . . . .. 236
Observed breakdown when the gate voltage is sweptto 3.7 V
in three devices with different Lg. . . . ... ... ... ...... 237

E-mode n-channel MOS-HFET results plotted with previously
demonstrated E-mode GaN/AIN p-channel FET demonstrating

the compatibility for complementary operation. The typical cur-

rent levels for best D-mode FETs on this platform are marked for
reference . . . . . . L 238
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5.21

5.22

6.1

6.2

6.3

6.4

6.5

6.6

6.7

Cross-section of a in-situ AIN passivated HEMT with an ScAIN

high-K dielectric with also acts as an etch stop layer for the gate

FECESS. . . o i i e e e e e e 240
Body-biasing in AIN HEMTs using the 2DHG as a backgate. (a)

shows a schematic of such a realizion, which will require a con-

tact to the 2DHG at the back. (b) Expected dependence of the

AIN HEMT threshold voltage on the applied backbias on the

2DHG, for different AIN barrier layer and GaN channel layer
thicknesses. . . . . . . . . . . .. 243

Benchmark comparing the hole and electron channel conduc-
tivities across semiconductor material systems as a function of

the energy bandgap which, under suitable device design, de-
termines ability of the device to withstand high voltages. The

AIN platform offers some of the highest conductivities in a wide

bandgap semiconductor. . . . .. ... .. ... L. 246
Benchmark comparing the speeds of p-channel and n-channel

FETs across all semiconductor systems. The AIN platform de-

vices, GaN/AIN pFET and AIN/GaN/AIN HEMT, are the only

wide bandgap devices on both charts - a truly exclusive advantage!247
The envisioned AIN platform, with integrated active devices (n-

and p-channel RF transistors) and passive devices (bulk acoustic
waveguide (BAW) lters and substrate integrated waveguides

(SIW) all monolithically compatible to enable integrated RF elec-

tronics for next-generation of communication systems. Figures

modi ed from Hickman et al. [53], Zhao et al. [56] and Asadi et al.
157 250
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. . . . . . .. ... ... ... ... 253
Proposed process ow for integrating AIN pFET and HEMT on

the AIN/GaN/AIN heterostructure using n and p type regrown
ohmiccontacts. . . . . . . .. .. ... .. ... 255
Proposed process ow for pFET and HEMT integration on AIN

by growing a p-type stack for the pFET, selectively etching away

the active region and regrowing the n-type stack for the HEMT. 257
Proposed process ow for AIN-based RF CMOS by using an
GaN/AlGaN 2DHG and an AIN/AlIGaN 2DEG as channels for

the pFET and HEMT on AIN. This con guration avoids parallel

2DEG or 2DHG channels in any part of the sample. . . . . . . .. 258
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6.8

6.9

6.10

6.11

6.12

6.13

6.14

A unique realization of AIN CMOS by combining a metal-polar
GaN/AIN pFET and nitrogen-polar GaN/AIN HEMT on two
sides of a single crystal AIN substrate. This will also necessitate
through-substrate vias (TSVs) to connect the two devices.

(a) Timing diagram illustrating the recipe used for the in-situ
thermal etch of GaN in a Gen10 MBE growth chamber at a back-
ground pressure of 10 ° Torr. The thermal decomposition of
GaN occurs at substrate temperature > 1050C. (b) The RHEED
pattern recorded at various times/temperatures during the in-
situ etch process. A clear change in pattern from streaky to
spotty to again streaky is observed - a signature of the roughen-
ing of GaN surface due to thermal decomposition and eventual

. 260

smoothening out when all GaN is decomposed. . . . . . .. . .. 264

Structural characterizations before and after the in-situ GaN
blanketetch of a 15 nm GaN/AIN heterstructure. (a, b) Show
atomic force microscopy (AFM) scans before and after the etch.
(c) X-ray diffraction scan con rms that the GaN is completely
removedbytheetch. . . . .. ... ... ... ... ...,

Comparison of RHEED evolution during the in-situ  selective-area

sublimation of GaN with (a) patterned SiO , mask and (b) pat-
terned SINmask. . . . ... ... L
Comparison of optical images of surfaces of sample A and B af-
ter the in-situ etch and BOE dip to remove the mask. The SiN
residue could not be removed from the surface even after leav-

ingitovernightinHF. . . . . . . ... ... ... ... ... ....

Atomic force microscopy scans across a patterned step edge for
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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 (AIN) 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 AIN passive RF devices, represent a
signi cant advancement in electronics on AIN platform. The high-power, high-
frequency integrated electronics on AIN is now just a step away, which shall ful-

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

technologies such as internet of things (loT), 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 150year 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-



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 eld 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



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 rst 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 rst reported by Karl Braun back in 1874
[75] in what can be considered the rst paper on semiconductors. However
Bose identi ed the true technological potential of this scienti ¢ discovery and
used it as a recti er 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 recti cation in 1929. Their theories
still affect our daily lives through the eponymous Schottky diodes used in high-

ef ciency power supplies in electric vehicles, trains, microprocessors of DSPs



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 recti ers/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 1l. 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 recti er, 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, eld-deployable semiconductor-based detector. Soon, it was
found that puried 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



energy bandgap of 0.7 eV. This enabled comparatively robust recti cation per-
formance at microwave frequencies and served a critical role in the allied power

victory in the World War Il [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-
ni cantly, it laid the foundation for US government funding into fundamental
scienti c research. This was thanks to pioneering vision of Vannevar Bush. His
1945 in uential 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 rst
time that the importance of materials research was identi ed by the scienti ¢
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 signi cance 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].



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 eld. The "holy-grail” driving the research in the Bell Labs, and the eld in
general, was the solid-state semiconductor ampli er. The ampli er, located on
the transmitter side, is a component that ampli es or intensi es the information
carrying signal so that it can travel farther. A robust ampli er 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-recti er and p-n junction diodes are passive devices that cannot
amplify signals, and the vacuum tube ampli ers were fragile and dif cult to
deploy. Even though the concept of a semiconductor based solid-state ampli er
had been proposed back in 1925 by Lilienfeld [79], experimental realization was
proving to be tougher than expected. The search of the eld 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 rst contact led to a
large change in current in the second contact - thus ampli cation 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



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 eld 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 eld'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 puri cation 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 rst 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



exponentially with temperature to high thermal generation of intrinsic carri-
ers, making it dif cult 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 rst 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 (SiO ;). 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.



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 ampli er where both are desired to be
high. However, it was realized that, if the transistor used as a high-frequency
switch instead of an ampli er 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 tting
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 t 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 45nm node)
and device architectures (nFETs 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 nding ways



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,
butinstead, 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 bre 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 IlI-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-

10



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 ( m/hr), accurate thickness control, repeatable growths.
This proved crucial not only for success of electronic and optoelectronic devices
but also supported scienti ¢ study of 2D con ned 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 ampli cation for wireless communication.
GaAs based power ampli ers (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 rst time. The speeds kept in-
creasing by scaling the transistor. In 1976 the rst 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 St 6érmer and team at Bell labs. In
this setup, the electrons provided by chemical dopant atoms were con ned 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
(HEMTSs) in GaAs, which were rstintroduced in the 1980s as GaAs HEMTs and
soon replicated in other IlI-V semiconductors like InP. Initial applications of the
HEMT in the 1980s were pretty niche, mainly as low-noise ampli ers (LNAs) on
the receiver side of television sets, satellites (SATCOM) and military RADARS.
Operating frequencies of upto 200 GHz are reported in GaAs HEMTSs, 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 pro t 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 ampli ers exhibited
output powers of  10W 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 ampli ers 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 ampli er research at systems, circuits, devices
level. Soon, the GaAs semiconductor material itself posed a fundamental limit

to the output powers of an ampli er 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 ampli cation. 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 lll-nitride semiconductors, GaN, AIN, 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 rst demon-
strated in the laboratory mid-1990s [99]. Interestingly it was found that, unlike
the GaAs HEMTSs, 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 nds use both in commercial
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high-power RF ampli ers [101] and high-voltage switches [102]. State-of-art
GaN ampli ers 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 suf cient 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 identi ed 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 ampli ers 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 (AIN), gallium oxide (Ga ,03) 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 (AIN).

AIN, lying right above GaN in the periodic table, has a bandgap of 6.2 eV
(2 that of GaN) resulting much higher breakdown elds to access higher pow-
ers. More critically, AIN has a thermal conductivity of 340W/mK, almost 30%
higher than that of GaN ( 260W/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 Ga,0O3 and diamond, AIN 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], AIN has been a huge
player in high-frequency circuits in RF passive devices right from 1980s and
1990s. Poly-crystalline AIN has been used in resonators, Iters and duplexers.
In fact all cellphones in the market at present have multiple AIN-based Iters to
discern the signal information among the noise. This lter sits right next to the
GaN-, GaAs-, InP- or Si-based ampli er 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 AIN a promising material for high-power, high-

frequency ampli ers, but also for high-frequency lters. 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 ( Iter, duplexers) and active devices
(power ampli ers, 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 AIN, then the
full RF front end circuit can be integrated onto a single crystal of AIN, 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 AIN 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 AIN 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 rst is the structural and chemical pu-
rity of material. The AIN Ims used in RF Iters are polycrystalline. They have
a high tolerance for chemical impurities as the AIN Ims are used for its me-
chanical properties. However, for electronic applications like transistors, AIN
with high chemical and structural purity is desired. The second challenge is
that AIN is inherently an electrical insulator. The dif culty in making AIN 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 scienti ¢ challenges need to be addressed before the
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realizing the vision of AIN integrated platform.

Over the next 4 chapters, this dissertation addresses and solves these chal-
lenges. High-quality electronic-grade AIN growth is achieved through molec-
ular bem epitaxy (MBE). Instead of making the AIN 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 AIN crystal, without
any chemical dopants. This con guration 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 AIN 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 lters, waveguides and antennas are also realized, thus
bringing us to the cusp of realizing integrated high-frequency electronics on the

AIN 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 rst 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 rst 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 ampli ers
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 (AIN) 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 " rsts” to the
illustrious list - the rst undoped 2DHG in GaN [3], the rst GHz-speed AIN
pFETs [39], the rst high-power AIN HEMTSs [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/AIN heterostructures [3], and its
chemical and transport properties are presented in Chapter 2. This p-type ana-
log to the AIN/GaN 2DEG ends the long search of the eld of high-conductivity
p-type layers without chemical doping. The key innovation comes by rstiden-
tifying the role of the Si, O impurties at the GaN/AIN interface which act as
compensating dopants and scattering centers, and then blocking them by using
AlGaN impurity block layers (IBLs) in the AIN 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 (R, < 5

.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-FETSs, both Schottky gated and with
gate dielectric, break the GHz-speed barrier for the rst time in GaN pFETs
(fi=fmax 23440 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 AIN barrier layer
on top of the GaN/AIN structure. An undoped 2DEG-2DHG bilayer is ob-
served for the rst time in these AIN/GaN/AIN heterostructures. When a bias
is applied, these 2DEG-2DHGs recombine and emit light around the GaN band-
edge in a unique quasi-lateral LED con guration. The focus is then shifted to
the transport of high-density 2DEGs speci cally for application as a transistor
channel for AIN-based RF HEMTs. Low-temperature magnetotransport studies
have been performed, and Shubnikov-de Haas oscillations have been observed
for the rsttime in these AIN/GaN/AIN heterostructures with very high den-
sity 2DEGs.

Chapter 5 presents the device applications of these AIN/GaN/AIN 2DEGs,
speci cally in AIN HEMTs for mm-wave power ampli ers (PAs). A new in-situ
crystalline AIN passivation technique is proposed, and demonstrated which

provides a path to higher output powers in next generation AIN HEMTs by
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suppressing the DC-RF dispersion from the surface states. Enhancement-mode
AIN HEMTs are demonstrated by scaling down the GaN channel layer to 3
nm. These transistors show operation similar to a silicon-on-insulator (SOI)
Nn-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 AIN-
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 lters, waveguides, antennas on the MBE AIN on SiC is

presented.

The future research directions and open scienti ¢ 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/AIN and AIN/GaN/AIN heterostructures stud-
ied in this work for reference, including investigations into the in-situ clean-
ing of 6H-SIC substrates, nucleation of high-quality AIN on SiC and full wafer
growths. Appendix B brie y discusses the potential performance advantages
for the AIN-platform devices on recently available single-crystal AIN 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 AIN 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 ef cient p-type impurity doping of the wide-bandgap semi-
conductor gallium nitride (GaN) around 1990 changed the eld 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-ef cient 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-con ned 2D electron gases
were discovered at the heterointerface of AlIGaN/GaN structures [99]. These
2D electron gases (2DEGSs) 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 AIN [100, 1].

These properties lead to the existence of spontaneous and piezoelectric elec-
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tronic polarization elds 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 ef ciency photonic devices till the 1990s. Signi cant advances in
energy-ef cient 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 llI-nitride semiconductor heterostructures, the recent discovery of the high-
conductivity, high-density ( 5 10" cm 2) undoped GaN/AIN 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 (> 10* cm ?) are obtained in undoped, pseudomor-
phic InGaN/AIN heterostructures. These (In)GaN/AIN 2DHGs represent the
highest conductivity single channel p-type GaN layers reported so far in IlI-
nitride semiconductors, and have had high scienti c [5, 8] and technological
impact [38] on the scienti c community's understanding and use of holes in

wide bandgap semiconductors.

2.2 Polarization Charges in llI-nitride Heterostructures

This section provides a very brief discussion on origin of the polarization-
induced carriers at Illl-nitride semiconductor interfaces on relaxed GaN and AIN
buffer layers. More comprehensive analyses can be found in [100, 119, 1] and

references therein.

GaN, InN, AIN 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 Ps,[1]. The magnitude of the
spontaneous polarizations in the llI-nitride semiconductors is given in table
2.1 The presence of this spontaneous polarization leads to xed charge sep-
aration on the crystal surfaces which is on the order of 10" cm 2, that results
in large intrinsic electric elds of 1-5 MV/cm along the c-axis. These intrinsic
elds are one of the unique properties of lll-nitride semiconductors as the elec-
tronic band pro le 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 Ps, in the llI-nitride wurtzite crystal implies the existence
of two distinct crystal polarities - metal-polar and nitrogen-polar depending on
the direction of Ps,in the epitaxially grown crystal. This dissertation focuses on

metal-polar heterostructures unless otherwise speci ed.

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

| AN GaN  InN
P.,(C/m 2 [ -0.90 -0.029 -0.032
ex (C/m?) | -0.60 -0.49 -0.57
ex(C/m? | 146 073 0.97
Ci3(GPa)| 108 106 92
Cs3(GPa)| 373 398 224
a(A) | 3.112 3.189 3.545
c(A) | 4982 5.185 5.703

In addition to the spontaneous polarization, llI-nitride semiconductors also
exhibit piezoelectric polarization Py, in response to a stress/strain in the crystal.
Ppzin GaN, InN, AIN and their alloys are order of magnitude higher than those
in other IlI-V semiconductors such as GaAs, InP, InSb etc [119]. In fact, because
of this property, AIN has found widespread commercial use for its piezoelectric
properties in microelectromechanical systems (MEMS) devices such as acoustic
resonators and lters [113], long before its recent foray into mm-wave electron-

ics.

In Ill-nitride heterostructures, the piezoelectric polarization arises when a
layer with a relaxed lattice constant ag is epitaxially grown on top of a relaxed

buffer layer with different lattice constant a3, and is thus strained. The resultant
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in-plane strain in the top layer . determines the piezoelectric polarization Pp,

through the relation :

C.
sz = 2y €31 e33C_13
33 |
a(r) a Cis
= 22— —_— 2.1
% €31 e33033, (2.1)

where e3;53 are the piezoelectric coef cients and C,333 are the elastic con-
stants of the top layer. The values of these coef cients and the lattice constants
for the IlI-nitride semiconductors are listed in table 2.1 for reference. a(r) is the
strainedlattice 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) = &.

If the top layer is fully relaxed ( r = 1), then a(r = 1) = ag.

Figure 2.1: Polarization-induced xed charge densities at the interfaces of (a)
pseudomorphic AlinGaN on relaxed GaN and (b) pseudomorphic AlinGaN on
relaxed AIN, 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 Al xInyGa; « 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 gure 2.1 (a) . Then due to the polarization difference at the

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

(xy) = Pgf(xy) PEN

(P () + P"e™0xy) - P
ag™ a(xy)

a(xy)

Cis(xy) | .
Cas(xy)

where ag(X;y) is the relaxed in-plane lattice constant of the Al ,In,Ga; « yN layer.

e(Xy) ess(xy) (2.2)

Psp(Xy) 2

The physical constants for Al ,In,Ga;, , yN are calculated by linear interpolation
(Vegard's Law) of the corresponding values for GaN, InN and AIN from table

2.1 The sign of indicates the type of charge generated.

The interface polarization sheet charge density is plotted as a function of x
and yin gure 2.1 (a). It ranges from around +7 10* cm 2 in AIN/GaN to
10 10" cm 2in InN/GaN, and changes sign when the polarization cancels

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

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

However, if the top AliInGaN layer is grown thicker than a certain critical
thickness dp, 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 is compensated by electrons and negative by holes, which are
then electrostatically con ned 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 MOSFETSs [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 xed charges, these 2DEGs/2DHGs
are mobile in 2 dimensions, while being con ned 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 xed charges, 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 gure 2.1 (a), the AlIGaN/GaN structure results
in > 0, which generates a 2DEG of densities in the range of low-10" to mid-
10" cm ? 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 ampli cation. Lattice-matched In-
AIN [123] and binary AIN barriers [124] have been used in place of AlGaN to
reduce the barrier thickness and increase the operation speeds of GaN HEMTSs.
More details about HEMTs and RF signal ampli cation 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 < 0, according to g-
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 dif culty in ef cient 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 eld.

Are there other llI-nitride heterostructures which are expected to generate
a 2DHG? Instead of a conventional GaN buffer layer, consider a relaxed AIN
layer on which the Al ,In,Gay N layer is grown. This is illustrated in the in-
set of gure 2.1 (b) . The xed polarization charge at the interface is calculated

by equation (2.2) by replacing a$®" by aj™. The calculated is plotted in g-
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ure 2.1 (b) as a function of indium and aluminum compositions. Since AIN has
the larger Pspthan both InN and GaN, the ternary alloy Al ,In,Ga; 4 yN leads to
a negative polarization difference when grown on AIN for all x and y (except
x =1, i.e. AIN on AIN). The magnitude of ranges from very high 1.6 10"
cm 2 for InN/AIN to 53 10 cm 2 for GaN/AINto < 1 108 cm 2in
Al g9Gag1N/AIN. If the top AlinGaN layer is thick enough, while maintaining
pseudomorphic strain state, a 2DHG with density is thus expected to be in-
duced. This AlinGaN/AIN heterostructure theoretically offers a large tunability

of the 2DHG density over two orders of magnitude.

The explorations into conducting llI-nitride layers on AIN has been very
limited so far. There has only been one previous report [46] of a 2DHG grown
on AIN, using a thin, strained Mg-doped GaN layer. Even though the 2DHG
density was as expected of 6 10" cm 2, the hole mobility was very low at

6 cm?/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/AIN 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/AIN 2DHGs
From gure 2.1, GaN/AIN is simplest structure for generating a 2DHG and is

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

is grown on a relaxed AIN substrate, the net interface polarization difference,
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[(PSN + P52y PN A = is negative in sign, and should induce holes.
The valence band offset of AIN and GaN con nes the 2DHG as schematically
shown in the energy band diagram of gure 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 xed interface polarization charge 5 10%¥cm ?is
expected to form at the heterojunction, depending on the thickness of the GaN

layer. The holes are formed due to the eld-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 AIN surface on a c-plane sapphire crystal was used as the substrate.
An GaN/AIN 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 AIN are in the wurtzite crystal structure, and
the GaN layer is coherently strained to the AIN layer. The atomic resolution
image con rms that the structure is indeed metal polar. Further structural and
chemical details of the heterojunction are shown in gure 2.3 . Figure 2.3 (a)
shows a smooth surface morphology of the as-grown surface, with rms rough-
nesslessthan 1 nminal1l0 m 10 m 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
TEMimagesin gure 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 AIN
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 10% cm 2. Figures 2.2, 2.3 and 2.4thus 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/AIN 2DHG samples:
Sample Ais an undoped 13 nm GaN layer on AIN. 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 10 cm 2. 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 gure 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 k /sqat 300K to 2000 k /sgat 180 K.

31



Figure 2.2: Epitaxially grown GaN/AIN heterostructures. (A) Energy-band dia-
gram of a 13 nm undoped GaN on AIN heterostructure, showing the formation

of quantum well in the valence band, and the high-density of con ned holes
accumulated at the GaN/AIN 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 modi ed from Chaudhuri et al.

[3]
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Figure 2.3: Structural properties of the MBE-grown GaN/AIN 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 mand 2 m scans respec-
tively (B) X-ray diffraction (XRD) 2 scan across the symmetric (002) re ection
and the simulated data (19), con rming the targeted thicknesses and sharp in-
terfaces. (C) Reciprocal space map (RSM) scan of the asymmetric (105) re ec-
tions of GaN and AIN shows the 13 nm GaN layer is fully strained to the AIN
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
1.5 102 cm ? (bulk density of 41 10Ycm %) at300Kto 2 10" cm 2
(bulk density of 55 10®cm %)at 180K. Thus, the thermally ionized holes
freeze out with temperature T asel Ba%T) with activation energy Ex  170meV,
making the sample too resistive to measure below 180K. The hole mobility
of sample C increases very nominally from  10cm?=Vs at 300 Kto 15 cnrP=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 eld (ADF) images of the cross-section of the
GaN/AIN heterostructure along [-110] zone-axis. The wide-area image and the
zoomed-in regions clearly show the coherently sharp interface between the GaN
and AIN ( 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/AIN het-
erostructure Sample A decreases from 11k /sqgat300Kto 4k /sgat20K.
The resistivity of the doped heterostructure Sample B decreases from 8k /sq
to 2k /sqoverthe sametemperature range. Figures 2.5 (b,c)show that unlike
the doped sample, the temperature dependencies are ipped: 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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