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Compared with silicon, wide-bandgap semiconductors offer much higher power 

efficiency for high-power applications, primarily due to the much higher breakdown 

field. While the performance advantage has already been offered by vertical SiC and 

lateral GaN-on-Si devices, even higher promises from vertical GaN devices and 

ultrawide-bandgap semiconductors such as b-Ga2O3 have not been fully delivered. One 

of the major reasons is the challenge in managing the high electric field in those 

materials, without established selective-area p-type doping techniques as in GaN, or 

effective p-type doping alone as in b-Ga2O3. In this dissertation, we tackle this challenge 

in vertical GaN and Ga2O3 power devices by investigating novel electric-field 

management techniques and doping-related issues. 

The first half the work is centered around leakage-current reduction in power 

Schottky barrier diodes (SBDs) through the reduced surface field (RESURF) effect, 

which is arguably necessary for kilovolt-class operations. Two novel device structures 

are designed and implemented, including i) a trench junction-barrier-Schottky diode 

(JBSD) structure in GaN that possess the desired RESURF effect without needing for 

selective-area p-doping, and ii) a trench SBD structure in Ga2O3 that achieves 

significant leakage-current reduction thus a record-high power figure-of-merit of up to 



 

0.95 GW/cm2 among Ga2O3 power devices, but without the need for p-doping. 

Furthermore, the ideal reverse leakage characteristics in Ga2O3 SBDs is convincingly 

identified, enabling the calculation of the practical maximum surface electric field in 

SBDs – an important concept we unambiguously proposed for the first time.  

The second half of the work is related to vertical power transistors. Using the MBE-

regrowth technique, two novel designs of vertical GaN transistors are demonstrated, 

including GaN trench MOSFETs with regrown channel and GaN PolarMOS – a 

VDMOS-like transistor with unique polarization-induced (PI) bulk doping. The main 

challenge in the regrown lateral p-n junctions in these devices is explicitly revealed by 

interrogating the regrowth interface, where a significant amount of donor-like charges 

are found. In addition, sidewall activation and incorporations of PI doping in buried p-

type layers are realized for voltage-blocking purposes. In Ga2O3, vertical fin power 

transistors are developed, showing a high breakdown voltage of over 2.6 kV and a 

normally-off operation without needing for p-doping. 

Overall, while p-type doping is extremely beneficial for wide-bandgap vertical 

power devices, it might not be absolutely necessary, provided that proper electrostatic 

designs and alternative voltage-blocking junctions are effectively implemented. 
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Fig. 4.19 (a) Simulated electric-field profile along a horizontal cutline across the trench 
bottom corner at 2 kV. The electric field at the trench corner is found to increase with 
increasing fin width. (b) Simulated electric-field profile along a horizontal cutline across 
the trench bottom around the highest BV of each fin width. The field peak is about the 
same for all fin widths, indicating the device breakdown is limited by the breakdown at 
the trench corner. Adapted from Li et al. [17] © 2018 IEEE. ................................... 193 

Fig. 4.20 (a) Schematic cross section of the Gen-4 field-plated (FP) Ga2O3 trench SBDs. 
(b) Top-view optical image of a fabricated Gen-4 device, where the active device region 
is outlined by a white dashed rectangle with an area of 100×150 𝜇m2. (c) Cross-
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sectional SEM image of a fin channel. (d) Extracted ND-NA profile from C-V 
measurements on regular diodes with a diameter of 200 𝜇m. Inset: schematic cross 
sections of the two types regular diodes. Reprinted from Li et al. [20] © 2020 IEEE.
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Fig. 4.21 Forward I-V characteristics in (a) log scale and (b) linear scale of the trench 
SBDs with an active area of 100×150 𝜇m2. Both DC and pulsed measurements are 
taken. Inset in (a): extracted ideality factor from DC measurements. The differential 
Ron,sp is shown in (b). A base voltage of 0 V, a pulse width of 1 𝜇s and a duty cycle of 
0.1% is used in the pulsed measurements. Reprinted from Li et al. [20] © 2020 IEEE.
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Fig. 4.22 Comparison of the forward I-V characteristics under the pulsed condition 
between trench SBDs and regular SBDs without and with mesa. Insets show the 
schematic cross sections of the devices. The same pulsed condition as in Fig. 4.21 is 
used. Adapted from Li et al. [20] © 2020 IEEE. ...................................................... 198 

Fig. 4.23 Comparison of the reverse I-V characteristics between (a) field-plated trench 
SBDs and SBDs with mesa, (b) MOS-capacitors with and without field plate. Insets in 
(b) shows the schematic structures of the MOS-capacitors and the calculated one-
dimensional electric field profile along the vertical direction at 2.9 kV in the MOS-
capacitors. Reprinted from Li et al. [20] © 2020 IEEE. ........................................... 199 

Fig. 4.24 Optical images of the Gen-4 devices after destructive breakdown. (a) Field-
plated trench SBDs. (b) MOS-capacitors without field plate. (c) MOS-capacitors with 
field plate. ............................................................................................................... 200 

Fig. 4.25 Simulated electric-field distribution along horizontal cutlines near the edge of 
the MOS-capacitors on the Gen-4 sample without and with the field plate at their 
respective highest BV. With the addition of the field plate, the field crowding at the 
anode edge (𝑥 = 0) is largely eliminated, and the field crowding is moved to the field 
plate edge (𝑥 = 5	𝜇m). With the field plate, the peak electric field is lower even at a 
higher voltage. (cutlines taken 0.1 𝜇m below the Ga2O3 surface) ........................... 201 

Fig. 4.26 (a) Simulated electric-field profile in a unit cell of the Gen-4 FP-Ga2O3 trench 
SBDs at the BV of 2.89 kV. (b) Electric-field profile along the horizontal cutline 1 nm 
under the trench bottom surface (cutline-1). (c) Electric-field profile along the vertical 
cutlines at the center of the fin channel (cutline-2) and the trench (cutline-3). Reprinted 
from Li et al. [14] © 2020 IEEE. ............................................................................. 202 

Fig. 4.27 Forward I-V characteristics in (a) log-scale and (b) linear-scale, as well as (c) 
the extracted differential Ron,sp before and after the reverse I-V sweep up to 2.02 kV (70% 
of breakdown voltage) on a Gen-4 trench SBD. The device has a fin width of 1 𝜇m, fin 
area ratio of 33% and an active area of 100×150 𝜇m2. ............................................ 205 
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Fig. 4.28 Forward I-V characteristics in (a) log-scale and (b) linear-scale, as well as (c) 
the extracted differential Ron,sp before and after the reverse I-V sweep up to 2.31 kV (80% 
of breakdown voltage) on a Gen-4 trench SBD. The device has a fin width of 1 𝜇m, fin 
area ratio of 33% and an active area of 100×150 𝜇m2. ............................................ 206 

Fig. 4.29 Benchmark plot of all four-generations of Ga2O3 trench SBDs and state-of-
the-art regular SBDs reported from literature [49-56]. (a) Differential Ron,sp vs. the 
reported BV. The reverse leakage current density (JR) in mA/cm2 near the reported BVs 
are indicated in parenthesis. (b) Differential Ron,sp vs. BV defined at JR,max = 1 mA/cm2.
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Fig. 4.30 Calculated Von at an on-current density of 100 A/cm2 in Ga2O3 trench SBDs at 
(a) 25 °C and (b) 150 °C, using Eq. 4.5. The barrier height is fixed at 1.1 eV and the 
RESURF factor (R ) is varied from 1 to 4. The BV is defined at JR,max = 1 mA/cm2. The 
calculated BFOM limits considering Ec = 8 MV/cm are 18.8 GW/cm2 at 25 °C and 9.9 
GW/cm2 at 150 °C, representing the Von limits due to differential Ron,sp only. Adapted 
from Li et al. [14] © 2020 IEEE. ............................................................................. 210 

Fig. 4.31 High-frequency capacitance-voltage (C-V) measurements on a Gen-2 MOS-
capacitor fabricated on the etched (001) surface. The device cross section is shown in 
the inset of (a). Repeated C-V sweeps were performed with a fixed reverse bias limit of 
-30 V and different forward bias limit or stress voltage (Vstress), which was stepped up 
from 5 V to 30 V. At each stress voltage, 3 repeated dual-direction sweeps were 
performed starting from -30 V. (a) shows the set of sweeps up to 5 V. The ideal C-V 
curve in the absence of trapping effect is shown in the dash line. (b) shows the 3rd 
upward sweeps at each forward bias limits and the inset plots the extracted interface 
trapped charge density (Nit) at each stress voltage. A probing frequency of 0.8 MHz and 
a sweep rate of 0.1 V/s was used for all sweeps. No hold time was employed. Adapted 
from Li et al. [16], with the permission from AIP Publishing. ................................. 213 

Fig. 4.32 High-frequency capacitance-voltage (C-V) measurements of the MOS-
capacitors fabricated on the etched (001) surface. Repeated measurements were 
performed with a fixed reverse bias limit of -30 V and an increasing forward bias limit 
or stress voltage (Vstress), which was stepped up from 0 V to 30 V. Under each forward 
bias limit, 3 repeated dual-direction sweeps were performed starting from -30 V. (a) The 
1st (fresh) dual sweeps under each stress voltage up to 15 V. The ideal C-V curve is 
shown in the dashed line. (b) The downward part of the fresh dual sweeps under each 
Vstress. Inset shows a plot of the extracted trapped interface-trapped charge density (|Nit|) 
under each Vstress. A probing frequency of 0.5 MHz and a sweep rate of 0.44 V/s were 
used for all sweeps. No hold time was employed. .................................................... 215 

Fig. 4.33 Repeated forward pulsed I-V measurements of the trench SBDs different fin 
widths and similar fin area ratio: (a) Wfin = 1 𝜇m, A.R. = 33%; (b) Wfin = 2 𝜇m, A.R. = 
50%; (c) Wfin = 3 𝜇m, A.R. = 50%; (d) Wfin = 4 𝜇m, A.R. = 50%. The forward bias limit 
or Vstress was sequentially increased from 5 V to 15 V. Under each Vstress, 3 repeated 
upward scans were performed (pioneer scan, 1st repeated scan and 2nd repeated scan). 
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All I-V curves were measured under pulsed conditions with a base voltage of 0 V, a 
pulse width of 8.36 𝜇s and a duty cycle of 0.836%. ............................................... 217 

Fig. 4.34 Extracted differential Ron,sp from the pioneer pulsed forward I-V measurements 
on Gen-3 devices [Fig. 4.16] and the corresponding schematic cross sections of active 
conducting region within the 3 different types of devices. Adapted from Li et al. [17] © 
2018 IEEE. ............................................................................................................. 219 

Fig. 4.35 (left) Schematic representation of series resistance (Rs) components within a 
unit cell of a trench SBD. (right) Schematic band diagram along a horizontal cutline 
across the fin channel, under the presence of negative interface-trapped charge near the 
dielectric-semiconductor interface and a forward bias of VF. ................................... 221 

Fig. 4.36 (a) Differential Ron,sp of the Gen-3 Ga2O3 trench SBDs as a function of the fin 
area ratio, as well as the fitting using the simplified Rs,sp model with the sidewall 
depletion neglected (Eq. 4.11). Adapted from Li et al. [17] © 2018 IEEE. (b) 
Differential Ron,sp of the fourth-generation FP Ga2O3 trench SBDs as a function of the 
fin width (Wfin), as well as the fitting using the Ron,sp model considering sidewall 
depletion (Eq. 4.10). Adapted from Li et al. [20] © 2020 IEEE. .............................. 223 

Fig. 4.37 Extracted differential Ron,sp of the trench SBDs from forward I-V 
characteristics in Fig. 4.33. Differential Ron,sp from the 2nd repeated I-V scans are 
extracted as Ron,dynamic. In addition, the differential Ron,sp of the upper envelope curve of 
the pioneer scans are extracted as Ron,fresh. The analytically calculated 𝑅2,24  and 
𝑅2,24,5677∗  are indicated by dot-dashed lines. ............................................................. 224 

Fig. 4.38 (a) Repeated forward I-V measurements of the Gen-3 regular SBDs. A pulse 
width of 0.5 𝜇s and a duty cycle of 0.05% were used for the pulsed measurements. All 
measurement sequence and other conditions are the same with the measurements on the 
Gen-3 trench SBDs as shown in Fig. 4.33. (b) Extracted differential Ron,sp of regular 
SBDs from the 2nd repeated I-V scans. ..................................................................... 226 

Fig. 4.39 Differential Ron,sp of the Gen-3 Ga2O3 trench SBDs as a function of the fin area 
ratio from pulsed I-V measurements only. The differential Ron,sp are all extracted from 
the pioneer measurements at either 5 V (triangle) or 10 V (circle). Dot-dashed line 
shows the simplified model for Rs,sp. ....................................................................... 227 

Fig. 4.40 Forward I-V characteristics of (a) regular SBDs with mesa and (b) regular 
SBDs without mesa from the Gen-3 trench SBD sample. The current is normalized by 
the Schottky contact area. Measurements are taken under pulsed condition with a pulse 
width of 8.4 𝜇s and a duty cycle of 0.84%. Reprinted from Li et al. [18] © 2019 IOP 
Publishing. .............................................................................................................. 233 

Fig. 4.41 (a) Differential Ron,sp versus the diode diameter for the regular SBDs with and 
without mesa. (b) Illustration of the sidewall depletion responsible for the increase of 
Ron,sp with decreasing diameter in SBDs with mesa, as well as the current spreading 
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responsible for the decrease of Ron,sp with decreasing diameter in SBDs without mesa. 
Reprinted from Li et al. [18] © 2019 IOP Publishing. ............................................. 234 

Fig. 4.42 Scanning electron microscopy (SEM) cross-sectional images of the Gen-3 
trench SBDs with different fin orientations: (a) along [010] direction (0° rotation), (b) 
30° rotation, (c) 60° rotation and (d) along [100] direction (90° rotation). The cross-
sectional cutline positions are indicated by the red dashed lines, while the viewing 
directions by the red arrows in the schematic top-view cartoons. The viewing angle of 
the SEM is 52° from the norm of the sample top surface. Reprinted from Li et al. [18] 
© 2019 IOP Publishing. .......................................................................................... 236 

Fig. 4.43 Forward I-V characteristics of the Gen-3 trench SBDs with different fin-widths 
and fin-channel orientations: (a) Wfin = 1 𝜇m, fin area ratio (A.R.) = 33%; (b) Wfin = 2 
𝜇m, A.R. = 50%; (c) Wfin = 3 𝜇m, A.R. = 50%; (d) Wfin = 4 𝜇m, A.R. = 50%. All I-V 
curves are measured from fresh upward scans under the same pulsed conditions used in 
the measurements of the regular SBDs. Below the measurement limit, the pulsed I-V 
curves are the same for all devices since they are limited by the system charging time. 
Adapted from Li et al. [18] © 2019 IOP Publishing. ............................................... 238 

Fig. 4.44 Breakdown voltage of the Gen-3 trench SBDs with Wfin = 1 𝜇m with respect 
to the fin orientation angle, in comparison with the breakdown voltage of the MOS-
capacitor. Inset shows the corresponding reverse I-V characteristics. Reprinted from Li 
et al. [18] © 2019 IOP Publishing. .......................................................................... 240 

Fig. 4.45 Simulated electric-field profile along (a) horizontal cutline-1 under the trench 
bottom surface and (b) vertical cutline-2 at the center of the fin channel, under different 
values of Wfin and a reverse bias of -1375 V. The definitions of the cutlines are identical 
with the ones shown in Fig. 4.26(a). Reprinted from Li et al. [14] © 2020 IEEE. .... 243 

Fig. 4.46 Simulated electric-field profile along (a) horizontal cutline-1 under the trench 
bottom surface and (b) vertical cutline-2 at the center of the fin channel, under different 
values of dtr and a reverse bias of -1375 V. Reprinted from Li et al. [14] © 2020 IEEE.
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Fig. 4.47 Simulated electric-field profile along (a) horizontal cutline-1 under the trench 
bottom surface and (b) vertical cutline-2 at the center of the fin channel, under different 
values of Wtr and a reverse bias of -1375 V. Reprinted from Li et al. [14] © 2020 IEEE.
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Fig. 4.48 Device performance target-oriented design flowchart for trench SBDs. Note 
that steps 4-7 can be performed iteratively to determine the optimum barrier height for 
the lowest possible Von. Reprinted from Li et al. [14] © 2020 IEEE......................... 247 

Fig. 4.49 Calculated (a) reverse I-V and (b) forward I-V characteristics of the design 
example of a 1375-V Ga2O3 trench SBD, in comparison with a regular SBD counterpart. 
The designs target at the same leakage current at 150 °C at the same BV of 1375 V for 



 

xxx 

both the trench and regular SBDs, followed by the determination of the drift layer 
parameters and SBD forward characteristics in the two types of SBDs (see Fig. 4.48). 
Detailed design parameters and DC performance metrics are summarized in Table III. 
Reprinted from Li et al. [14] © 2020 IEEE. ............................................................. 248 

Fig. 5.1 Schematic cross sections of three major types of vertical transistors: (a) vertical 
diffused MOS (VDMOS), (b) trench MOSFET and (c) vertical fin transistors. The gate 
structure for the vertical fin transistors could be p-n junctions (as in JFETs), Schottky 
junctions, or MOS structures. P-type regions are colored in blue. (Courtesy of Mingda 
Zhu.) ....................................................................................................................... 261 

Fig. 5.2 (a) Schematic layer structure of the as-grown in-situ activated p-n diode 
structure and the two regrown layers. (b) Information of the two regrown layers on the 
MOCVD and MBE control sample. (c) Schematic cross sections of three types of the 
circular diodes: p-n, i/p-n and n+/i/p-n diodes fabricated on both samples, with diameters 
of 200, 100, 70, 30, 20 𝜇m. (d) Schematic cross section of the n+/i/p-n diodes with 
stripe-geometry. The widths of the stripes are designed to be 10, 8, 6, 5 𝜇m. The stripes 
all have a finger length of 50 𝜇m and are separated by a small i/p-n region (2 or 5 𝜇m) 
between the two fingers. Adapted from Li et al. [32], with the permission from AIP 
Publishing. .............................................................................................................. 265 

Fig. 5.3 Reverse I-V measurements of the circular diodes without metal contacts on the 
MOCVD sample: (a) before and (b) after the activation annealing at 725 °C for 30 
minutes. The observed high leakage before annealing indicates the p-GaN layer was re-
passivated inside the MOCVD chamber. Reprinted from Li et al. [32], with the 
permission from AIP Publishing.............................................................................. 268 

Fig. 5.4 TLM measurements on the MOCVD sample. (a) Gated-TLM I-V curves of the 
MOCVD-regrown UID GaN layer, measured at Vg = 25 V. (b) TLM I-V curves of the 
MBE-regrown n+-GaN layer. Insets show the schematic cross sections of the TLM 
structures. The gate dielectric in the gated-TLM structure is 30 nm of ALD Al2O3. 
Adapted from Li et al. [32], with the permission from AIP Publishing. ................... 269 

Fig. 5.5 Reverse and forward I-V characteristics of the three types of diodes. (a) Reverse 
I-V characteristics of circular diodes on the MOCVD sample. (b) Reverse I-V 
characteristics of circular diodes on the MBE control sample. (c) Reverse I-V 
characteristics of the n+/i/p-n diodes with stripe-geometry on the MOCVD sample. (d) 
Forward I-V characteristics of the diodes on the MOCVD sample. Reprinted from Li et 
al. [32], with the permission from AIP Publishing. .................................................. 272 

Fig. 5.6 Reverse leakage current at -200 V vs. structure width for three types of diodes 
in the MOCVD sample. The error-bars are generated based on the measurements of at 
least 3 devices with identical geometries. The sharp change in leakage near a width of 
10-20 µm of the n+/i/p-n diodes suggests that the buried p-GaN is sufficiently activated 
in small diodes (£ 10 𝜇m) but not in large diodes (³ 20 𝜇m). Reprinted from Li et al. 
[32], with the permission from AIP Publishing. ....................................................... 274 
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Fig. 5.7 Epitaxial structures of the buried p-GaN samples grown by MOCVD on bulk 
GaN substrate. (a) sample A: impurity-doped p-GaN (b) sample B: graded p-AlGaN 
with polarization-induced (PI) doping. Reprinted from Li et al. [31] © 2018 IEEE. 279 

Fig. 5.8 SIMS profile of the various types of impurities in sample A. High level of H is 
present in the p-GaN layer, indicative of the passivation of Mg dopants. Reprinted from 
Li et al. [31] © 2018 IEEE. ..................................................................................... 280 

Fig. 5.9 AFM images of the surface morphology of (a) sample A, and (b) sample B.
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Fig. 5.10 Schematic cross section of n-p-n diodes fabricated on both sample A and 
sample B. The process flow is indicated on the right. Reprinted from Li et al. [31] © 
2018 IEEE. ............................................................................................................. 282 

Fig. 5.11 Simulated I-V characteristics of the n-p-n diode using TCAD Sentaurus. The 
active NA in the p-type layer is set to be 4×1016 cm-3. Punch-through behavior under 
forward and backward bias is clearly observed. Adapted from Li et al. [31] © 2018 
IEEE. ...................................................................................................................... 283 

Fig. 5.12 Calculated punch-through voltage as a function of the effect net acceptor 
concentration (NA) in the p-layer, as well as extracted values from TCAD Sentaurus 
simulation. Excellent match between the model and the simulation is observed. ...... 285 

Fig. 5.13 Measured I-V characteristics of sample A (a) in semi-log scale, (b) and (c) in 
linear scale. (b) and (c) shows the forward and reverse I-V characteristics, respectively. 
I-V curves of three typical devices are shown. Reprinted from Li et al. [31] © 2018 
IEEE. ...................................................................................................................... 286 

Fig. 5.14 Measured I-V characteristics of sample A (a) in semi-log scale, (b) and (c) in 
linear scale. Inset in (a) shows the zoom-in view of the forward I-V characteristics in 
semi-log scale; (b) and (c) shows the forward and reverse I-V characteristics, 
respectively. I-V curves of three typical devices are shown. Reprinted from Li et al. [31] 
© 2018 IEEE........................................................................................................... 287 

Fig. 5.15 Measured forward and reverse punch-through voltages of the n-p-n diodes, 
from which the effective NA in the buried p-layer is extracted by comparison with the 
analytical model. Multiple devices on sample A and B are measured. Extracted NA in 
sample A: 6×1016 cm-3. Extracted effective NA in sample B: 1.9×1017 cm-3. Adapted 
from Li et al. [31] © 2018 IEEE. ............................................................................. 289 

Fig. 6.1 Schematic cross section of two designs of the vertical GaN trench MOSFETs 
incorporating MBE regrown UID-GaN channel. (a) Without and (b) with an n+-GaN 
buried layer between the lateral part of the regrown UID-GaN channel and the p-GaN 
body. Reprinted from Li et al. [21] © 2018 IEEE. ................................................... 299 
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Fig. 6.2 Fabrication process for the GaN trench MOSFETs with MBE regrown channel. 
In the design with an n+ buried layer, a 30-nm-thick n+-GaN is regrown by MBE on top 
of the p-GaN surface as the n+ buried layer at the very first step (not shown). The rest 
of the process are the same for the two design: (a) tapered trench etch; (b) MBE channel 
regrowth; (c) patterned regrowth of n+-GaN for the source ohmic contact; (d) dry etch 
for the p-GaN body contact and device isolation; (e) metallization for the source ohmic 
contact (Ti/Au) and the body contact (Pd/Au); (f) ALD of 30-nm Al2O3 gate dielectric, 
followed by metallization of gate (Ni/Au) and drain (Ti/Au) electrodes. Reprinted from 
Li et al. [14] © 2017 IEEE. ..................................................................................... 300 

Fig. 6.3 AFM surface morphology of the MBE regrown UID-GaN channel on top of 
(left) epi surface (right) trench-bottom surface. Reprinted from Li et al. [21] © 2018 
IEEE. ...................................................................................................................... 301 

Fig. 6.4 Measured transfer I-V characteristics of the trench MOSFETs. (a) Without and 
(b) with the n+ buried layer. The representative device in (a) has a trench width of 4 𝜇m 
and Lch,lateral = 3 𝜇m. The representative device in (b) has a trench width of 8 𝜇m and 
Lch,lateral = 1 𝜇m. Reprinted from Li et al. [21] © 2018 IEEE. .................................. 302 

Fig. 6.5 Measured output I-V characteristics of the trench MOSFETs, (a) Without and 
(b) with the n+ buried layer. The device dimensions are the same, as described in Fig. 
6.4. Reprinted from Li et al. [21] © 2018 IEEE. ...................................................... 304 

Fig. 6.6 Measured transfer and output I-V characteristics of a planar test transistor 
fabricated on the same sample as the trench MOSFETs with the n+ buried layer. Inset: 
schematic device cross section. Reprinted from Li et al. [21] © 2018 IEEE. ............ 305 

Fig. 6.7 Measured three-terminal breakdown characteristics of the regrown channel 
trench MOSFETs; ∼600-V BV and low drain leakage current are measured on the 
device without the n+ buried layer at Vgs = -15 V. Soft breakdown behavior at ∼130 V 
limited by drain leakage current is observed for the device with the n+ buried layer. Inset: 
Vgs - dependence of the drain leakage current in the device with the n+ buried layer. 
Reprinted from Li et al. [21] © 2018 IEEE. ............................................................. 307 

Fig. 6.8 (a) Simulation structure and net doping concentration of the device without the 
n+ buried layer in the presence of interface donor sheet density. (b) Simulated transfer 
I-V characteristics with Nint = 1×1013 cm-2. Three different thicknesses of the interface 
donor region (dint) are simulated: dint = 2,10, and 20 nm. Trench width = 4 𝜇m. Lch,lateral 
= 1 𝜇m. Dielectric thickness = 40 nm. UID-GaN channel thickness: dch = 50 nm. 
Reprinted from Li et al. [21] © 2018 IEEE. ............................................................. 309 

Fig. 6.9 (a) Simulation structure and net doping concentration of the device with the n+ 
buried layer in the presence of interface donor sheet density. (b) Simulated transfer I-V 
characteristics with Nint = 1×1013 cm-2. Three different thicknesses of the interface donor 
region (dint) are simulated: dint = 2,10, and 20 nm. (n+ buried layer thickness = 30 nm; 
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other dimensions are the same as the structure without n+ buried layer.) Reprinted from 
Li et al. [21] © 2018 IEEE. ..................................................................................... 310 

Fig. 6.10 (a) Simulated transfer I-V characteristics in device with the n+ buried layer 
under different Nint values. dint = 2 nm. UID-GaN channel thickness: dch = 50 nm. 
Acceptor concentration in p-GaN: NA = 1×1018 cm-3. (b) Extracted DIBL versus Nint 
under different dch and NA values in p-GaN. Reprinted from Li et al. [21] © 2018 IEEE.
 ............................................................................................................................... 312 

Fig. 7.1 Schematic cross sections of (a) vertical diffused MOS (VDMOS), (b) trench 
MOSFET with p-shield and (c) vertical fin transistors with p-shield. P-type regions are 
colored in blue, while lateral p-n junctions are indicated by diode symbols (Courtesy of 
Mingda Zhu.) .......................................................................................................... 319 

Fig. 7.2 Epitaxial layer structure and device cross section of the PolarMOS. (a) designed 
epitaxial structure for growth by MOCVD. The calculated band diagram and electron 
concentration along the vertical direction are shown in (b) if Mg acceptors are all active 
and in (c) if Mg acceptors are inactive. The Mg profile and Al concentration used in the 
calculations are taken from the actual values measured by SIMS (see Fig. 7.3). (d) 
schematic device cross section of the PolarMOS. Reprinted from Li et al. [11] © 2019 
IOP Publishing. ....................................................................................................... 322 

Fig. 7.3 SIMS measurement results of the impurity concentrations and the Al content 
along the depth of the epitaxial structure grown by MOCVD. Reprinted from Li et al. 
[11] © 2019 IOP Publishing. ................................................................................... 324 

Fig. 7.4 Fabrication process flow of the PolarMOS. (a) trench formation by dry-etching. 
(b) vertical n-GaN channel regrowth by MBE. (c) n+-GaN regrowth by MBE for source 
contact. (d) p+-GaN regrowth by MBE for body contact to the buried p-layer. (e) 
metallization for the body ohmic contact (Pd/Au) and the source ohmic contact (Ti/Au). 
(f) deposition of SiNx/SiO2 (10 nm/48 nm) gate dielectric by ALD, followed by 
metallization for the gate (Ni/Au) and drain (Ti/Al/Au) electrode. Reprinted from Li et 
al. [11] © 2019 IOP Publishing. .............................................................................. 325 

Fig. 7.5 (a) Cross-sectional SEM imaging of the trench sidewall profile after dry etching. 
The trench has a designed width of 3 𝜇m. (b) HRTEM imaging of the vertical channel 
after MBE regrowth. Edge bumps due to the undesired growth on the mask sidewall are 
observed. (c-e) HRTEM images with increasing magnifications on the regrowth 
sidewall interface. Red box in (c) indicates the location of the region shown in (d). 
Adapted from Li et al. [11] © 2019 IOP Publishing. ............................................... 327 

Fig. 7.6 SEM image of the cross section of a fabricated PolarMOS with a viewing angle 
of 53° from the c-axis. Reprinted from Li et al. [11] © 2019 IOP Publishing........... 328 

Fig. 7.7 AFM imaging of the surface morphology of (a) the as-grown MOCVD epitaxial 
structure, (b) the regrown n-GaN vertical channel, (c) the regrown n+-GaN source 
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contact region, and (d) the regrown p+-GaN body contact region. Reprinted from Li et 
al. [11] © 2019 IOP Publishing. .............................................................................. 329 

Fig. 7.8 Transfer I-V characteristics of the PolarMOS (a) under Vds = 1 V and (b) under 
Vds = 10 V. Reprinted from Li et al. [11] © 2019 IOP Publishing. ........................... 331 

Fig. 7.9 Output I-V characteristics of the PolarMOS. Reprinted from Li et al. [11] © 
2019 IOP Publishing. .............................................................................................. 331 

Fig. 7.10 Three-terminal breakdown measurements of the PolarMOS (a) without 
activation of the buried p-layer and (b) with sidewall activation of the buried p-layer. 
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CHAPTER 1 INTRODUCTION 

1.1    Overview 

Silicon, with a bandgap energy (𝐸>) of 1.1 eV, has been the dominant semiconductor 

material for both information technology and power regulation. While Si is still the 

material to beat for ultra-low power transistors, wide-bandgap (WBG) semiconductors 

such as SiC and GaN, with their over 3-eV bandgap, possess far superior performance 

for applications demanding high power-handling capability [1][2]. Obviously, with 

higher power applied, there comes higher demand on the voltage-handling capability, 

which is found to scale with the critical electric field (𝐸?), the maximum electric field a 

semiconductor can handle before it enters avalanche breakdown. The major argument 

behind the superiority of WBG semiconductors for power applications centers around 

the super-linear increase of the critical electric field with the increase of the bandgap. 

As will be shown, most performance metrics on power devices weigh heavily on the 

critical electric field, such that under most cases the increase of the bandgap outweighs 

the influence of other material properties and allows for a better projected device 

performance. 

Considering the 70+ years history of semiconductors, WBG semiconductors for 

power applications have barely entered their adolescence: SiC power devices were first 

commercialized in 2001 and GaN HEMT devices were first brought into mass 

production in about 2004 [3]. Despite of their recent appearance, the disruptive 

advantages of WBG devices allow for a rapid market penetration and fast market growth, 

with a projected compound annual growth rate (CAGR) of up to 79% through to year 
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2022 for GaN-on-Si lateral power devices as an example [4]. While SiC vertical power 

device and GaN lateral devices are on the rise, GaN vertical power devices and other 

semiconductors materials with even wider bandgap, such as b-Ga2O3, are under active 

research and could deliver even better power handling capabilities [5][6].  

To fully unleash the voltage-handling capability in semiconductor power devices, 

the electrostatics of the devices at off-states need to be designed carefully. As basic 

requirements, premature breakdown should be avoided, which could happen due to 

excessive reverse leakage current through Schottky barriers, electric-field crowding and 

early punch-through of the p-type body, etc.. In Si and SiC power devices, due to the 

readily-available selective-area p-type doping technology by ion-implantation, intricate 

electric-field management techniques have been employed with great success. However, 

in the case of GaN, selective-area p-doping techniques are not yet well-developed, and 

in the case of ultrawide-bandgap (UWBG) semiconductors like b-Ga2O3, even the effect 

doping for both n- and p-type carriers is often challenging [7]. Such difficulties create 

tremendous challenges in electric-field management using conventional techniques 

involving selective-area doping. The collection of work in this dissertation seeks to 

address the challenges in electrostatic engineering in vertical GaN and Ga2O3 devices 

via design and realization of novel electric-field management techniques, as well as 

studies on doping-related issues, with the ultimate goal of reaching the projected limit 

of the respective materials. The methods, challenges and conclusions discussed here are 

not restricted to these two materials and could be extended to other WBG and UWBG 

semiconductor materials. 
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1.2    Ideal power devices 

Ideal power devices are analogous to mechanical switches. When operated in power 

regulation circuits, power semiconductor devices are typically in switching modes, i.e. 

alternating between on- and off-states, as illustrated in Fig. 1.1(a). At on-state, the 

devices should have as low electrical on-resistance (𝑅@A) as possible to minimize the 

conduction loss, while at off-state the devices should have a sufficiently high breakdown 

voltage (BV) as required by the power rail, which can range from tens of volts to 

thousands of volts, ideally with as low of leakage current as possible. The resulted ideal 

current-voltage (I-V) characteristics of a power device is shown in Fig. 1.1(b). In 

addition, the switches should be “easy” to flip, which means that the energy cost 

required for transitioning between on- and off- states should also be minimized. This 

associated energy cost is referred to as the switching loss. Similar with a logic device, 

the switching loss scales with the operation frequency and the charge within the device. 

This means an ideal power device should be of low charge, or more precisely, require 

little change of charge (Δ𝑄) when alternating between states. To summarize, an ideal 

power device would have 𝑅@A → 0, BV → +∞ and Δ𝑄 → 0 for the highest energy 

efficiency. 

In addition to the aforementioned efficiency considerations, power devices should 

also be reliable and cost effective. These aspects are equally important for a practical 

device technology, but will not be put as the main focus of this dissertation. Nevertheless, 

these factors will be mentioned whenever the electrostatic engineering has intricate 

relationships with them.  
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Fig. 1.1 (a) Schematics of an ideal power device. (b) Schematic I-V characteristics of an 

ideal power device.  

1.3    Trade-off relationships and figure-of-merits 

Just as other semiconductor devices, fundamental trade-off relationships exist 

between key device parameters. These trade-off relationships are best captured by 

figure-of-merits (FOM), which relates these trade-off relationships with material 

properties. The FOMs not only provide insights on the trade-off relationships, but also 

helps identify the materials best-suited for high power devices.   

For power semiconductor devices, several FOMs have been proposed over the years. 

One of the FOM that is most commonly referred to is Baliga’s FOM (BFOM) [8]. Baliga 

showed that in a 1-D single-sided junction with uniform n-type doping, the trade-off 

relationship between the breakdown voltage and the specific on-resistance (𝑅@A,24) is 

given by: 
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BVH

𝑅@A,24
=
𝜀2𝜇J𝐸?K

4 = BFOM, (1.1) 

where 𝜀2 is the permittivity of the semiconductor, 𝜇J is the electron mobility, and 𝐸? 

is the critical electric field. This relationship suggests that the critical electric field plays 

a dominant role in maximizing the BFOM due to the cubic dependence. In addition, the 

critical electric field scales with the bandgap approximately in a super-linear fashion, 

i.e., 

𝐸? ∝ 𝐸>U, (1.2) 

where the exponent α  is found to be around 2.0-2.6 by empirically fitting to the 

experimentally measured 𝐸?-𝐸> relationship, as shown in Fig. 1.2. This value is similar 

with the extracted result (~2.1) from Ref. 9. The immediate conclusion from these 

arguments is that a wider bandgap semiconductor almost always has a higher BFOM, 

as long as the mobility and permittivity is not too low. Table I shows the material 

properties of several WBG semiconductor materials and the calculated FOMs. 
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Fig. 1.2 Dependence of the critical electric field (Ec) on the bandgap (Eg) in common 

semiconductors in (a) linear plot and (b) log-log plot. The reported data for different 

semiconductor materials (measured or estimated, as shown in Table I) is empirically 

fitted with a power-law dependence. The exponent α is found to be 2.3±0.3 from fitting. 

Figure 1.3 shows the 𝑅@A,24 -BV plot of the unipolar material limits set by the 

BFOM. Indeed, the BFOM shows a monotonous increase with the increase of the 

bandgap. This is the biggest motivation for the development of WBG and UWBG 

materials for power applications. However, since the BFOM only deals with the 𝑅@A,24, 

only the static conduction loss is considered. Thus, BFOM is best-suited under low-

frequency operations, where the conduction loss is dominant. Under the consideration 

of both the conduction loss and the switching loss, Baliga derived a high-frequency 

FOM (BHFFOM) [10], which is proportional to 𝜇J𝐸?H. Thus, under high-frequency 

operations, the importance of 𝐸? is reduced compared with the low-frequency case and 

in turn the mobility becomes relatively more important. But still, the square dependence 

of 𝐸? generally leads to a higher BHFFOM with the increase of 𝐸>, as shown in Table 

I.  
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Fig. 1.3 Unipolar material limit as calculated from Baliga’s FOM for different 

semiconductor materials, assuming fully-ionized dopants. 

In radio-frequency (RF) devices, the speed of the devices is just as important as the 

output power. The trade-off relationship between them is well-captured by Johnson’s 

FOM (JFOM) [11]: 

JFOM = 𝑓X ⋅ BV =
𝐸?𝑣2[\
2𝜋 , (1.3) 

where 𝑓X is the cutoff frequency of RF transistors, BV here is the gate-to-drain voltage 

at breakdown (similar with the three-terminal breakdown voltage of a transistor), and 

𝑣2[\ is the electron saturation velocity. JFOM suggests that the product of 𝑓X and BV 

can be increased with higher 𝐸? and 𝑣2[\. Since 𝑣2[\ among common semiconductor 

materials differs at most by a factor of ~2, while 𝐸? has a strong dependence on the 

bandgap, WBG semiconductors generally offer better JFOM as well, as can be seen 

from the calculated values in Table I. 
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TABLE I. Material properties of major wide-bandgap semiconductors. 

 

 

 

These three FOMs discussed above all suggest the advantage of using WBG 

semiconductors for high power applications. It should be noted that these FOMs do not 

consider all material parameters and other constraints such as thermal conductivity (𝜅\`) 

and dopability, which could impose further limitations on the device performance [12]. 

The impact of thermal conductivity has been captured by three thermal FOMs [13], the 

second of which describes the trade-off relationship among BV, 𝑅@A,24 and the specific 

thermal resistance of drift layer (𝑅\`,24): 

Thermal	FOM2 =
BVK

𝑅@A,24 ⋅ 𝑅\`,24
=
𝜅th𝜀2𝜇J𝐸?h

8 . (1.4) 

A comparison of the calculated thermal FOM2 is also included in Table I. As 𝑅\`,24 

has a direct impact on the junction temperature, these thermal FOMs should be 

Si GaAs 4H-SiC GaN b-Ga2O3 Diamond AlN

Bandgap !" (eV) 1.1 1.4 3.3 3.4 4.7 5.5 6.2

Critical electric field !# (MV/cm) 0.3 0.4 2.5 2.8 8 10 15

Electron mobility $% (cm2/V·s) 1440 9440 1000 1500 200 2000 450

Relative dielectric constant &' 11.8 12.9 10.0 10.4 10 5.7 8.5

Saturation velocity ()*+ (×107 cm/s) 1 0.9 2.2 2.4 1.1 2.3 1.4

Thermal conductivity ,+- (W/m·K) 130 55 370 250 20 2300 285

Baliga’s FOM* &$%!#./4 1 17 340 750 2200 25000 28000

Baliga’s HFFOM* $%!#/ 1 12 48 91 99 1500 780

Johnson’s FOM* !#()*+/(2p) 1 1.2 18 22 29 77 70

Thermal FOM2* ,+-&)$%!#0/8 1 9.6 8100 13000 9200 1.5×107 3.1×106

TABLE I. Material properties of major wide-bandgap semiconductors.

*Normalized to the value of Si.
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considered in conjunction with Baliga’s FOMs for a thorough evaluation of materials 

(see, for example, Ref. 9). For the discussion of the electrostatic engineering and voltage 

blocking of the devices alone in this dissertation, only the BFOM will be referred to due 

to its simplicity and direct connection with the 1-D electric field profile and the 

BV2/𝑅@A,24 metric. Due to its popularity, it is also commonly referred as the power 

FOM, a term we will use interchangeably with BFOM. 

1.4    How voltage is supported in semiconductors? 

From Poisson’s equation, the source of the electric field is the net charge. For 

electric field to be fully contained in the semiconductor, there must exists an equal 

amount of positive and negative charge. Further, since voltage is the product of electric 

field and distance, the positive and negative charge has to be separated in space. 

Therefore, in short, voltage is supported by semiconductors through the presence of a 

dipole. To create a dipole in semiconductors, a junction is generally needed. In practical 

devices at off-state, there exists an additional requirement for voltage blocking, i.e., the 

leakage current should be sufficiently low. Otherwise, additional power loss would be 

present due to the leakage current, or even, the semiconductor could suffer a destructive 

breakdown due to excessive Joule heating from the leakage current. These requirements 

are summarized in Fig. 1.4. 

The sources of leakage current can be classified into two categories: intrinsic 

leakage and extrinsic leakage, as also shown in Fig. 1.4. Intrinsic leakage current can be 

defined as being due to the carrier transport processes in ideal semiconductor crystals 

under no external carrier injection. These processes include drift-diffusion, avalanche 
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and band-to-band tunneling. The intensity of these intrinsic process can be varied by 

engineering the semiconductor junction, but in principle they will always exist. It should 

be noted that all of these three intrinsic processes become progressively weaker as the 

bandgap increases. The current due to drift-diffusion for a junction under reverse bias 

is proportional to 𝑛kH , where 𝑛k  is the intrinsic carrier concentration. Since 𝑛k ∝

exp n− pq
Hrst

u, where 𝑘w is the Boltzmann constant and T the absolute temperature, 𝑛k 

and the drift-diffusion current decreases quickly as the bandgap increases. The 

avalanche process defines the critical electric field, beyond which excess electron-hole 

pairs are created due to impact ionization and the avalanche current becomes infinite. 

As mentioned before, the critical electric field increases super-linearly with the increase 

of the bandgap, correspondingly the avalanche process is also weaker. Physically, this 

is due to the higher energy threshold (~𝐸>) the impact-ionization process requires to 

create an electron-hole pair [14]. Regarding band-to-band tunneling, the tunneling 

probability can be shown to be proportional to exp(−𝐸>
K/H) [15], thus the tunneling 

current also reduces dramatically as the bandgap increases. 

On the other hand, extrinsic leakage sources can also dominate the leakage current. 

They can originate from carrier injection from external sources, such as photon, high 

energy electron beam or electrons tunneling from Schottky or MOS barriers. Defects in 

semiconductors can also lead to leakage current, such as Shockley-Read-Hall (SRH) 

generation current from point defects or leakage current through extended line or plane 

defects. In principle, these extrinsic leakage sources can be minimized or eliminated by 

improving the material quality and/or by device engineering.  
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Among these extrinsic leakage sources, barrier tunneling bears great importance for 

a Schottky barrier diode (SBD), which is one of the most basic semiconductor device 

type. Since barrier tunneling only involves the transport of one type of carrier, it is not 

sensitive to the bandgap. Consequently, unlike the intrinsic leakage sources, barrier 

tunneling cannot be readily reduced by the use of WBG semiconductors. In fact, the 

leakage current through Schottky barrier imposes a near-universal limit on the 

maximum surface electric field in SBDs, as will be discussed in Chapter 3. To break 

this limit in WBG SBDs, we employ the reduced surface field (RESURF) technique 

[16], which could greatly improve the BV and efficiency of WBG SBDs. 

 

 

Fig. 1.4 Essential requirements for voltage blocking in semiconductors. Fundamental 

device building blocks for semiconductor junctions and various sources of leakage 

current are also illustrated. 
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1.5    Fundamental device building blocks for voltage blocking 

P-n junction, Schottky junction and metal-oxide-semiconductor (MOS) structure are 

three main device building blocks for voltage blocking in power semiconductor devices. 

As shown in Fig. 1.4, these building blocks typically involve a lightly-doped n-region 

(commonly referred to as n--region), where most of the voltage is dropped. If the n-

region is uniformly doped, the electric field will linearly increase in the n-region toward 

the junction interface, where the maximum electric field is located.   

Among these building blocks, p-n junction is arguably the best in terms of 

robustness and leakage current. In comparison with a Schottky junction, a p-n junction 

typically provides a larger tunneling barrier for carriers, especially in WBG 

semiconductors, thus it typically has a lower leakage current density. In comparison 

with the MOS structure, the p-n junction confines the highest electric field within the 

crystalline semiconductor material, whereas the MOS structure will have the high 

electric field present also in the typically amorphous dielectric material, which may lead 

to reliability concerns under high electric field. In addition, a p-n junction allows for an 

easier access of the avalanche breakdown process, since the excess holes and electrons 

generated by the avalanche process can be extracted out of the semiconductor from the 

p-side and n-side respectively through the ohmic contacts. Lastly, as will be mentioned 

in more detail later, p-n junctions are also highly desirable for electric-field 

managements and offer some important advantages over Schottky junctions and MOS 

structures. 

However, there are advantages in Schottky junction and MOS structures that is not 

present in p-n junctions. As diodes, a Schottky barrier diode typically has a lower turn-
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on voltage than a p-n diode, thus is highly preferable as rectifiers for lower voltage 

applications. MOS structure provides the unique insulating functionality and is 

irreplaceable in transistors requiring insulated gate and a high gate-voltage swing. In 

addition, Schottky junctions and MOS structures for voltage blocking are typically 

unipolar, i.e., there is only one-type of carriers involved in the forward conduction, 

whereas in p-n junctions, there exist two types of carriers under forward conduction. As 

a result, p-n junctions, especially in indirect semiconductor materials, are typically 

slower and have higher switching loss compared with Schottky junctions and MOS 

structures. 

1.6    Electric-field profiles and charge-coupling effects 

1.6.1    1-D electric-field profile 

For a one-dimensional (1-D) junction, the electric field in the depletion region also 

has a 1-D distribution. Depending on the distribution of the doping concentration, the 

1-D electric-field profile can take different shapes as governed by the Poisson’s equation. 

Consider a single-sided abrupt junction with a uniform n-type doping concentration as 

commonly encountered the electric-field profile is either of a trapezoidal shape or a 

triangular shape, depending on whether or not the n-type region is fully-depleted 

(punch-through, PT) or not fully-depleted (non-punch-through, NPT), as shown in Fig. 

1.5. The maximum electric field (𝐸y[z) is located at the junction interface. The electric-

field profile has a constant slope given by 𝑒𝑁|/𝜀} , where 𝑁|  is the net donor 

concentration.  
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Fig. 1.5 Typical electric field profile in the bulk of power semiconductor devices. 

The BFOM is derived under the non-punch-through case where the electric field is 

of a triangular profile. But at a glance, the triangular field profile does not seem to have 

the highest “efficiency” in terms of spreading out the electrostatic potential under the 

same dipole charge/maximum electric field. Instead, one may envision that a rectangular 

electric field profile is more efficient under the same junction depth, as the voltage drop 

is doubled. However, the rectangular profile would indicate that there is little to no 

dopants in the lightly doped n--region, thus the on-resistance would skyrocket. 

Quantitatively, we can approximate the rectangular profile with a trapezoidal profile 

which is present in a punch-through structure with a net donor concentration of ND and 
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junction edge equals to 𝐸? , and the electric profile 𝐸(𝑧)  in the n--region can be 

expressed by: 

𝐸(𝑧) = 𝐸? −
𝑒𝑁|𝑧
𝜀2

. (0 ≤ 𝑧 ≤ 𝑊) (1.5) 

Under a punch-through condition, 𝐸(𝑊) > 0, thus 𝑒𝑁|𝑊 < 𝜀2𝐸? . The breakdown 

voltage is given by: 

BV = � 𝐸(𝑧)𝑑𝑧
�

�
= 𝐸?𝑊 −

𝑒𝑁|𝑊H

2𝜀2
. (1.6) 

The specific on-resistance is obtained by 𝑅@A,24 =
�

�����
. Canceling out the junction 

width, we get the relationship between BV and 𝑅@A,24: 

BV = 𝑒𝑁|𝜇J𝐸? ⋅ 𝑅@A,24 −
(𝑒𝑁|)K𝜇JH

2𝜀2
⋅ 𝑅@A,24H . (1.7) 

The constraint that this relationship holds is 𝑅@A,24 <
��p�

����
���

, as governed by the 

punch-through condition. Different from the non-punch-through case, the doping 

concentration cannot be cancelled in the BV-𝑅@A,24  relationship. Under 𝑅@A,24 =

��p�
����

��
, which corresponds to the non-punch-through condition, it can be easily verified 

that the BV-𝑅@A,24 relationship given above reduces to the equation for BFOM (Eq. 

1.1).  

Figure 1.6(a) compares the calculated 𝑅@A,24 vs. BV in the case of GaN between 

the punch-though cases and the non-punch-through case. It can be seen that the NPT 

design wins over the PT designs throughout the majority of the BV ranges by delivering 

a lower 𝑅@A,24 . There is indeed a narrow range of BV where the PT designs wins 

slightly over the NPT design, however the difference is very small. Thus, PT designs 
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are generally inferior than the NPT design, despite the seemingly more efficient electric-

field profile. 

It is worth mentioning that the above discussion assumes that there is no 

conductivity modulation within the lightly-doped region, thus the on-resistance is 

dominated by unipolar conduction. In fact, conductivity modulation is a very important 

technique in the punch-through designs, such as in p-i-n diodes, where “i” refers to 

intrinsic. The on-resistance in such a junction can be made much smaller by conductivity 

modulation due to minority carrier injection in indirect semiconductors such as Si and 

4H-SiC, but it does come at a cost in the switching speed and switching loss due to the 

bipolar carrier injection. Is there another way of achieving good 𝑅@A,24  and near 

rectangular electric profile, without resorting to bipolar operation? The answer is yes, 

but the distribution of the electric field needs to be extended beyond 1-D to higher 

dimensions. 
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Fig. 1.6 (a) Comparison between the 1-D non-punch-through (NPT) limit and punch-

through (PT) limit in the case of GaN. The PT limit is a function of the net donor 

concentration (ND-NA) in the n--region. (b) Comparison between the 1-D non-punch-

through limit and the superjunction (SJ) limit in the case of GaN. The SJ limit is a function 

of the n-pillar width (wn). (er = 10.4, µn = 1500 cm2/V·s, Ec = 2.8 MV/cm) 

1.6.2    Electric-field profile beyond 1-D 

The aforementioned limitation of the 1-D electric-field profile lies in the restricted 

freedom of the electric-field direction. If we wish to improve the on-resistance, the 

doping concentration needs to be increased, but it will directly lead to the increase of 

the electric-field gradient since the electric field is confined within one dimension. As a 

result, the spread of the electric field will be decreased, and the BV reduced. If we wish 

to add more charge while maintaining the same electric field along one direction, the 

electric field has to gain magnitude along some other directions, i.e., the 1-D constraint 

has to be relaxed. The redirection of the electric field indicates that there exists some 

dipole charge coupling not parallel with the electric field of interest. The above 

arguments summarize the underlying principle of the charge-coupling effects, which is 

the essence behind advanced electric-field management techniques in power devices.  

One of the best examples on charge-coupling effects is the reduced surface field 

(RESURF) effect, as first proposed by Appels and Vaes in 1979 [16]. In their original 

paper, they consider a lateral p+-n junction diode fabricated on a p- substrate. Due to the 

charge-coupling between the n-layer and the p- substrate in the vertical direction, the 

lateral surface electric field near the junction interface can be dramatically reduced, thus 

the breakdown voltage can be improved.  
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Following the concept of RESURF devices, superjunctions are proposed and 

commercialized, marking one of the most important and impactful concepts in the 

power device realm [17]. The superjunction takes the idea of RESURF one step further 

and introduces multiple alternating n- and p- layers/pillars that extend throughout the 

entire vertical structure, as shown in Fig. 1.5. This can lead to a rectangular electric-

field profile, which is the most efficient in spreading out the electrostatic potential in a 

given distance. Furthermore, unlike in the 1-D case, the charge coupling between the 

adjacent pillars allows for increase of the n- and p- doping concentrations without 

compromising the electric-field profile thus the breakdown voltage. As a result, a low 

on-resistance can still be achieved. If the n-pillar width (𝑤J) is identical to the p-pillar 

width (𝑤�) and the conduction current is within the n-pillars, it can be shown that 𝑅@A,24 

is ideally related BV via 

𝑅@A,24 =
4𝑤J
𝜇J𝜀2𝐸?H

⋅ BV. (1.8) 

Thus, with sufficiently small pillar widths, the BV2/ 𝑅@A,24  figure-of-merit in 

superjunctions can be increased far beyond the 1-D limit suggested by the BFOM [17], 

as shown in Fig. 1.6(b). However, it is worth mentioning that the charge-couple devices 

in general does come with a higher capacitance due to more charge being coupled, thus 

the speed of the device is reduced, and the switching loss increased.  

Apart from increasing the overall BV2/𝑅@A,24 metric, charge-coupling designs can 

also bring other important benefits. One great example is the junction-barrier Schottky 

diode (JBSD), as shown in Fig. 1.5. In conventional Schottky barrier diodes, the electric 

field near the top Schottky metal contact beyond certain values will lead to excessive 
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leakage current due to tunneling. Thus, in SBDs, the blocking voltage is generally 

limited by the reverse leakage current and can be far smaller than the intrinsic 

breakdown limit governed by the critical electric field in WBG semiconductors. With 

the additional p-doped pillars in JBSDs, the vertical electric field component near the 

Schottky contact can be dramatically reduced, due to the charge-coupling effect 

introduced by the p-pillars, which redirects the electric field and generate lateral 

electric-field components. At forward bias, the on resistance is only slightly increased 

due to the partial occupation of the n-region by the p-pillars, but the gain in leakage 

reduction can greatly outweigh the hit on the on-resistance. In this dissertation, 

alternative implementations of the JBSD in GaN and Ga2O3 will be explored and 

discussed. 

1.7    Electric-field crowding and edge termination 

The above discussions of electric-field profiles are quite general, but the underlying 

assumption is that the device is infinitely large, and no edge effect is present. In a 

practically device with a finite size, however, the above discussion is applicable only to 

the bulk region of the device. Here, we consider the edge effect in practical devices, 

which in itself is a rich topic. 

Generally, whenever we have a charged object with a sharp edge, there exists 

electric-field crowding. This is essentially a curvature effect and is a consequence of the 

Poisson’s equation. It is helpful to look at example cases of a cylindrical junction and a 

spherical junction, as introduced in Ref. 18. As shown in Fig. 1.7, a cylindrical single-

sided junction is uniform along the 𝑧 direction and have rotational symmetry with 
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respect to the z axis. It can be shown from solving the Poisson’s equation that the electric 

field is roughly proportional to 𝑟�� when 𝑟 is small, where 𝑟 is the distance from 

the 𝑧 -axis. The concentration of the electric-field near the 𝑧 -axis is pictorially 

illustrated in Fig. 1.7. Similarly, a spherical single-side junction has spherical symmetry 

with respect to the origin. It can be shown from solving the Poisson’s equation that the 

electric field is roughly proportional to 𝑟�H when 𝑟 is small. In both cases, the electric 

field at the junction interface increases sharply with increasing junction curvature, with 

a greater severity in the spherical junction than in the cylindrical junction.  

 

 

Fig. 1.7 Illustration of electric-field crowding in cylindrical junctions due to the excess 

charge. 
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field crowding effect, it is beneficial to eliminate them as much as possible. In the case 

of vertical power devices, this can be achieved by rounding the corners of the top 

contact/mesa footprint. However, these methods can only reduce the electric-field 

crowding to a certain degree since cylindrical junctions still exist, and in general the 

peak electric field is still much higher than the 1-D ideal case without applying further 

edge termination techniques.  

The main culprit behind the enhancement of electric field at cylindrical junctions is 

the excess space charge in the depletion region outside of the device footprint as 

indicated in Fig. 1.7. These excess space charge (positive charge in an n-type region) 

will have to be imaged to the opposite charge provided by either the p+ region or the 

anode metal, thus lead to crowded electric field near the junction interface. Recognizing 

this, multiple ways of terminating the junction/managing the edge electric field can be 

developed, most of which can be grouped into two categories: i) subtractive methods, 

involving the decrease or removal of the excess space charge; ii) additive methods, 

involving the balancing of the excess charge with charge-coupling effects. Alternatively, 

one can seek to reduce the voltage drop that the device edge has to support thereby 

reducing the edge electric field, which is equivalent with reducing the excess space 

charge. This idea is also implicitly utilized in some additive methods involving charge-

coupling. Figure 1.8 shows the summary of the edge termination methods and the 

underlying principles as discussed above. 

The subtractive methods include positive and negative bevel edge termination 

[18][19], various types of etch termination [18][20] as well as ion-implanted edge 

termination which creates compensated and highly-resistive implanted regions [21][22]. 
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These methods can be very effective in suppressing the electric-field crowding but can 

be challenging to implement. In some recent works on GaN vertical power devices, 

beveled edge termination [19] and etched deep trench/mesa isolation [20] are used to 

successfully realize near-uniform electric-field profile in the devices, which show 

uniform avalanche breakdown. As a side note, avalanche breakdown in GaN vertical p-

n diodes has also been demonstrate by our group with the use of field plates [23-25]. 

However, the devices in these work still suffer from edge electric-field crowding, 

though a near-unity ideality factor has been achieved for the first time [24]. 

The additive methods include the use of floating guard rings, junction-termination 

extensions (JTEs) and field plates [18]. The guard rings and junction-termination 

extension are typically formed by ion-implanted p-doped regions. The p-regions help 

even out the electric-field profile by providing extra negative charge for the excessive 

charge, thereby reducing the peak electric field near the main junction edge. With 

careful design of the dimension, spacing and doping concentration, the use of floating 

guard rings and JTEs can result in a near-ideal edge termination [26][27].  

The field plate technique involves a metal overhang extending outside of the main 

junction edge supported by an insulating dielectric layer. Similar with the other additive 

methods, the metal field plates can provide extra negative charge, to which the excess 

space charge in the cylindrical junction can be coupled. In addition, the high electric-

field region can be moved from within the semiconductor to the dielectric layer, which 

can typically withstand a higher breakdown field in comparison with semiconductors, 

especially in narrow bandgap semiconductors. In this dissertation, I will demonstrate 

effective implementations of the field plate technique in vertical Ga2O3 power devices 
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and discuss their advantages and limitations. It is worth noting that the additive methods 

all take advantage of the concept of charge-coupling. This can be understood by 

recognizing that a major part of the field crowding is due to the lateral component of 

electric field created by the excess space charge in unterminated cylindrical junctions. 

With the introduction of additional negative charge outside of the main junction by the 

additive methods, the lateral electric field previously present can be redirected and 

terminated vertically towards the additional negative charge, thus reducing the field 

crowding. In this regard, the effect is identical to the charge-coupling effects discussed 

previously in the device bulk. 

 

 

Fig. 1.8 Summary of common edge termination methods and their underlying principles. 
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1.8    Advantages of selective-area p-doping in charge-coupling designs 

Typically, many of the aforementioned field management techniques involve the 

use of selective-area p-type doping by ion-implantation, such as in JBSDs, 

superjunctions, JTEs and floating guard rings. One of the underlying reason is the ease 

of creating smoothly curved junction edges with ion-implantation, which naturally 

creates lateral straggles due to the gaussian profile. In principle, it is also possible to 

create smooth junction curvatures in Schottky junction and MOS structures, but in many 

cases, they are not as desirable as p-n junctions. On one hand, this is because p-n 

junctions typically have lower leakage current than a Schottky junction and a better 

reliability than a MOS structure. On the other hand, although both p-regions and metal 

can provide negative charges required for charge-coupling effects, metal are different 

from p-regions in that it is of equipotential while p-regions have an internal voltage drop 

if fully-depleted. In many scenario involving charge coupling, for example, in 

superjunctions and JTEs, there has to be some internal voltage drop in the p-region. 

Thus, replacing the p-region with a metal would be difficult or even impossible. In 

addition, with p-type doping, the amount of negative charge can be easily controlled by 

the implantation dose and the implantation profile, these provide extra degrees of 

freedom not accessible with metal. Nevertheless, in some cases the p-region can indeed 

be replaced by MOS structures, such as in a superjunction-like pillar structure within Si 

shielded-gate trench MOSFETs [28][29]. Another example is the trench-MOS barrier 

Schottky (TMBS) rectifier or trench SBD structure [30], which is essentially a JBSD 

with the p-region replaced by a MOS structure. In this dissertation, the trench-MOS 
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SBD structure is explored in Ga2O3. The advantages and limitations of replacing the p-

region with the MOS structure will be discussed. 

1.9    Advantages of vertical power devices 

Compared with lateral structures, vertical device structures are more preferable for 

discrete power electronic devices due to a number of advantages. First of all, vertical 

power devices generally have higher current density per chip area than the lateral 

counterparts. This is because the footprint of the vertical devices does not depend on the 

drift layer thickness, which is larger for devices with higher voltage ratings, whereas the 

footprint of lateral devices increases with the width of the drift layer, as illustrated in 

Fig. 1.9. 

 

 

Fig. 1.9 Illustration of the difference between a low-voltage design and a high-voltage 

design in (left) lateral power devices and (right) vertical power devices. 

Second, vertical power devices have a more uniform heat distribution than lateral 
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to possess robust avalanche capability if a p-type body is employed. In addition, vertical 

devices promise better device reliability and stability, since the high field region can be 

contained within the bulk of the device and away from dielectric materials, instead of at 

the device surface, which typically requires dielectric passivation to reduce dispersion. 

Furthermore, it is arguably easier to reduce electric-field crowding for reaching the 

projected material limit in vertical devices, since the starting electric-field profile 

already closely resembles a 1-D distribution. 

1.10    Current challenges in GaN and Ga2O3 vertical power devices 

For GaN, lateral power devices grown on Si substrate (GaN-on-Si) are relatively 

mature now [31]. To date, these devices are already commercialized by multiple 

companies. Typically, those devices utilize field plates to manage the electric-field 

crowding at the gate edge. Although there has not been a convincing report of avalanche 

breakdown, the advantage of the switching speed in these devices outweighs the lack of 

ideal avalanche breakdown and still give GaN-on-Si devices a competitive edge over Si 

and SiC devices in applications requiring fast and efficient switching. 

To take full advantage of the material limit of GaN, vertical GaN devices are desired, 

especially for high voltage/high current applications. In recent years, single-crystal GaN 

substrates have been developed with decent material quality (threading dislocation 

density, or TDD < 106 cm-2), enabling high-quality epitaxial growth required for vertical 

GaN power devices. The remaining issues on material development primarily lie in the 

control of doping. In particular, selective-area doping is a major challenge. 
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Although effective p-type doping by Mg has long been demonstrated, reliable 

techniques to selectively dope the Mg dopants have not been developed yet. This leads 

to tremendous difficulties in managing the electric-field profile in GaN vertical power 

devices. While vertical GaN p-n diodes have been demonstrated with avalanche 

capability [19, 20, 23-25, 32], ideal edge terminations are very challenging in the 

absence of mature selective-area p-doping techniques and the resultant lateral p-n 

junctions. Convincing uniform avalanche breakdown is demonstrated in p-n diodes only 

recently [19][20], with edge terminations all realized by the subtractive methods. Due 

to the difficulty in selective-area p-doping, realization of lateral p-n junctions have been 

extremely challenging. As a result, devices involving p-n junction based charge-

coupling designs are not well-developed, such as junction FETs (JFETs), JBSDs and 

superjunctions. So far, regrown GaN JFETs and the like typically suffer from high 

leakage from the lateral p-n junction [33-35], and the only successful demonstration of 

JBSD still suffer from technical issues with Mg ion-implantation [36]. It is also 

primarily due to this reason that the BFOMs of GaN vertical transistors have yet reached 

the GaN material limit, and the touted advantage over SiC vertical power devices has 

not been convincingly shown.  

Figure 1.10 shows the state-of-the-art device performance of GaN vertical p-n 

diodes [Fig. 1.10(a)] in comparison with vertical transistors [Fig. 1.10(b)]. Without 

needing for lateral p-n junctions, GaN vertical p-n diodes have already reached the GaN 

unipolar material limit. In contrast, GaN vertical transistors have barely reach the 

unipolar limit of 4H-SiC thus still far from the GaN limit, partly due to the lack of 

reliable selective-area doping techniques. In this dissertation, we investigate the method 
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of realizing selective-area doping in GaN vertical transistors by material regrowth. In 

addition, a novel alternative design of JBSD, called trench JBSD, is proposed and 

realized, without needing for selective-area doping. 

 

 

Fig. 1.10 State-of-the-art performance of GaN vertical power devices. (a) GaN vertical 

p-n diodes, including devices on both GaN substrates (GaN-on-GaN) [20, 23-25, 37-51] 

and foreign substrates (GaN-on-foreign sub.) [52-58]. (b) GaN vertical power transistors, 

including devices on both GaN substrates [59-76] and foreign substrates [77-79]. The 

Ron,sp from the p-n diodes are the differential values after turn-on. 

In addition to the lack of selective-area p-doping, there are inherent challenges in p-

type doping itself in GaN. It is well-known that the Mg acceptors in GaN grown by 

MOCVD needs to be thermally activated to give off holes [80]. This is due to the 

passivation of Mg by H in the as-grown material by MOCVD [81]. The activation can 

be effectively carried out when the p-layer has exposed top surface as in a typical 

vertical p-n junction, but it is very challenging in structures with buried p-GaN layer, 
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since the H cannot diffuse through n-type layer on top of the buried p-layer [82][83]. It 

happens that such a buried p-GaN structure is present in a number of device structures, 

such as in trench MOSFETs, and unsuccessful activation of the p-layer would lead to a 

dramatic decrease of the punch-through voltage and reduce the overall breakdown 

voltage. In this dissertation, we will also investigate the activation of the buried p-GaN 

and its application in vertical power devices. In addition, the unique polarization-

induced (PI) bulk doping in III-nitrides will be explored for voltage-blocking purposes.  

Compared with GaN, b-Ga2O3 is much less mature and has only been actively 

investigated for less than 10 years. Apart from the ultra-wide bandgap of 4.5-4.7 eV and 

the resultant ultra-high critical electric field up to 8 MV/cm [84][85], the major 

advantage of b-Ga2O3 is the availability of melt-grown substrates, which have already 

demonstrated very high quality with a dislocation density lower than 104 cm-2 [86]. The 

melt-grown techniques can effectively drive down the substrate cost, thus providing a 

low-cost device platform for Ga2O3 power devices. This is a huge advantage over GaN 

and SiC. In terms of doping, while n-type doping in Ga2O3 can be accomplished 

efficiently and controllably, native p-type doping is very challenging in Ga2O3, partly 

due to the lack of shallow acceptors [87][88]. Thus, without resorting to heterojunctions, 

field management techniques involving p-type doping are entirely unavailable for 

Ga2O3 power devices. It is largely due to this reason that the FOM of Ga2O3 power 

devices is still far from the material limit to date, as shown in Fig. 1.11. In this 

dissertation, we explore methods for electric-field management in Ga2O3 vertical power 

devices without the use of p-type doping. 
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In summary, one of the major challenges in GaN and Ga2O3 vertical power devices 

is the lack of reliable techniques for selective-area p-type doping, which creates huge 

challenges in electric-field managements. 

 

 

Fig. 1.11 State-of-the-art performance of b-Ga2O3 power devices. 

1.11    This work 

GaN and b-Ga2O3, as wide-bandgap semiconductor materials, promise disruptive 

performance for high power applications, yet the state-of-the-art vertical devices are 

significantly hurdled by the limitations in electric-field management largely due to the 

lack of selective-area p-doping. The work in this dissertation is primarily centered 

around the exploration and realization of novel electric-field management techniques in 

GaN and Ga2O3 vertical power devices to fully unleash the material potential. Studies 

on doping techniques relevant to electrostatic engineering are also included.  

Breakdown Voltage (V)
  100  1000 10000

R
on

,s
p (m

+
"c

m
2 )

10-1

100

101

102

103

b-G
a 2O

3
lim
it

Si
lim
it

4H
-S
iC
lim
it

Ga
N
lim
it

Folder: Ga2O3 materal property



 

31 

In the first half of the dissertation, the design and implementation of the RESURF 

effect for the reduction of reverse leakage current will be discussed in GaN and Ga2O3 

vertical Schottky barrier diodes, while in the second half of the dissertation, efforts 

toward overcoming the issues with p-type doping in GaN and Ga2O3 vertical power 

transistors will be presented. A schematic structure of the dissertation is presented in 

Fig. 1.12.  

 

 

Fig. 1.12 Structure of this dissertation. 

In Chapter 2, a novel alternative design of vertical junction-barrier-Schottky diodes 

is proposed and realized in GaN, which we term as the trench JBSD. This design avoids 

the need for lateral p-n junctions, which is still challenging to realize in GaN due to the 

lack of reliable selective-area doping technique. The trench JBSDs are shown to possess 
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similar RESURF effects as in conventional JBSDs, but requires a much narrower 

distance between adjacent p-regions. Experimental realizations of these devices show 

as-expected leakage-current reduction up to 20× due to the RESURF effect. 

In Chapters 3 and 4, we delve deep into the understanding and engineering of the 

reverse leakage current in Ga2O3 Schottky barrier diodes. In Chapter 3, we first 

investigate the ideal reverse leakage current characteristics of Schottky barrier diodes 

and its implications on high electric-field operation. In Chapter 4, we move on to the 

development of Ga2O3 trench-MOS Schottky barrier diodes, or trench SBDs in short. 

As mentioned before, the trench SBDs can be viewed as conventional JBSDs with the 

p-region replaced by the MOS structure. By proper design of the trench dimensions and 

the doping concentration, effective reduction of the leakage current via the RESURF 

effect is demonstrated, resulting in a high breakdown voltage of 2.89 kV, which in turn 

leads to a record-high BFOM of 0.8 (0.95) GW/cm2 from DC (pulsed) measurements. 

We will discuss in detail modeling of the on-state voltage drop, modeling of the on-

resistance, breakdown mechanisms, impact of fin/trench geometry, dependence on the 

fin orientation as well as a proposed design flow for optimum device performance. 

In Chapters 5, methods toward realization of buried p-type layers in GaN vertical 

power devices are discussed. We first investigate the activation of buried p-type GaN 

layers in structures regrown by metal-organic chemical vapor deposition (MOCVD), 

which passivates the p-layer due to the presence of hydrogen during regrowth. The 

activation is based on the exposure of the p-GaN layer through etched sidewall. The 

efficacy of the activation is characterized by reverse breakdown measurements, from 

which the critical lateral dimension of the buried p-GaN structure is extracted as 
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governed by the lateral diffusion of hydrogen. Next, we focus on the utilization and 

characterization of polarization-induced bulk doping in buried p-layers. This technique 

promises reduced effective activation energy of the activated Mg acceptors, which could 

lead to reduced dispersion and temperature dependence in devices. We found that the 

polarization charge can provide voltage-blocking capability just as ionized acceptors 

and can lead to improvement of the punch-through voltage regardless of whether the 

Mg acceptors were passivated or not. 

In Chapters 6 and 7, we directly tackle the selective-area doping in GaN vertical 

power transistors by material regrowth. In Chapter 6, we first investigated the regrowth 

of a thin unintentionally-doped (UID) GaN channel layer in trench MOSFETs by 

molecular-beam epitaxy (MBE), for the purpose of increasing the channel mobility. 

While a 600-V breakdown voltage is achieved, issues regarding the channel regrowth 

was discovered, including the presence of Mg up-diffusion in the UID regrowth layer 

under the regrowth temperature and the existence of donor-like interface charge with a 

sheet concentration of more than 6×1012 cm-2, likely due to donor-like impurities or 

point defects. In addition to the develop of thin channel regrowth, we incorporated the 

MBE-regrowth for trench-filling in the ultimate GaN transistor proposed by Xing et al.: 

the PolarMOS [89], as will be discussed in Chapter 7. The PolarMOS incorporates the 

unique polarization-induced bulk doping scheme in III-nitride semiconductors. We 

successfully achieved trench-filling and lateral p-n junction without apparent structural 

defect. However, the presence of donor-like interface charge is identified from the 

device characteristics as well as by conductive atomic-force microscopy (AFM). While 
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the desired device performance is hindered by the issues from regrowth, these findings 

help pinpoint key challenges to be overcome in GaN vertical power device technology. 

Finally, in Chapter 8, we explore the vertical fin topology for the realization of 

normally-off Ga2O3 vertical power transistors. The vertical fin structure avoids the need 

for p-type doping, while offering normally-off capability as well as good electrostatic 

control of the channel. The design aspect on electrostatics and the device 

characterization will be presented in detail based our 4th-generation devices, which 

marks the first successful demonstration of over 2.6-kV breakdown voltage and multi-

fin devices. In addition, the unique sidewall orientation-dependence in these devices are 

revealed and discussed, which is related to the anisotropic nature of the b-Ga2O3 crystal 

structure. 

I will conclude this dissertation with a brief summary of the main achievements 

from this dissertation as well as on-going challenges in WBG and UWBG 

semiconductor power devices. Lastly, I will discuss future directions on these topics. 
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CHAPTER 2 GAN TRENCH JUNCTION-BARRIER-SCHOTTKY DIODES 

2.1    Introduction 

GaN holds great promises as a strong material for power electronics due to its 

superior Baliga’s figure-of-merit (BFOM) than SiC and Si. High power and high speed 

GaN lateral devices taking advantages of the high mobility 2-D electron gas in 

AlGaN/GaN heterostructure have seen rapid advancement in the past two decades [1-

3], without the need for high quality bulk substrate [4]. With the availability of low-

dislocation-density bulk GaN substrates in recent years, high performance vertical GaN 

power p-n diodes have been demonstrated [5-16], with BFOM already reaching the GaN 

unipolar limit, as shown in Fig. 1.10(a). These results show the immense potential of 

GaN in the vertical device topology.  

However, compared with GaN Schottky barrier diodes (SBDs), GaN p-n diodes are 

shown to have a much lower power efficiency [17]. This is partly due to the much higher 

on-state voltage drop (𝑉@A) of the GaN p-n diodes compared with GaN SBDs, as a result 

of the high built-in potential (~3 V). In addition, GaN p-i-n diodes cannot exploit the 

benefit of conduction modulation to reduce the drift resistance as SiC p-i-n diodes due 

to the direct-bandgap nature, thus are not practically useful even for ultra-high voltage 

applications [17]. Consequently, GaN SBDs are the preferred device-of-choice for 

power rectification. In fact, GaN SBDs are even superior than SiC rectifiers below 8 kV 

in terms of 𝑉@A due to the higher electron mobility [17]. Given the advancements on 

bulk GaN substrates, it is of high interest to develop high performance GaN SBDs for 

efficient power rectifiers. 
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Although attractive, present GaN SBDs face the challenge in suppressing reverse 

leakage current, which is generally much higher than in GaN p-n diodes (PNDs) and 

prevents the achievement of high BVs. The device leakage can be dominated by point 

defects in the material. For example, carbon concentration is related to the leakage 

current in GaN SBDs and hopping transport of electrons assisted by carbon-related point 

defect states is hypothesized [18]. Other important sources of the leakage inherent in 

the SBD structure are the intrinsic leakage mechanisms, including thermionic emission 

(TE) and barrier tunneling (BT). Barrier tunneling mechanisms can be further classified 

into thermionic-field emission (TFE) and field emission (FE), depending on the 

temperature and the surface electric field. Detailed discussions on the intrinsic reverse 

leakage mechanisms in SBDs will be presented in Chapter 3. Thus far, convincing 

evidence of TFE has been observed in GaN SBDs [19], indicating that tunneling 

currents play important role in GaN SBDs. Largely due to leakage-induced soft 

breakdown, the power FOM of state-of-the-art vertical GaN SBDs are still considerably 

lower than GaN unipolar limit [20-22]. 

In order to tackle the leakage current, improving the material quality is the first step. 

In addition, ingenious device engineering can be employed. For example, it is 

demonstrated that the incorporation of an AlGaN tunneling layer on top of the SBD 

GaN drift layer could lower the reverse leakage while further reducing the turn-on 

voltage [23]. Traditionally, junction-barrier-Schottky-diode (JBSD) structure proposed 

in [24] is widely used to reduce the reverse leakage. It combines the large BV of PNDs 

and the low turn-on voltage of SBDs, enabling improved tradeoff between BV and 𝑅@A. 

Successful demonstration of reliable and high blocking capability JBSDs have been 
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reported in 4H-SiC [25], thanks to its mature ion implantation technology. Realization 

of conventional JBSDs in GaN, however, has been hindered by the difficulties in ion 

implantation and regrowth technologies, either of which can create the lateral p-n 

junction required in the JBSDs for reduced surface field (RESURF) under the Schottky 

contact [26]. The only successful demonstration of GaN JBSDs still show issues related 

with Mg-implantation [27], which is still far from mature. 

In order to circumvent the issue, one can instead design trench patterns in p-GaN of 

a high-BV vertical PND [5-16], subsequently making Schottky contacts on the exposed 

n-GaN surface. In this JBSD structure, the Schottky contact surface is at the same plane 

as the p-n junction. Very recently, superior BV and simultaneously low 𝑅@A  were 

reported using a similar trench JBSD concept with designed edge terminations [28]. 

However, the RESURF effect could not be explicitly confirmed, since the characteristic 

shift of the turn-on voltage was not observed, and the reverse leakage behavior of the 

diodes was not reported. In this chapter, we discuss the design principle and leakage-

reduction mechanism in trench JBSDs thorough a combination of simulations and 

experiments. The work under discussion was published elsewhere [29]. 

2.2    Simulation of GaN trench JBSDs 

The device simulation is carried out using TCAD Sentaurus on two structures shown 

in Fig. 2.1. Structure A [Fig. 2.1(a)] consists of stripe-shaped trenches of different 

widths ranging from 50 nm to 3 𝜇m. The trenches are separated by p-n junctions with 

an 8-𝜇m width, which is designed to be much wider than the trenches, for the purpose 

of examining the possible RESURF effect under the Schottky contact within the 
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trenches individually, without interference from nearby trenches. Ohmic contacts are 

specified to the p-GaN top surface, which are electrically isolated from the Schottky 

contacts specified on the n-GaN surface within the trenches with a barrier height of 1 

eV. The purpose of structure A is to investigate the critical dimension required for clear 

manifestation of the RESURF effect, which is enabled by the barrier height difference 

between Schottky junction inside the trench (~1 eV) and the p-n junction adjacent to the 

trench (~3 eV).  

Structure B [Fig. 2.1(b)] consists of alternating p-n and Schottky junctions with a 

constant areal ratio of 1:1, while the width of the stripe-shaped trenches is varied from 

50 nm to 0.5 𝜇m in different simulation runs. With the 1:1 Schottky to p-n area ratio, 

the RESURF effect can be identified by comparing the average leakage current at 

reverse bias in devices with different trench widths. A “half-Schottky half-p-n” diode is 

also constructed as a reference, whose current density is an average between a pure SBD 

and a pure PND. If a reduction of the average leakage current is observed for the 

structure B compared with the “half-Schottky half-p-n” diode, it would be due to the 

interaction between the Schottky junction and p-n junction. This interaction leads to the 

RESURF effect, as will be illustrated and explained in more details later. The nonlocal 

tunneling model in Sentaurus based on Ref. 30 is used to capture the dominant leakage 

mechanism through the Schottky barrier. In the nonlocal tunneling model, the tunneling 

probability is calculated self-consistently from the conduction-band profile of the 

tunneling barrier using the Wentzel-Kramers-Brillouin (WKB) approximation. The 

default parameter file for GaN in Sentaurus is used, resulting a tunneling effective mass 
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of 0.3 𝑚�. For better accuracy, a tunneling effective mass close to 0.2 𝑚� should be 

used. 

 

 

Fig. 2.1 Structures designed for simulation. (a) Simulation structure A. It consists of 

stripe-shaped trenches with different widths. Shown in the schematic are trenches with 

width ranging from 0.5 𝜇m to 50 nm. Trenches are separated by p-n junction area with 

much larger width than the trenches. (b) Simulation structure B. It has alternating p-n and 

Schottky areas with a constant ratio of 1:1, while the trench size is varied from 1 𝜇m to 

50 nm. Adapted from Li et al. [29] © 2017 IEEE. 

As a verification of the nonlocal tunneling model used in the simulation, we 

compared the simulated tunneling currents to calculated results using our numerical 

leakage model, as will be discussed in detail in Chapter 3. These comparisons are shown 

p-GaN, (5×1018 cm-3)

Cathode

Schottky contact
Ohmic contact

0.5 µm 0.2 µm 0.1 µm 50 nm

n+-GaN substrate (1×1018 cm-3)

n-GaN drift layer (1×1016 cm-3), 7µm

Cathode

1  :  1

p-GaN, (5e18/cm3)                     ,400nm

p-n area : Schottky area

(a) Simulation structure A:

(b) Simulation structure B:

n+-GaN substrate (1×1018 cm-3)

n-GaN drift layer (1×1016 cm-3), 7µmY

X
0

X-cutline



 

47 

in Figs. 2.2(a) and (b) for the cases without or with image-force lowering (IFL), 

respectively. We found that the simulated tunneling currents agrees well with the 

numerical calculation, if IFL is not considered. However, if IFL is specified in the 

simulation on top of the non-local tunneling model, there are significant deviations, 

particularly when the surface electric-field is high. In fact, we found that the simulation 

results with IFL are close with the calculation if IFL is improper considered by simply 

replacing the barrier height with the image-force lowered value [see Fig. 3.5(b) and the 

associated discussions in Chapter 3]. Due to this reason, IFL is not considered in this 

work. Since IFL will only alter the magnitude of the tunneling currents without changing 

the dependence on the surface electric field much, as shown in Fig. 2.2, the leakage-

reduction mechanism and the design principles from our simulations are not affected. 

 

 

Fig. 2.2 Comparison of the simulated tunneling currents in TCAD Sentaurus using the 

nonlocal tunneling model and the calculated tunneling currents (JBT) using our numerical 

leakage model, (a) without image-force lowering (IFL) and (b) with IFL. A tunneling 
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effective mass of 0.31 m0, a Richardson constant of 37.2 A/cm2K2 and a relative dielectric 

constant of 10 are used. 

In Fig. 2.3, the simulated electric field distribution at a reverse bias of -200 V is 

plotted for the 50-nm trench in Structure A [Fig. 2.1(a)], in comparison with a 

conventional SBD on the left-hand side. The magnitude of the vertical electric field 𝐸�  

is represented by color while the direction of the field is shown by gray arrows at 

representative grid points. It is clear from the color contrast that the vertical surface field 

within the trench is much reduced compared with the vertical surface field in the 

conventional SBD. Further inspection of the electric field direction reveals that the 

RESURF effect is due to the presence of the p-GaN at the edge of the trench. When 

forming contact with n-type GaN, the p-GaN has a higher barrier height (~3 eV) than 

the Schottky contact metal (~1 eV), thus part of the electrons in n-GaN under the 

Schottky contact metal are depleted by the adjacent p-GaN due to fringing effects. 

Consequently, the surface electric field arising from the resultant net positive charge 

under the Schottky contact terminates at the depletion region in the p-GaN instead of 

the Schottky contact, thus reducing the vertical component of the total surface field. In 

principle, this mechanism is the similar as in the conventional JBSD, although the 

RESURF effect is weaker in the trench JBSD devices due to the fact that the redirection 

of the electric field only happens near the device surface. The physical picture is also 

similar with the case of a Schottky barrier with inhomogeneous barrier height, where 

the patches with a low barrier height is “pinched off” by the adjacent regions with higher 

barrier heights, as discussed by Tung [31]. 
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Fig. 2.3 Simulated electric field distribution at -200 V: (left) in a conventional Schottky 

diode and (right) in a trench JBSD with 50-nm trench width. The magnitude of the vertical 

electric field EY is represented by color, while the direction of the field is shown by gray 

arrows at representative grid points. The reduction in the vertical surface field (the 

RESURF effect) is clearly observed within the trench. Reprinted from Li et al. [29] © 

2017 IEEE. 

Figure 2.4 shows the simulation results of structure A, which consists of stripe-

shaped trenches of different widths. Figure 2.4(a) shows the conduction band profile at 

-200 V along the vertical cutlines centered in the stripe-shaped trenches [see Fig. 2.1(a)]. 

As the trench width reduces, the slope of the conduction band edge reduces, which 

corresponds to a reduced vertical surface electric field as shown in the inset. Compared 

with the 3-𝜇m trench where the RESURF effect is negligible at the center of the trench, 
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the 50-nm small trench has ~42% reduction in the vertical surface field. This reduction 

leads to a dramatic decrease in leakage current density due to the exponential 

dependence on the vertical surface field as manifested in this simplified expression of 

the TFE process [32] (also see Section 3.3.4 for a detailed discussion): 

𝐽X�� =
𝐴∗𝑇𝑒ℏ𝐸
𝑘w

 
𝜋

2𝑚\𝑘w𝑇
exp ¡−

1
𝑘w𝑇

¢𝑒𝜙w −
(𝑒ℏ𝐸)H

24𝑚\(𝑘w𝑇)H
£¤ , (2.1) 

where 𝐴∗ is the Richardson constant and 𝑚\ is the electron tunneling effective mass. 

E is the vertical surface electric field at the metal-semiconductor interface. Since the 

surface electric field is difficult to calculated analytical in the trench JBSDs, the 

nonlocal tunneling model in Sentaurus is employed as mentioned previously. The 

reduction in leakage current density is identified in Fig. 2.4(b) where the current is 

normalized by the corresponding trench area. Close to two orders of magnitude 

reduction in leakage current density is observe for the 50-nm trench width in comparison 

with the 3-𝜇m trench width.  
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Fig. 2.4 (a) Simulated distribution of conduction-band edge along the vertical 𝑋-cutlines 

in structure A [see Fig. 2.1(a)] at -200 V. The inset shows the corresponding vertical 

electric field magnitude. (b) Simulated reverse I-V characteristics of the Schottky 

trenches with different widths in structure A. The current is normalized by the 

corresponding Schottky contact area. Reprinted from Li et al. [29] © 2017 IEEE. 

The reverse I-V characteristics of Structure A is also simulated with a reduced drift 

layer doping concentration of 1×1015 cm-3, as shown in Fig. 2.5. Again, the current is 

normalized by the corresponding trench area. In this case, the overall leakage currents 

are reduced at a given reverse bias compared with the results in Fig. 2.4(b), since a lower 

doping concentration results in a lower surface electric field. However, the trend with 

the trench width is identical. 

 

 

Fig. 2.5 Simulated reverse I-V characteristics of the Schottky trenches with different 

widths in structure A if the net doping concentration in the drift layer is modified to 

1×1015 cm-3. The current is normalized by the corresponding Schottky contact area. 
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Figure 2.6 shows simulated the reverse current density distribution at -200 V near 

the trenches in Structure A. As expected, the leakage current is primarily located near 

the trench region and arises from tunneling through the Schottky barrier. For trench 

widths smaller than 0.5 𝜇m, the leakage current density reduces dramatically. Again, 

close to two orders of magnitude reduction in the reverse current density through the 

Schottky barrier is observed for the 50-nm trench. The optimum design space for the 

stripe-shaped trench width is identified from Fig. 2.4(b) to be smaller than 0.5 𝜇m for 

a doping level of 1016 cm-3, in order to obtain a significant reduction in leakage current 

(over two times). A similar critical dimension of 0.5 𝜇m is also observed for a lower 

doping level of 1015 cm-3, as shown in Fig. 2.5. For circular trenches as employed in our 

experiments, the critical size is expected to be larger due to the 3-D nature of the 

RESURF effect in circular trenches.  

 

 

Fig. 2.6 Simulated electron current density distribution near the trench opening in 

structure A at a reverse voltage of 200 V. Adapted from Li et al. [29] © 2017 IEEE. 
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Figure 2.7 shows the simulated I-V characteristics of structure B [Fig. 2.1(b)], where 

a constant areal ratio of 1:1 is kept for the alternating p-n and Schottky junctions and 

only the trench size varies between different simulation runs. The average current 

density is calculated from dividing the total current by the total device area. Figure 2.7(a) 

shows the forward I-V characteristics of the trench JBSDs in log scale, with 

conventional p-n and Schottky diodes included for comparison. As the trench width 

decreases, a shift of turn-on voltage to a higher value is observed, which is also shown 

in the linear plot in Fig. 2.7(b). This shifting behavior of the turn-on voltage is the 

characteristic of these JBSD-type devices and have been previously observed in 

conventional JBSDs [33][34]. 

 

 

Fig. 2.7 Simulated forward I-V characteristics of structure B, in (a) semi-log scale and (b) 

in linear scale. Currents flowing through the Schottky and PND area within the trench 

JBSDs are separately extracted. Average current density is calculated by normalizing the 

total current with the entire device area. Trench widths are varied from 1 to 0.1 𝜇m, 

while a constant p-n and Schottky area ratio of 1:1 is kept. Reprinted from Li et al. [29] 

© 2017 IEEE. 
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Figure 2.8 shows the simulated forward I-V characteristics of structure B. As 

expected, the PND has very low leakage current close to the precision limit of the 

simulation, and appears to be noisy. This is due to the absence of any non-ideal leakage 

mechanisms in the simulation. On the contrary, conventional SBDs have much higher 

leakage current due to tunneling, reaching 1 𝜇A/cm2 at -200 V. The trench JBSDs have 

lower leakage than the SBDs. Compared with the reference “half-Schottky half-p-n” 

diode which averages the leakage current of PND and SBD, a reduction in the leakage 

current is observed for the trench JBSDs which gets more pronounced as the trench 

width reduces. Around approximately ten times leakage reduction is observed for the 

0.1-𝜇m case. Since the p-n and Schottky areas are the same, the reduction in the leakage 

current is due to the aforementioned interaction between the p-n junction and the 

Schottky junction, further confirming the RESURF effect in trench JBSDs.  
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Fig. 2.8 Simulation forward I-V characteristics of structure B. Currents flowing through 

the Schottky and PND area within the trench JBSDs are separately extracted and summed 

up for the calculation of an average current density normalized by the entire device area. 

Trench width varies from 1 to 0.1 𝜇m while keeping a constant p-n and Schottky area 

ratio of 1:1. Conventional Schottky and PNDs are simulated for comparison, and the 

average of the two (half Schottky half p-n) is also shown in dashed line. Reprinted from 

Li et al. [29] © 2017 IEEE. 

2.3    Experimental realization of GaN trench JBSDs 

As shown in Fig. 2.9(a), the trench JBSD epitaxial structure is similar to our 

previous high-BV PNDs grown by Metal-Organic Chemical Vapor Deposition 

(MOCVD) on freestanding GaN substrates with a threading dislocation density of 

~2×106 cm-2 [7]. A net doping concentration of ~1×1016 cm-3 in the drift layer is 

extracted by the capacitance-voltage (C-V) measurement [Fig. 2.9(b)]. Trench JBSDs 

are designed to have circular trench patterns with a diameter of 1, 2, 3, and 4 𝜇m. For 

a better comparison between the trench JBSDs with different trench sizes, the total 

trench (i.e., Schottky) area in each diode is designed to be the near-identical.  

Although easier to simulate than the computationally expensive circular trench, the 

stripe-shaped trench requires sub-micrometer width for prominent RESURF effect, as 

discussed in the previous section, thus is challenging to realize experimentally. On the 

other hand, the circular trench is expected to have a relaxed size requirement due to the 

3-D nature of its RESURF effect. Due to these considerations, we choose the more 

readily achievable circular trench design experimentally and compare the experimental 
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results with the simulation using stripe-shaped trenches on the overall behavior and 

trend.  

The trench JBSDs are fabricated by dry-etch first to form trenches and reveal the n-

GaN surface, followed by deposition of circular Pd-based anodes. Pd forms an ohmic 

contact to p-GaN and a Schottky contact to n-GaN in the trench. Figure 2.9(c) shows 

the representative transmission line method I-V characteristics of the ohmic contact on 

p-GaN. An excellent specific contact resistivity of 3.9×10-5 W·cm2 is extracted. 

Conventional SBDs are made on the etched n-GaN surface. No additional field plate 

(FP) structures are used for edge termination, since the additional leakage often 

associated with the FP process [8] might mask the trend in the leakage current of trench 

JBSDs designed with varied trench sizes. 
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Fig. 2.9 (a) Schematic device top-view and cross section of the fabricated trench JBSDs. 

Circular trenches have a diameter of 1, 2, 3, and 4 𝜇m. The total Schottky (trench) area 

is designed to be near-identical for each trench diameter. (b) Carrier concentration in the 

n-GaN drift layer extracted by the C-V measurement at 1 MHz. (c) Representative TLM 

I-V characteristics of the Pd-based ohmic contact on p-GaN. A low specific contact 

resistivity of 3.9×10-5 Ω·cm2 and p-GaN sheet resistance (Rsh) of 55 kΩ/sq. is extracted. 

Adapted from Li et al. [29] © 2017 IEEE.  
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Figure 2.10 shows the representative measured I-V characteristics of the fabricated 

trench JBSDs. A near-ideal Schottky turn-on behavior is observed for both trench 

JBSDs and the SBD at ~1 V with an ideality factor of ~1.04-1.14. A clear shift in the 

turn-on voltage is observed in the semi-log plot in Fig. 2.10(a) and highlighted in the 

inset, which qualitatively agrees well with the simulation results [Fig. 2.7(a)]. The 

linear-scale I-V curves in Fig. 2.10(b) show a two-step turn-on for the trench JBSDs, 

similar to the results in Ref. 28. The second turn-on is due to the forward turn-on of the 

p-n junction portion of the JBSDs. This is not captured in the simulated I-V curved in 

Fig. 2.7(b), mainly due to the much larger p-n to Schottky area ratio in the experimental 

devices as oppose to the 1:1 ratio in the simulation structure.  
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Fig. 2.10 Representative measured I-V characteristics of the trench JBSDs. All measured 

diodes have a diameter of 100 𝜇m. (a) Forward I-V in log scale. The ideality factors of 

the Schottky and trench JBS diodes ranges between 1.04 to 1.14. A clear trend of shifting 

in turn-on voltage is observed for JBSDs with different trench diameters, which agrees 

well with the simulation results [see Fig. 2.7(a)]. (b) Forward I-V in linear scale showing 

a characteristic two-step turn-on. (c) Reverse I-V in log scale. A clear trend of reduction 

in the reverse leakage is observed for the trench JBSDs over the range from -200 V to 0 

V. The leakage in the PNDs seems to limit the leakage floor in this experiment, and the 

absolute value of leakage from experiments and simulations need to be further scrutinized. 

Reprinted from Li et al. [29] © 2017 IEEE. 
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The representative reverse I-V characteristics in Fig. 2.10(c) show a clear reduction 

of the leakage current density as the trench size decreases from 4 to 1 𝜇m. Up to 20 

times reduction in leakage current is achieved in the 1-𝜇m trench JBSDs compared with 

conventional SBDs, reaching the PND leakage level. As the total trench area is designed 

to have the same total area, the reduction in leakage current is due to the RESURF effect 

arising from the trench JBSD design. In this particular batch of samples, the p-n junction 

leakage appears to be the limiting factor in further reducing the JBSD leakage, which 

can be improved in future work.  

To further confirm the presence of the RESURF effect, we measured 6 devices from 

each device type. The reverse I-V characteristics of all measured devices are shown in 

Fig. 2.11. The scattering of the data is quite large, likely due to the un-optimized device 

process. To better visualize the correlation of the reverse I-V characteristics with the 

trench design, the statistics of the hard breakdown voltage and the reverse current 

density at -150 V for each types of diodes are plotted in Figs. 2.12(a) and (b), 

respectively. Since no FP is employed for the devices in this work, the measured device 

BV is expected to be determined by the device edge termination. Indeed, optical 

microscope examination of the broken devices confirms edge breakdown. As expected, 

the BV is comparable between as-grown PNDs and trench JBSDs, which all have mesa 

isolation. The BV for the SBD is a bit lower, possibly due to the severe electric-field 

crowding at the edge of the anode metal. In this sense, the measured BV does not reflect 

the intrinsic BV achievable with optimized edge termination.  
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Fig. 2.11 Reverse I-V characteristics for all measured devices (6 devices per device type) 

(a) in linear scale, and (b) in semi-log scale over the range between -200 V and 0 V. All 

measured diodes have a diameter of 100 𝜇m. 

On the other hand, it is observed from Fig. 2.12(b) that the leakage current density 

reduces as the trench JBSD trench size reduces, despite the scattering of the data, 

therefore the RESURF effect in the trench JBSD is confirmed. In addition, these 

experimental results corroborate with our expectation that the requirement on the trench 

size for circular pattern is relaxed compared with the case of stripe pattern adopted in 

the simulation (<0.5 𝜇m). In GaN SBD devices with proper edge termination, the 

measured breakdown will largely be soft breakdown, which is determined by the 

leakage current and a pre-set current compliance. Thus, a reduction in leakage current 

of trench JBSD devices is expected to translate to higher achievable BV.  
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Fig. 2.12 Statistics of the (a) hard breakdown voltage and (b) reverse current density at -

150 V for each type of measured devices. There are six data points for each device type. 

The BV of all devices is determined by the device edge termination thus largely 

comparable. Given BV is not suitable to elucidate the RESURF effect in JBSDs, we 

scrutinize the trend in the reverse current density at lower voltages. In (b), the leakage 

current is observed to reduce as the JBSD trench diameter reduces, which agrees 

qualitatively with the simulated results [Fig. 2.8]. Adapted from Li et al. [29] © 2017 

IEEE. 

Finally, the benchmark plot of 𝑅on versus BV is shown in Fig. 2.13. All the specific 

𝑅on is calculated at 𝐼@A	= 100 A/cm2, in order to include the diode turn-on effect. Along 

with the trench JBSD and the SBD obtained in this work, the best-performing GaN 

SBDs in each category reported in Refs. 20, 35, and 36 are included. The figure-of-merit 

of the SBD and trench JBSD in this work is comparable to that of the best SBD reported 

without FP. With FP structure, the recently reported trench JBSD out-performed the 

best SBD with FP. However, the width of the reported stripe-shaped trench JBSD [28] 

is ~2 𝜇m, which is larger than the requirement we obtained from simulation (<0.5 𝜇m). 
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Thus, we speculate that the augmented BV observed in Ref. 28 is likely attributed to the 

reduced edge electric field instead of surface electric field due to the adjacent p-n 

junction. Even better performance can be expected with <0.5 𝜇m trench width together 

with optimized edge termination, taking advantage of the RESURF effect in the trench 

JBSD design.  

 

 

Fig. 2.13 Benchmark plot of BV versus specific Ron. Reference data points include best 

vertical Schottky diode reported in each category and the recently reported GaN trench 

JBSD [28]. All the Ron is calculated at Ion = 100 A/cm2, including the diode turn-on effect. 

Hollow and filled symbols are for devices with and without field plate (FP), respectively. 

2.4    Conclusions 

Through device simulation and experiment, we investigated the trench JBSD as an 

alternative JBSD design which does not require formation of lateral p-n junction. We 

have elucidated the leakage reduction mechanism-RESURF effect in the trench JBSDs. 
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The RESURF is due to the barrier height difference between the p-type region and the 

Schottky metal, which causes the surface electric field under the Schottky metal to 

preferentially terminate at the p-type region, thus reducing the vertical surface field 

component. We also identified the design space for such devices from simulation, using 

GaN as an example. For stripe-shaped trenches, the trench width is required to be 

smaller than 0.5 𝜇m for a doping level of 1015-1016 cm-3, while in circular trenches, the 

size requirement is relaxed.  

We fabricated GaN trench JBSDs with different circular trench sizes from 4 to 1 

𝜇m and observed the signature shift in turn-on voltage as well as ~20-times reduction 

in leakage current, both of which agree qualitatively well with the simulated results. 

Circumventing the current technological difficulties in creating lateral p-n junction, the 

trench JBSD design offers promising opportunity for further improvement of the 

performance of Schottky-based GaN power devices. In addition, the trench JBSD design 

is also applicable to other WBG materials as well, as long as the bandgap is larger than 

the Schottky barrier height. 

Lastly, it is worth pointing out that the similar RESURF mechanism can also be 

realized with the p-type region replaced by a Schottky contact with a barrier height 

higher than the pre-existing Schottky contact (i.e., within the trench). In this alternative 

implementation, the device is fully-planar, and no p-type doping is required, thus the 

device can be realized in certain WBG materials, in which only one-type of doping is 

readily available, such as in b-Ga2O3. However, the critical pattern size of the low work-

function region, which is expected to depend on the work-function difference, may be 
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even smaller than 0.5 𝜇m, since a barrier height over 3 eV is challenging. Such a device 

concept is certainly worthy of further study in the future. 
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CHAPTER 3 IDEAL REVERSE LEAKAGE CURRENT IN SCHOTTKY 

BARRIER DIODES 

3.1    Introduction 

A Schottky barrier diode (SBD) is a ubiquitous device type. It can function not only 

as efficient power rectifiers, but also as Schottky photodiodes. In addition, the Schottky 

junction itself is a fundamental device building block, which can be found in many other 

devices, such as MESFETs and HEMTs.   

Generally, the potential barrier seen by the majority carrier (roughly equals the 

Schottky barrier height) in a Schottky junction is smaller than that in the p-n junction. 

This is especially true for WBG semiconductors. As a result, the reverse leakage current, 

either dominated by thermionic emission or barrier tunneling, is generally higher in an 

SBD than in a p-n diode. 

Since effective voltage blocking requires sufficiently low leakage current as 

discussed in Chapter 1, understanding the reverse leakage characteristics in SBDs is 

crucial for accurate evaluation of their voltage-blocking capability. In fact, the practical 

blocking voltage of a power SBD is typically determined by the reverse leakage current, 

especially for wide-bandgap semiconductors. The rated blocking voltage can be 

considerably lower than the avalanche breakdown voltage. In addition, the reverse 

leakage current can also induce premature gate breakdown in MESFET and HEMTs [1]. 

The reverse leakage current bears importance for other scenarios as well. It can 

affect the responsivity of Schottky photodiodes [2], since the reverse leakage current 

constitutes the dark current. Furthermore, whether the reverse leakage characteristics is 
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ideal or not provides an important feedback on the interface and material quality, since 

a less than perfect interface and/or bulk crystal quality typically leads to excessive 

reverse leakage current via defect-related processes, such as Poole-Frenkel emission 

[3][4], trap-assisted tunneling and variable-range hopping [5]. 

Therefore, accurate modeling and verification of the ideal reverse leakage current in 

Schottky junctions is extremely important. In this chapter, we first review the existing 

analytical models for the ideal reverse leakage current and discuss their features and 

limitations. Then, we present a numerical reverse leakage model as a theoretical basis 

for understanding the ideal reverse leakage characteristics. Afterwards, we discuss the 

design of experiments for the observation of near-ideal reverse leakage current in Ga2O3 

Schottky barrier diodes. Lastly, we elaborate on the implications of the ideal reverse 

leakage current on the design and modeling of SBDs for high-field operation. The 

collection of work under discussion in this chapter was partially published elsewhere 

[6][7]. 

3.2    Ideal reverse leakage mechanisms in SBDs 

For simplicity of discussion, we consider only Schottky junctions with n-type 

semiconductors, in which the electrons are the majority carriers. All the methods are 

easily transferable to the scenario of Schottky junctions with p-type semiconductors by 

considering the holes as the majority carriers. 

In general, the ideal total reverse leakage current (𝐽©,\@\) through a Schottky barrier 

consists of the transport of electrons both above and below the top of the barrier [8]. 

The former mechanism is thermionic emission (TE), while the latter is barrier tunneling 
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(BT), which comprises thermionic field emission (TFE) and field emission (FE) [8][9]. 

Whether TFE or FE dominates the tunneling current depends on the energy of the 

electrons (ℰ) that have the highest flux, or the maximum current density per unit energy 

(𝑑𝐽/𝑑ℰ). If this energy lies at or near the Fermi level of the metal, FE dominates; if this 

energy lies in between the Fermi level and the top of the Schottky barrier, TFE 

dominates. Figure 3.1 illustrates the aforementioned three major reverse leakage 

mechanisms.  

 

 

Fig. 3.1 Illustration of the three major ideal reverse leakage mechanisms: thermionic 

emission (TE), thermionic-field emission (TFE) and field emission (FE), in the case of a 

Schottky junction with an n-type semiconductor, i.e., the majority carriers are electrons. 

E is the surface electric field at the Schottky contact interface without the influence of the 

image-force lowering (D𝜙). 

The current density per unit energy (𝑑𝐽/𝑑ℰ) is a product of the electron supply 

function 𝑁(ℰ) [10] and the transmission probability 𝒯(ℰ). It follows that  
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𝐽 = 𝑒� 𝑁(ℰ) ⋅ 𝒯(ℰ)𝑑ℰ
«¬

ℰ®¯

, (3.1) 

where ℰy6A is the minimum energy for the tunneling process to occur, which is equal 

to the effective constant potential energy inside the metal [8]. 𝑁(ℰ) is the number of 

electrons per second per unit area per unit energy incident on the barrier [8], as given 

by 

𝑁(ℰ) =
4𝜋𝑚∗𝑘w𝑇

ℎK ln ±1 + exp ²−
ℰ − ℰ�y
𝑘w𝑇

³´ , (3.2) 

where ℰ�y  is the Fermi-level energy of the metal, and 𝑚∗  is the effective mass 

appropriate for the Richardson constant (𝐴∗ = 4𝜋𝑚∗𝑘wH𝑒/ℎK). Note that the Richardson 

constant should assume the value of the semiconductor in most cases based on both the 

arguments provided in Ref. 11 as well as the exact balance of the forward and reverse 

current at zero bias. On the other hand, 𝒯(ℰ) is the probability that the carrier incident 

on the barrier emerges out of the barrier at the semiconductor side [8]. Clearly, 𝑁(ℰ) 

depends strongly on the temperature (T) via the Fermi-Dirac distribution, while 𝒯(ℰ) 

depends strongly on the surface electric field (E) via the influence on the barrier shape. 

As a result, whether a certain leakage mechanism dominates depends strongly on the 

temperature and the surface electric field. 

3.3    Existing analytical models  

Analytical models are extremely valuable as they provides clear insights on the 

physically process. In addition, they typically offer much better computational 

efficiency than numerical models due to the compact nature. For each of the three major 
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leakage mechanisms, analytical models have been developed. In this section, we 

provide a comprehensive review of the existing analytical models, while discussing 

their pros and cons.   

 

3.3.1    TE model 

The thermionic-emission model for the reverse leakage current has the familiar form 

of the Richardson-Schottky formula. Considering the influence of image-force lowering 

(IFL), it is given by 

𝐽X� = 𝐴∗𝑇H exp ±−
𝑒(𝜙w − Δ𝜙)

𝑘w𝑇
´ , (3.3) 

where Δ𝜙 = µ �p
h¶��

 is the IFL. Figure 3.2 gives an example of the calculated reverse 

leakage current using the TE model. Rather than a constant reverse leakage current as 

given by the TE model without image-force lowering, the TE model with IFL included 

results in a non-saturating reverse leakage current. 

Equation 3.3 can be easily derived from Eqs. 3.1 and 3.2 by assuming 𝒯(ℰ) ≈ 1 

for electrons having energy higher than the peak barrier potential energy (ℰ?,y[z) and 

𝒯(ℰ) ≈ 0 for carriers having energy lower than ℰ?,y[z. It follows that the TE model is 

only applicable to the case where TE dominates and tunneling current can be neglected.  

Since the surface electric field in Si SBDs is relatively low (<0.3 MV/cm), TE is 

generally the dominant reverse leakage mechanism before avalanche breakdown kicks 

in. As a result, TE model is generally well-applicable to Si SBDs, and very good match 

between experiments and the TE model is observed [12]. On the other hand, for WBG 

semiconductors such as SiC, the surface electric field can be fairly high, leading to 
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significant contribution from the tunneling current. Consequently, the TE model is 

found to be not sufficient for SBDs based on WBG semiconductors [13]. To continue 

using the TE model for SiC, an extra empirical term needs to be added, which accounts 

for the contribution for tunneling currents semiconductors [13]. Thus, it is important to 

recognize the appropriate electric-field range in which the TE model is applicable. 

 

3.3.2    Murphy-Good TE model 

In 1956, Murphy and Good reported the first comprehensive analytical treatments 

of all three major reverse leakage mechanisms [8]. Although the scenario considered in 

Murphy and Good’s original paper is the emission of electrons from metal to the vacuum, 

their theory can be easily adapted to the case of Schottky contact on semiconductors. 

One of the major feature of Murphy and Good’s models is the accurate treatment of the 

image-force lowering. However, the doping effect in semiconductors is not considered 

in Murphy and Good’s models. But as will be discussed later, the doping effect is 

actually not important unless the doping concentration is above ~1×1018 cm-3, which is 

a fairly high doping concentration. Thus, Murphy and Good’s models are applicable to 

most Schottky junctions. 

While the regular TE model as discussed above considers only the TE currents, 

Murphy and Good’s TE model includes the additional contribution from the tunneling 

currents. Without discussing the detailed derivation, we show only the final expression 

of Murphy and Good’s TE model: 

𝐽X�,¸�¹ = 𝐴∗𝑇H ²
𝜋𝑑

sin 𝜋𝑑³exp ±−
𝑒(𝜙w − Δ𝜙)

𝑘w𝑇
´ , (3.4) 
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where the abbreviation 𝑑 is given by 

𝑑 =
(𝑒Δ𝜙)

K
H

𝜋𝑘w𝑇ℰ�
�
H
, (3.5) 

in which ℰ� is the Bohr-energy constant in semiconductors, as given by 

ℰ� =
𝑚\𝑒h

(4𝜋𝜀2)HℏH
. (3.6) 

Here, 𝑚\ is the tunneling effective mass. As can be seen from Eq. 3.4, Murphy-Good 

TE model differs from the regular TE model only by the extra 𝜋𝑑/ sin 𝜋𝑑 term. When 

the surface electric field approaches zero, 𝜋𝑑/ sin 𝜋𝑑 ≈ 1 , and Murphy-Good TE 

model becomes identical to the regular TE model. It is worth mentioning that this model 

is only valid within a certain electric-field range. The conditions of applicability are 

given by 

ln ²
1 − 𝑑
𝑑 ³ −

1
𝑑(1 − 𝑑) > −

𝜋𝑒(𝜙w − Δ𝜙)ℰ�
�
H

(𝑒Δ𝜙)
K
H

, (3.7) 

and 

ln ²
1 − 𝑑
𝑑 ³ −

1
1 − 𝑑 > −𝜋 ²

ℰ�
𝑒Δ𝜙³

�
h
. (3.8) 

Figure 3.2 shows the calculated reverse leakage current as a function of the surface 

electric field (J-E) characteristics, using Murphy and Good’s TE model. At very lower 

surface electric field, Murphy and Good’s TE model gives near identical results as the 

regular TE model, as expected. As the surface electric field increases, Murphy and 

Good’s TE model starts deviating from the regular TE model. Compared with the 
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accurate total reverse leakage current calculated numerically, which includes both TE 

currents and barrier tunneling (BT) currents, Murphy and Good’s TE model shows 

excellent agreements, while the regular TE model shows a lower current density due to 

the absence of the tunneling current. Thus, in terms of accuracy, Murphy and Good’s 

TE model is superior to the regular TE model. However, Murphy and Good’s TE model 

is only valid over a narrow E-range, as shown in Fig. 3.2. 

 

 

Fig. 3.2 Comparison of calculated reverse leakage current from Murphy-Good TE model 

with that from the regular TE model (JTE). Also shown as comparison is the total reverse 

leakage current (JR,tot) calculated numerically, which is the sum of JTE and the barrier-

tunneling current (JBT). The doping effect is neglected as assumed in Murphy-Good 

models. (fB = 1.2 V, er = 10, A* = 37.2 A/cm2K2, mt = 0.31 m0). 
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3.3.3    Murphy-Good TFE model 

As the surface electric field increases, the dominant reverse leakage mechanism 

transitions from TE to TFE. In the same paper, Murphy and Good also derived an 

analytical model for TFE, as given by [8] 

𝐽X��,¸�¹ = 𝐴∗𝑇H exp ²−
𝑒𝜙w
𝑘w𝑇

³ ¢
2√𝜋𝐸
𝐸�

£√𝑡 ⋅ exp ¢
Θ𝐸H

3𝐸�H
£ . (3.9) 

Here we have recast the expression into a simplified form with the definition of a 

characteristic electric field 𝐸�, as given by 

𝐸� =
2¿2𝑚\(𝑘w𝑇)

K
H

𝑒ℏ . (3.10) 

In Eq. 3.9, 𝑡  and Θ	are slow-varying functions responsibly for the correction for 

image-force lowering, hereafter referred to as image-force (IF) correction terms. Θ is 

defined as [8] 

Θ = 3𝑡�H − 2𝑣𝑡�K, (3.11) 

and 𝑡 is defined as  

𝑡 =
4
3 𝑠 −

1
3𝑣,

(3.12) 

in which 𝑣(𝑦) and 𝑠(𝑦) = 𝑣(𝑦) − �
H
𝑦 ÂÃ
ÂÄ

 are also slow-varying functions for IFL.  

In fact, 𝑣(𝑦)  and 𝑠(𝑦)  first arise from the Fowler-Nordheim field-emission 

equation with image-force lowering considered [14]. In 1953, Burgess et al. publishes 

a table of the corrected values of 𝑣(𝑦) and 𝑠(𝑦) [15], which can be computed by 

elliptic integrals. 
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Obviously, the complex functional nature of the image-force correction terms 𝑡 

and Θ already make Murphy and Good TFE model rather difficult to use. On top of 

that, there is an extra layer of complexity arising from the argument 𝑦 of the functions 

𝑡(𝑦) and Θ(𝑦), which is given by 

𝑦 =
eΔ𝜙
−𝜂 ,

(3.13) 

where 𝜂  is the energy of maximum value of 𝑑𝐽/𝑑ℰ . Unfortunately, 𝜂  needs be 

solved iteratively from 

𝜂 = −
(𝑒Δ𝜙)h

8(𝑘w𝑇)Hℰ�𝑡H(𝑦)
. (3.14) 

Similar with Murphy-Good TE model, Murphy-Good TFE model is also only 

applicable within a certain range of surface-electric field. The conditions of applicability 

are given by 

²
𝑒Δ𝜙
−𝜂 ³

��

> 1 +
(𝑒Δ𝜙)

�
H𝑑

𝜋ℰ�
�
H(𝑑 − 1)

, (𝑑 > 1) (3.15) 

and 

−
(𝑒Δ𝜙)h

8(𝑘w𝑇)Hℰ�𝑡ÆH
> −𝑒𝜙w +

𝑘w𝑇

1 − (𝑒Δ𝜙)H ¡2√2(𝑒𝜙w)
�
H𝑘w𝑇ℰ�

�
H𝑡Ç¤

�� , (3.16)
 

where 𝑡Æ = 𝑡 n�ÈÇ
�Æ
u, and 𝑡Ç = 𝑡 nÈÇ

Çs
u. Here, Eq. 3.15 gives the lower limit of the 

surface electric field E, while Eq. 3.16 gives the upper limit of E. 
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Fig. 3.3 Comparison of calculated reverse leakage current from Murphy-Good TFE 

model with that from numerical calculation. Also shown as comparison is the results from 

the TFE model without the IF correction terms. The doping effect is neglected as assumed 

in the Murphy-Good model. (fB = 1.2 V, er = 10, A* = 37.2 A/cm2K2, mt = 0.31 m0). 

Despite the tremendous complexity of Murphy-Good TFE model, both in terms of 

the image-force correction terms as well as the boundary conditions, it agrees very well 

with numerical calculation, as shown in Fig. 3.3. This suggests Murphy-Good TFE 

model is very accurate. Also shown in Fig. 3.3 is the calculated results from the TFE 

model without the IF correction terms. As expected, if IFL is neglected, the reverse 

leakage current reduces.  
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3.3.4    Hatakeyama-Shinohe simplified TFE model (TFE without IFL) 

In 2002, Hatakeyama and Shinohe derived a simplified expression for TFE [16]. 

Using the previously defined characteristics electric field 𝐸� (Eq. 10), their model can 

be expressed as 

𝐽X�� = 𝐴∗𝑇H exp ²−
𝑒𝜙w
𝑘w𝑇

³ ¢
2√𝜋𝐸
𝐸�

£exp ¢
𝐸H

3𝐸�H
£ , (3.17) 

In comparison with Eq. 3.9, it can be seen that Hatakeyama and Shinohe’s simplified 

TFE model is simply Murphy and Good’s TFE model without the IF correction terms. 

Thus, we will also refer to it as TFE without IFL. A comparison with Murphy and 

Good’s TFE model is shown previously in Fig. 3.3. 

Due to the simplicity of the model, Hatakeyama and Shinohe’s simplified TFE 

model gained quite some popularity over the years. When IFL is not significant, this 

model can indeed be reasonably accurate. However, in their original paper, Hatakeyama 

and Shinohe did not mention the range of applicability of their model. In fact, due to the 

similarity of their model to Murphy and Good’s TFE model, it can be easily shown that 

the range of applicability is similar to Murphy and Good’s TFE model, i.e., there is a 

lower and upper limit of the surface electric field for the simplified TFE model to be 

applicable. Unfortunately, this is rarely recognized, leading to many cases of misusage 

of this model. Here, we have derived the conditions of applicability for this simplified 

model (TFE without IFL): 

²
𝐸
𝐸�
³
H

²1 −
𝐸�
𝐸 ³ > 1, (3.18) 

and 
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²
𝐸
𝐸�
³
H

+ É
𝐸
𝐸�
 
𝑒𝜙w
𝑘w𝑇

− 1Ê

��

<
𝑒𝜙w
𝑘w𝑇

− 1. (3.19) 

Similar with Eqs. 3.15 and 3.16, here in the case of TFE without IFL, Eq. 3.18 gives 

the lower limit of the surface electric field E, while Eq. 3.19 gives the upper limit of E. 

These conditions have been applied to TFE without IFL in the example given Fig. 3.3. 

To illustrate the necessity of these conditions, we have plotted in Fig. 3.4 the calculated 

leakage current by TFE without IFL in comparison with the tunneling current calculated 

numerically. While the calculated current from TFE without IFL agrees well within the 

numerically calculation within the valid E-ranges, it deviates noticeably outside of the 

valid E-field ranges, especially beyond the upper limit of E, where the dominant 

mechanism becomes field emission. 

 

 

Fig. 3.4 Comparison of calculated reverse leakage current from the TFE model without 

IFL with the tunneling current without IFL calculated numerically. The valid E-ranges as 
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determined from Eqs. 3.18 and 3.19 are illustrated in circles. Outside of the valid ranges, 

the calculation from the simplified TFE model deviates noticeably from the numerical 

calculation. The doping effect is neglected as assumed in the simplified TFE model. (fB 

= 1.2 V, er = 10, A* = 37.2 A/cm2K2, mt = 0.31 m0). 

It might be tempting to incorporate the IFL in the simplified TFE model by simply 

replacing 𝜙w with 𝜙w − Δ𝜙. This may seem reasonable at a first glance; however, it 

is an improper way of treating IFL. When the image-force potential is properly 

considered, only the top of the barrier is rounded and lowered by Δ𝜙 , such that 

ℰ?,y[z = 𝑒(𝜙w − Δ𝜙), as illustrated in Fig. 3.5(a). In comparison, the scenario with 𝜙w 

replaced simply by 𝜙w − Δ𝜙 is illustrated in Fig. 3.5(b). In this case, not only the top 

of the barrier is lowered, the tunneling path at each energy is reduced equally. This 

would overestimate the tunneling probability significantly, thus an improper way of 

treating IFL. 

 

 

Fig. 3.5 Schematic illustration of the barrier potential distribution under reverse bias (a) 

with image-force lowering (IFL) properly considered, and (b) with IFL improperly 

considered. Adapted from Li et al. [6], with the permission from AIP Publishing.  
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As an illustration, we have calculated the leakage current using the simplified TFE 

model with the improper way of treating IFL, as shown in Fig. 3.6. As expected, the 

improper treatment of IFL significantly overestimates the leakage current, with errors 

much larger than if IFL is not considered (Fig. 3.3). Thus, it is better to not consider IFL 

than to consider it improperly when using the TFE model. 

 

 

Fig. 3.6 Calculated reverse leakage current from the simplified TFE model with the 

improper way of treating IFL, compared with the tunneling current calculated 

numerically. The doping effect is neglected as assumed in the simplified TFE model. (fB 

= 1.2 V, er = 10, A* = 37.2 A/cm2K2, mt = 0.31 m0). 

3.3.5    Padovani-Stratton TFE model 

In 1966, Padovani and Stratton reported the famous analytical treatments of TFE 

and FE in Schottky barriers [9]. Their TFE model considers the doping effect in 
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semiconductors, i.e., the gradual increase or decrease of the electric field along the 1-D 

junction due to the presence of the space charge in the depletion region. However, IFL 

is neglected.  

Similar with other TFE models, Padovani and Stratton’s TFE model also comes with 

conditions for the lower and upper limit of the reverse bias/surface electric field. These 

conditions are conveniently summarized in Ref. 17.  

After testing against numerical calculation, we found that while Padovani and 

Stratton’s TFE model is fairly accurate when the doping concentration is above ~2×1017 

cm-3, it is increasingly less accurate when the doping concentration is below that value. 

As the doping effect is not important below ~1×1018 cm-3, it is preferable to use the 

simplified TFE model without IFL or Murphy-Good TFE model when the doping 

concentration is not very high, especially considering Padovani and Stratton’s TFE 

model is rather complex in its functional form.  

In addition, Padovani and Stratton’s TFE model is only applicable to non-punch-

through conditions, where the reverse bias (𝑉©) is related to the surface electric field via 

𝐸 =  
2𝑁|[𝑒𝜙w + 𝑒𝑉© − (ℰ? − ℰ�) − 𝑘w𝑇]

𝜀2
, (3.20) 

where 𝑁|  is the net donor concentration, and ℰ? − ℰ�  is the energy difference 

between the conduction band edge and the Fermi level in the quasi-neutral region 

outside of the depletion region. Since the dependence on the external bias in Padovani 

and Stratton’s TFE model is reflected directly by 𝑉© but not the surface electric field, 

it may cause error after the drift layer of the SBD is punched-through, in which case it 
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is important to calculate the correct value of the surface electric field and covert to the 

effective reverse bias of a non-punch-through case. 

 

3.3.6    Fowler-Nordheim tunneling model 

In 1928, Fowler and Nordheim derived the famous Fowler-Nordheim equation for 

the cold field-emission process [10][14]. Later in 1953, Burgess et al. discovered a 

mathematical error in the Fowler-Nordheim equation, particularly in the correction 

function for IFL [15]. The original theory was considered in the case of field emission 

from metal surface into vacuum, so the free electron mass (𝑚�) was used. When applied 

to the cold field emission process in Schottky barriers on semiconductors, the effective 

mass for the electron supply function or the Richardson constant (𝑚∗), as well as the 

tunneling effective mass (𝑚\) could all be different from the free electron mass. In this 

case, the Fowler-Nordheim equation is given by 

𝐽��Í =
𝑒H𝐸H

8𝜋ℎ𝜙w𝑡H
²
𝑚∗

𝑚\
³ exp ¡−

4¿2𝑚\

3𝑒ℏ𝐸
(𝑒𝜙w)K/H ⋅ 𝑣¤ , (3.21) 

where 𝑣 and 𝑡 are the image-force correction functions as previous discussed. Note 

that the argument 𝑦′ of the image-force correction functions 𝑣(𝑦′) and 𝑡(𝑦′) here is 

defines as 

𝑦Ï =
µ 𝑒𝐸
4𝜋𝜀2
𝜙w

=
Δ𝜙
𝜙w

, (3.22) 

which is different from the argument 𝑦 (Eq. 3.13) in the case of Murphy-Good TFE 

model (Eq. 3.9). It is worth noting that in recent years, a simple good approximation 

was found for the function 𝑣 [18]. 
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Since F-N tunneling model is derived under the assumption of zero temperature, the 

theory is only applicable to the field-emission process at low temperature. In some 

modeling studies of the reverse leakage current in SBDs, the thermal effect is included 

by simply adding the TE current together with the F-N tunneling current [19][20]. 

Although this approach can capture the correct leakage current level at very low and 

very high surface-electric field/reverse bias, there can be significant deviations in the 

TFE-dominated region, as illustrated in Fig. 3.7. Nevertheless, it is found that F-N 

tunneling model alone is sufficient when the surface electric field is very high, and/or 

the barrier height is very high, such that the current is well within the field-emission 

regime [21]. 

 

 

Fig. 3.7 Comparison of calculated reverse leakage current from the F-N tunneling model 

with the total reverse leakage current calculated numerically. It can be seen that simply 

adding the F-N tunneling current with TE current does not generate good agreements in 
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the intermediate E range. The doping effect is neglected as assumed in the F-N tunneling 

model. IFL is included. (fB = 1.2 V, er = 10, A* = 37.2 A/cm2K2, mt = 0.31 m0). 

3.3.7    Murphy-Good FE model 

As the surface electric field increases beyond the TFE regime, the dominant reverse 

leakage mechanism transitions into FE. In Murphy and Good’s 1956 paper, the 

expression for field emission with IF corrections is also derived, as given by [8] 

𝐽��,¸�¹ =
𝐴∗𝑇𝜋 exp ¡−

4¿2𝑚\
3𝑒ℏ𝐸 (𝑒𝜙w)K/H ⋅ 𝑣¤

¡
2¿2𝑚\𝑘w(𝑒𝜙w)�/H

𝑒ℏ𝐸 ¤ ⋅ 𝑡 ⋅ sin ¡
2¿2𝑚\𝜋𝑘w𝑇(𝑒𝜙w)�/H ⋅ 𝑡

𝑒ℏ𝐸 ¤
, (3.23) 

where the IF correction functions 𝑣  and 𝑡  are identical to the ones in the F-N 

tunneling model (Eq. 3.21). Since the argument in the IF correction functions is simply 

Δ𝜙/𝜙w, the IF correction functions can be evaluated relatively easily, making Murphy 

and Good’s FE model much easier use than their TFE model. It can be easily shown that 

Murphy and Good’s FE model becomes identical to the F-N tunneling model in the 

zero-temperature limit.  

It is important to note that Murphy and Good’s FE model is only applicable when 

the surface electric field is beyond a lower limit. This lower limit is given by 

𝑒(𝜙w − Δ𝜙) >
(𝑒Δ𝜙)

K
H

𝜋ℰ�
�
H

+ 𝑘w𝑇 ²1 −
𝑐𝑘w𝑇
ℰ�

³ , (3.24) 

and  

1 −
𝑐𝑘w𝑇
ℰ�

> (2𝑓)
�
H ⋅
𝑘w𝑇
ℰ�

. (3.25) 



 

88 

The abbreviations 𝑐 and 𝑓 are defined by 

𝑐 = 2√2²
𝑒Δ𝜙
ℰ�

³
�H

⋅ ²
𝑒𝜙w
ℰ�

³
�
H
⋅ 𝑡, (3.26) 

and 

𝑓 =
ℰ�H

√2
²
𝑒Δ𝜙
ℰ�

³
�H

⋅ ²
𝑒𝜙w
ℰ�

³
K
H
⋅ [(𝑒𝜙w)H − (𝑒Δ𝜙)H]�� ⋅ 𝑣, (3.27) 

respectively. We have verified that Murphy and Good’s FE model agrees well with the 

numerical model, as shown in Fig. 3.8. 

 

 

Fig. 3.8 Comparison of calculated reverse leakage current from Murphy-Good FE model 

with that from numerical calculation. Also shown as comparison are the results from the 

Murphy-Good FE model without the IF correction terms. The doping effect is neglected 

as assumed in the Murphy-Good models. (fB = 1.2 V, er = 10, A* = 37.2 A/cm2K2, mt = 

0.31 m0). 
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3.3.8    Padovani-Stratton FE model 

Although Padovani and Stratton’s derivation considers the doping effect, it can be 

shown that Padovani and Stratton’s FE model is identical to Murphy-Good FE model 

without the IF correction terms by using the substitution appropriate to a non-punch-

through condition: 

𝐸 =  
2𝑒𝑁|(𝜙w + 𝑉©)

𝜀2
. (3.28) 

Here, ℰ? − ℰ� is neglected, as assumed in Padovani and Stratton’s derivation; and a 

depletion approximation is used (the 𝑘w𝑇  term in Eq. 3.20 is neglected). Thus, 

Padovani and Stratton’s FE model actually does not reflect the doping effect on the 

tunneling probability. This is a reasonable approximation, since the surface electric field 

is generally very high in the field-emission regime, leading to a very thin tunneling 

barrier (on the order of 10 nm). In this case, the doping effect should not affect the shape 

of the tunneling barrier appreciably. 

Due to the likelihood of error in the case of a punch-through condition, it is highly 

preferable to convert the 𝑉© in Padovani and Stratton’s FE model to the surface electric 

field, as in Murphy and Good’s FE model. 

3.4    Issues with existing analytical models 

One of the major deficiencies with the analytical models for TFE and FE is that the 

doping and IFL effects are not considered simultaneously. These effects are illustrated 

in Fig. 3.9. To the authors understanding, simultaneous consideration of both effects is 
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analytically intractable. To overcome this limitation, numerical calculation can be 

adopted, as will be shown in the next section. 

 

 

Fig. 3.9 Illustration of (a) the image-force lowering (IFL) effect, (b) the doping effect and 

(c) both IFL and doping effects together. 

If the doping effect is neglected, which is appropriate for a doping concentration 

lower than ~1×1018 cm-3, Murphy-Good models all have excellent accuracy as shown 

previously. However, there are two major issues with Murphy-Good models: i) all three 

models (TE, TFE and FE) are only applicable to a certain range of surface electric field, 

which is mutually exclusive. This leads to a large gap between TE and TFE dominated 

regimes, where no model is suitable; ii) the image-force correction functions are very 

complex and difficult to compute, especially in the case of the TFE model, which 

mandates iterative calculation. This leads to additional computational complexity, 

negating the advantage of analytical models. It is perhaps due to this reason that 

Murphy-Good models are rarely used in the device engineering community. In these 

regards, to properly incorporate the image-force lowering in the TFE regime and to 
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avoid the gap between TE and TFE, numerical calculation may be a better alternative 

than Murphy-Good models. 

3.5    Our approach: numerical model 

From Eqs. 3.1 and 3.2, the total reverse leakage current density (𝐽©,\@\) is given by: 

𝐽©,\@\ =
𝐴∗𝑇
𝑘w

� 𝒯(ℰ) ⋅ ln ±1 + exp ²−
ℰ − ℰ�y
𝑘w𝑇

³´
«¬

ℰ®¯

𝑑ℰ, (3.29) 

As mentioned previously, 𝒯(ℰ) is the transmission probability across the barrier. If the 

ℰ�y is taken as the zero-energy level, the potential energy distribution of the Schottky 

barrier under IFL is given by: 

ℰ?(𝑥) = 𝑒𝜙w − 𝑒𝐸𝑥 −
𝑒H

16𝜋𝜀2𝑥
+
𝑒H𝑁|𝑥H

2𝜀2
. (3.30) 

For b-Ga2O3, the dielectric constant 𝜀2 is taken to be 10 𝜀� [22]. The 3rd and 4th terms 

on the right-hand side of Eq. 3.30 capture the IFL effect and the doping effect, 

respectively. Under a Wentzel–Kramers–Brillouin (WKB)-type approximation [23], 

𝒯(ℰ) is given by [8] 

𝒯(ℰ) = Ñ¡1 + exp¢−
2𝑖
ℏ
� 𝑝(𝑥)𝑑𝑥
Ô�

ÔÕ
£¤

��

, 𝑖𝑓	ℰ ≤ ℰ?,y[z

1, 𝑖𝑓	ℰ > ℰ?,y[z

, (3.31) 

where 𝑥�  and 𝑥H  are classical turning points where ℰ?(𝑥) = ℰ , and 𝑝(𝑥)  is 

expressed by 

𝑝(𝑥) = −𝑖¿2𝑚∗(ℰ?(𝑥) − ℰ). (3.32) 



 

92 

ℰ?,y[z = 𝑒(𝜙w − Δ𝜙) is the maximum potential energy of the image-force rounded 

Schottky barrier, as illustrated in Fig. 3.5(a). Here, the	ℰ?,y[z naturally separates the 

two reverse leakage current components: barrier tunneling (𝐽wX) (when ℰ ≤ ℰ?,y[z) and 

thermionic emission (𝐽X�) with IFL (when ℰ > ℰ?,y[z), such that 

𝐽©,\@\ = 𝐽wX + 𝐽X�. (3.33) 

With the approximation of the 𝒯(ℰ) = 1 for ℰ > ℰ?,y[z  as in Eq. 3.31, 𝐽X� is 

simply given by the TE model as expressed in Eq. 3.3. On the other hand, 𝐽wX is given 

by 

𝐽wX =
𝐴∗𝑇
𝑘w

� 𝒯(ℰ) ⋅ ln ±1 + exp ²−
ℰ − ℰ�y
𝑘w𝑇

³´
ℰ�,Ö×

ℰ®¯

𝑑ℰ. (3.34) 

The integrand in Eqs. 3.29 and 3.34 starts to decrease exponentially as the electron 

energy ℰ decreases beyond a few 𝑘w𝑇 below ℰ�y, thus ℰy6A can be safely replaced 

by −∞.  

As an illustration of the energy distribution of the supply function 𝑁(ℰ) , 

transmission probability transmission probability	𝒯(ℰ) as well as the production of the 

two (𝑁(ℰ) ⋅ 𝒯(ℰ) = �
�
ÂØ
Âℰ

), we have plotted in Fig. 3.10 these functions in a Ga2O3 

Schottky barrier under 𝜙w = 1.2	V, E = 1 MV/cm and T = 300 K. Since the energy at 

which 𝑁(ℰ) ⋅ 𝒯(ℰ) assumes the maximum value is in between the Fermi-level of the 

metal and the top of the barrier, this case is in the TFE regime. 
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Fig. 3.10 Calculated energy distribution of the electron supply function 𝑁 , the 

transmission probability 𝒯, as well as the production of the two (normalized), using our 

numerical model in the case of a Ga2O3 SBD under fB = 1.2 V, E = 1 MV/cm and T = 

300 K. (er = 10, A* = 37.2 A/cm2K2, mt = 0.31 m0). 

In b-Ga2O3, since the effective mass of conduction band electrons is almost isotropic 

and there is no valley degeneracy [24], we use a single effective mass for both the 

Richardson constant (𝑚∗) and the tunneling effective mass 𝑚\, with a value of 0.31 

𝑚� [25], as we have used for all the previous examples. 

To verify the accuracy of our numerical method, we compared the calculated total 

reverse leakage current from the numerical model to Murphy and Good’s analytical 

models, as well as Padovani and Stratton’s analytical models. Figure 3.11(a) shows the 
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calculated reverse leakage current using our numerical model with 𝜙w = 1.3	V. To 

compare with Murphy and Good’s analytical models, the doping concentration is taken 

as zero. It can be seen that our model matches very well with all three of Murphy and 

Good’s models within their respective applicable E ranges.  

Figure 3.11(b) shows the calculated reverse leakage current using our numerical 

model under a doping concentration of 2×1018 cm-3, but with the IFL neglected for 

comparison with Padovani and Stratton’s TFE and FE models. Again, excellent 

agreements are observed. These tests validate our numerical methods. 

 

 

Fig. 3.11 (a) Comparison of the numerical model against Murphy-Good analytical models. 

Only the image-force lowering effect is considered, while the doping effect is neglected, 

as assumed in the Murphy-Good models. (b) Comparison of the numerical model against 

Padovani-Stratton TFE and FE models. Only the doping effect is considered, while the 

image-force lowering effect is neglected, as assumed in the Padovani-Stratton models. 

(fB = 1.3 V, er = 10, A* = 37.2 A/cm2K2, mt = 0.31 m0). 
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3.6    Near-ideal reverse leakage current in Ga2O3 SBDs on heavily-doped substrates 

3.6.1    Introduction 

Ga2O3 has been under intensive research as a promising ultrawide-bandgap 

semiconductor material [26]. As mentioned briefly in Chapter 1, it is expected to have 

a high breakdown electric field of up to 8 MV/cm due to the sizable bandgap of 4.5-4.7 

eV [27][28], as well as a decent electron mobility of up to ~200 cm2/V·s [29][30]. These 

properties yield a Baliga’s figure-of-merit (BFOM) higher than GaN and 4H-SiC, thus 

making Ga2O3 a strong material candidate for high power devices [31]. In addition, 

melt-growth techniques for Ga2O3 substrates are available [32], which promises a cost-

effective device platform. 

The past few years have witnessed fast-paced advancements in Ga2O3 power devices. 

Over 2-kV Schottky barrier diodes (SBDs) [33-35], as well as high-voltage power 

transistors [36-38] have been demonstrated. A high BFOM of 0.95 GW/cm2 has been 

achieved in our trench SBDs [39] (as will be discussed in Chapter 4), which is already 

comparable with the state-of-the art GaN unipolar devices. 

Due to the difficulty in native p-type doping [40], Schottky barrier diodes may be 

the most important rectifiers in Ga2O3. Although promising performance in 

Ga2O3 SBDs has been demonstrated, there have not been many studies on the intrinsic 

reverse leakage mechanisms in Ga2O3 SBDs. As discussed in the beginning of this 

chapter, this subject is of high importance. To reiterate, the breakdown voltage or 

maximum surface electric field of SBDs based on wide-bandgap semiconductors is 

typically limited by the leakage current, rather than the material’s breakdown electric 

field. Understanding the intrinsic leakage current mechanisms will allow accurate 
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evaluation of the maximum E practically allowable in SBDs, which we refer as the 

practical maximum surface electric field. 

Previous studies on the leakage mechanisms have been carried out mostly under 

relatively low surface electric field below 2 MV/cm, where thermionic emission (TE) 

[41][42] or thermionic-field emission (TFE) [43][44] dominates. To observe and 

identify the intrinsic reverse leakage current, especially under a higher surface electric 

field, several challenges need to be addressed. First, edge leakage current due to electric-

field crowding should be suppressed and uniform bulk leakage current should be 

confirmed. As will be shown in the next section, the edge leakage in small devices 

and/or with very low doping concentrations in the drift layer can be prominent even 

with E < 1 MV/cm [7]. Second, the material and Schottky interface needs to be of high-

enough quality, such that defect-related leakage processes are insignificant. Third, the 

image-force lowering effect should be properly considered in the analysis of the leakage 

characteristics, which is especially critical for the TE and TFE currents, as shown 

previously in Figs. 3.2 and 3.3. Previous reports have claimed Poole-Frenkel [4], trap-

assisted-tunneling [45][46] and variable-range hopping processes [44-46] in Ga2O3 

SBDs, which we believe most likely resulted from one or combinations of these three 

challenges in studying SBDs, but not necessarily the material quality of Ga2O3 alone. 

In this section, we discuss how we addressed the three challenges outlined above by 

proper design of experiments and theoretical analysis. With these challenges addressed, 

we successfully observed and identified near-ideal reverse leakage current up to a 

surface electric field of 3.4 MV/cm in Ga2O3 SBDs fabricated on a heavily-doped 

single-crystal substrate. 
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3.6.2    Design of experiments 

To address the edge leakage current due to electric-field crowding, it is preferable if 

the root cause – the cylindrical junction and the associated excess charge can be 

removed. This can be realized via deeply etched mesa isolation, which is one of the 

subtractive method outlined in Chapter 1. This method has been shown to be effective 

in realizing near-uniform avalanche in GaN p-n diodes [47]. In this work, we choose to 

use this method for edge termination. To completely removed the cylindrical junction, 

it is important to achieve an etching depth beyond the depletion width at the maximum 

breakdown voltage. Since deep etching over several micrometers is relatively 

challenging and time consuming, we choose to fabricate the Schottky barrier diodes on 

heavily-doped substrates, such that the depletion width at the maximum breakdown 

voltage is less than 1 𝜇m. Specifically, with a net doping concentration of ~1.5×1018 

cm-3 in the (2)01) Sn-doped Ga2O3 bulk substrates, the depletion width is only 0.30 𝜇m 

even with a surface electric field of 8 MV/cm under a non-punch-through condition.  

In addition, the etched sidewall profile needs to be vertical such a potential 

distribution is close to one-dimensional to avoid electric-field crowding. With our ICP-

RIE recipe for Ga2O3 etching using BCl3 and Ar, the sidewall is found to be indeed 

vertical [36][48][49]. To ensure that the etched mesa is aligned with the anode, we 

design a self-aligned dry etching process using the anode as the dry-etch mask. 

To verify that the reverse leakage current is uniform and that the edge leakage 

current is sufficiently suppressed, we design circular SBDs with different anode 

diameters. 
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To obtain a high quality Schottky contact interface, it is highly important to ensure 

a smooth surface morphology. So far, ultra-smooth surface with clear atomic steps has 

been observed on (2)01) Ga2O3 substrates after piranha treatment [50], on (001) Ga2O3 

epitaxial wafers after an HF treatment [51] (also see Appendix A), and on (100) Ga2O3 

substrates with miscut after annealing [52]. On the (2)01 ) Sn-doped Ga2O3 bulk 

substrates after our standard acid treatments (HF and HCl, each for 5 min), we also 

observed very smooth surface morphology and clear atomic steps, as shown in Fig. 3.12. 

This is another reason we choose to use the (2)01) Sn-doped Ga2O3 bulk substrates. 

In a previous report, an increase of the reverse leakage current is observed in Ga2O3 

SBDs after the Ga2O3 surface is exposed to ICP-RIE etching [53]. This suggests that 

Ga2O3 is prone to plasma-induced surface damage. To avoid the surface damage, we 

design the fabrication process flow such that the Schottky contact surface will not 

exposed to any plasma process throughout the entire fabrication process. 
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Fig. 3.12 Atomic force microscope (AFM) image of the (2)01) Sn-doped Ga2O3 bulk 

substrates after acid cleaning using HF and HCl for 5-min each. 

3.6.3    Device fabrication and characterization 

Ni-Ga2O3 SBDs were fabricated on (2)01) Sn-doped b-Ga2O3 bulk substrates, as 

schematically shown in Fig. 3.13(a). The wafer was cleaned in acetone and methanol 

first and then soaked in HF and HCl for 5 min each to remove surface defects that might 

have resulted from wafer polishing or storage. The fabrication process began with a 

deposition of Ti/Au (75/150 nm) for the cathode ohmic contact on the backside of the 

wafer, followed by a rapid thermal annealing at 470 °C for 1 min under N2 ambient to 

facilitate the ohmic contact. Subsequently, the anode area was defined by 

photolithography, followed by surface treatments consisting of a 5-min ozone treatment 

and acid cleaning using 30:1 buffered oxide etchant (BOE) and 1:1 diluted HCl each for 

1 min to remove photoresist residue. Ni/Pt (50/30 nm) anode Schottky contacts were 

deposited by electron-beam evaporation and patterned by lift-off. Lastly, a self-aligned 

dry etching (0.5 𝜇m) was performed for mesa isolation using a BCl3/Ar gas mixture 

[48], with the anode metal as the hard mask. 
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Fig. 3.13 (a) Schematic of Ni-Ga2O3 SBDs fabricated on a Sn-doped (2)01) b-Ga2O3 

bulk substrate. A self-aligned mesa isolation with an etch depth of 0.5 𝜇m is employed 

for edge termination. (b) Extracted net doping concentration from C-V measurements, 

showing a near constant value of 1.45×1018 cm-3. Adapted from Li et al. [6], with the 

permission from AIP Publishing. 

After device fabrication, temperature-dependent capacitance-voltage (C-V), forward 

and reverse current-voltage (I-V) measurements were performed on the SBDs. The 

temperature is varied from 23 °C to 200 °C. 

 

3.6.4    Results and discussion 

Figure 3.13 (b) shows the extracted net doping concentration (ND-NA) from C-V 

measurements, which show a near constant value of ~1.45×1018 cm-3.  

Figure 3.14 shows the 1/C2-V plot, which is used to extract the barrier height from 

the extrapolated built-in potential at zero bias (𝑉Ù6,�). The x-intercept of the linearly 
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extrapolated 1/C2-V line gives the value of 𝑉Ù6,� − 𝑘w𝑇/𝑒  (see, for example, the 

method described in Ref. 43). 𝑉Ù6,� is found to be 1.30 V at 23 °C and 1.23 V at 200 °C. 

From 𝑉Ù6,�, the barrier height can be calculated by  

𝜙w = 𝑉Ù6,� +
ℰ? − ℰ�

𝑒 . (3.35) 

Since the doping concentration is high, one needs to be cautious in calculating the 

ℰ? − ℰ�. It is well-known that for lightly-doped semiconductors with shallow donors, 

ℰ? − ℰ� can be calculated with  

ℰ? − ℰ� = 𝑘w𝑇 ⋅ ln
��

����Ú
, (3.36)  

where 𝑁? is the effective density of states in the conduction band. 𝑁? is given by 

𝑁? = 2¢
2𝜋𝑚�,|ÛÜ

∗ 𝑘w𝑇
ℎH £

K
H
, (3.37) 

where 𝑚�,|ÛÜ
∗  is density-of-state (DOS) effective mass for electrons. Using 𝑚�,|ÛÜ

∗ =

0.31	𝑚� [25], 𝑁? is calculated to be 

𝑁? = 4.33 × 10�Þ ⋅ ²
𝑇
300³

K
H
	cm�K, (3.38) 

where 𝑇 is in Kelvin. Using Eqs. 3.36 and 3.38, ℰ? − ℰ� is calculated to be 28 meV 

at 23 °C. Clearly, this value is well within 3𝑘w𝑇, thus the assumption that Maxwell-

Boltzmann distribution holds in Eq. 3.36 is not valid. 

To accurately calculate ℰ? − ℰ� for heavily-doped n-type semiconductor, Fermi-

Dirac distribution has to be considered. The electron concentration (𝑛) is given by 

𝑛 = 𝑁?
2
√𝜋

𝐹�/H ²−
ℰ? − ℰ�
𝑘w𝑇

³ , (3.39) 
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where 𝐹�/H is the Fermi-Dirac integral of order 1/2. On the other hand, the ionized 

donor concentration (𝑁|«) is given by 

𝑁|« =
𝑁|

1 + 2 exp nℰ� − ℰ|𝑘w𝑇
u
, (3.40) 

where ℰ| is the energy of the donor level. In Ga2O3, ℰ? − ℰ| is found to be ~30 meV 

[54]. By using this value and equating 𝑛 with 𝑁|«, ℰ? − ℰ�  is calculated to be 43 

meV at 23 °C and 84 meV at 200 °C.  

 

 

Fig. 3.14 1/C2-V plot of the temperature dependent C-V measurements. 

Figure 3.15(a) shows the temperature-dependent forward I-V characteristics. 

Thermionic-emission (TE) model is used to extract the apparent barrier height (𝜙w,[4) 

as well as the ideality factor (𝑛) by fitting the experimental data to 
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𝐽X� = 𝐴∗𝑇H exp ²−
𝑒𝜙w,[4
𝑘w𝑇

³ ±exp ²
𝑒𝑉�
𝑛𝑘w𝑇

³ − 1´

= 𝐽� ±exp ²
𝑒𝑉�
𝑛𝑘w𝑇

³ − 1´ , (3.41)
 

where 𝑉�  is the forward bias, 𝐴∗  has a value of 37.2	A/cmHKH  using 𝑚∗ =

0.31	𝑚�, 𝐽� is the saturation current density.  

The use of the TE model needs to be justified by comparing the effective diffusion 

velocity in the depletion region (𝑣|) to the effective recombination velocity (𝑣©) as 

introduced in the thermionic emission-diffusion (TED) model [55]. 𝑣|  can be 

estimated by 𝑣| ≈ 𝜇J𝐸, where 𝜇J  is the electron drift mobility, and E here	is the 

surface electric field at zero bias [55]. Using a room-temperature hall mobility of ~100 

cm2/V·s at around 1×1018 cm-3 [30] and a hall factor of ~1.5 [29], 𝑣| is estimated to 

be 5.7×107 cm/s. On the other hand, 𝑣©  is given by 𝑣© = 𝐴∗𝑇H/(𝑒𝑁?). At room 

temperature, 𝑣© is calculated to be 4.8×106 cm/s using Eq. 3.38. As 𝑣| is an order of 

magnitude larger than 𝑣©, it is reasonable to assume no collision of electrons in the 

depletion region, thus the TE model can be used. 

The extracted barrier heights and ideality factors are shown in Fig. 3.15(b). The 

ideality factor is 1.14 at 23 °C and decreases to 1.05 at 200 °C. The relatively high 

ideality factor at lower temperatures may be partially contributed by the forward 

tunneling currents, which increase with the doping concentration due to the increase of 

the surface electric field, as experimentally observed in a recent study on heavily-doped 

SiC SBDs [56]. In fact, the surface electric field at zero bias is calculated to be as high 

as 0.8 MV/cm from Eq. 3.20 due to the high doping concentration. Consequently, IFL 



 

104 

cannot be neglected. The image-force corrected barrier height (𝜙w) is related to the 

apparent barrier height by 

𝜙w = 𝜙w,[4 + Δ𝜙�, (3.42) 

where Δ𝜙� is the image-force correction for the TE model at forward-bias condition 

and is equal to the image-force lowering at zero bias [57]: 

Δ𝜙� = ¡
2𝑒H𝑁|(𝑒𝑉Ù6,� − 𝑘w𝑇)

(4𝜋)H𝜀2K
¤

�
h
, (3.43) 

where we have assumed that the dielectric constant appropriate for image-force 

lowering is identical to the DC dielectric constant. This assumption is found to be valid 

in Si Schottky barrier diodes [58], however, requires scrutiny in the case of Ga2O3. 

Using Eq. 3.43, Δ𝜙� is calculated to be 0.11 V, from which the image-force-controlled 

limit for the ideality factor (𝑛â�) is calculated to be 1.022 via 

𝑛â� = ¡1 −
𝑒Δ𝜙�

4ã𝑒𝑉Ù6,� − 𝑘w𝑇ä
¤
��

. (3.44) 

After image-force correction, the barrier height is around 1.35 eV, as shown in Fig. 

3.15(b). The slight temperature dependence of the extracted barrier height could be due 

to a finite but nearly negligible presence of barrier inhomogeneity [45][59] or interface 

trapping [7]. A more accurate extraction of the barrier heights may be obtained by 

considering the forward tunneling currents in addition to the TE currents [56]. 
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Fig. 3.15 (a) Temperature-dependence of the forward I-V characteristics. Thermionic-

emission (TE) model is used for the data analysis. (b) Extracted barrier height and ideality 

factor from the TE model. Reprinted from Li et al. [6], with the permission from AIP 

Publishing. 

The reverse I-V characteristics were first measured at room temperature on diodes 

with different diameters. Figure 3.16 shows the typical measured I-V curves. We have 

confirmed that the reverse current density has no dependence on the anode diameter, as 

shown in the inset of Fig. 3.16. This serves as a solid evidence that the edge leakage is 

sufficiently suppressed, and that the bulk leakage current dominates. The reverse I-V 

characteristics can be very well-fitted by using our numerical model as discussed in 

previous section, with the barrier height as the only fitting parameter. The barrier height 

value of 1.37 eV is very close to the IFL-corrected barrier height extracted from forward 

I-V measurements. Also shown in Fig. 3.16 is the calculation using Murphy and Good’s 

field-emission model [8]. Due to the absence of doping effect in Murphy and Good’s 
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FE model, the current density is overestimated by roughly a factor of 2; but, the reverse-

bias /surface-electric-field dependence is captured fairly well, indicating that FE process 

is the dominant reverse leakage process at room temperature in these SBDs. Clearly, the 

numerical reverse leakage model offers better accuracy under this high-doping case, but 

the difference is not significant. Hence, the Murphy and Good’s FE model, where the 

doping effect is neglected, is still a very good one to calculate the ideal leakage current 

in power devices, since the doping level is typically lower than what is used in this work. 

 

 

Fig. 3.16 Representative measured reverse I-V characteristics at room temperature 

(23 °C), and the calculations using our numerical model and Murphy and Good’s FE 

model. Inset: reverse I-V characteristics on devices with different diameters (3 devices 

per group) at 23 °C, showing no size-dependence. Reprinted from Li et al. [6], with the 

permission from AIP Publishing. 
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Figure 3.17 shows the temperature-dependent reverse leakage current density as a 

function of the surface electric field (J-E characteristics). Throughout the entire range 

of the surface electric field (0.8 MV/cm to 3.4 MV/cm) and at each temperature, the 

reverse J-E characteristics can be well-fitted by our numerical model, again with the 

barrier height as the only fitting parameter. This suggest the measured reverse leakage 

current is near-ideal. Furthermore, we have plotted the thermionic-emission components 

alone within the total reverse leakage currents. It can be seen that the contribution of 

thermionic emission throughout the entire electric-field range is insignificant, thus the 

main leakage mechanism in these SBDs is barrier tunneling. This is because of the 

surface electric field at zero bias (0.8 MV/cm) is already beyond the upper limit for the 

TE regime, as shown in Fig. 3.17. In addition, from the calculated boundary condition, 

the observed J-E characteristics transitions from TFE-dominated to FE-dominated 

regime as the surface electric field increases and/or the temperature decreases. 
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Fig. 3.17 Temperature-dependent reverse leakage current density as a function of the 

surface electric field (J-E characteristics). The numerical reverse leakage model is used 

for data fitting with the barrier height as the only fitting parameter. The contribution 

from thermionic emission (TE) alone under the presence of image-force lowering (IFL) 

is also shown. The regions of each mechanism (TE, TFE and FE) are indicated by filled 

areas, with the boundary between TE and TFE defined by JTE = JBT in the numerical 

model (the transition electric field ET, as will be discussed in Section 3.10), while the 

other boundary conditions are from Murphy-Good models. The extracted mean barrier 

height of 1.377 eV between 23 °C and 200 °C is adopted for the calculations of the 

boundary conditions. 

To further verify the barrier tunneling process, the Fowler-Nordheim (F-N) plot, or 

J/E2-1/E plot was generated from the temperature-dependent reverse J-E characteristics, 

as shown in Fig. 3.18. The curve at RT shows good linearity in the F-N plot, 

characteristic of the FE process. On the other hand, the curves start to deviate from 

linearity as temperature increases, especially when the surface electric field is low, 

suggesting a presence of TFE.  
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Fig. 3.18 Fowler-Nordheim (F-N) plot of the temperature-dependent reverse J-E 

characteristics, as well as the fitting using the numerical reverse leakage model. Reprinted 

from Li et al. [6], with the permission from AIP Publishing. 
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included some annealing effects on the Schottky barrier. In fact, we have previously 

found that a post metallization annealing could improve the barrier height stability [7], 

as will be discussed in Section 3.7. This could explain the slightly different temperature 

dependence and values of the barrier height from the C-V method compared with those 

from I-V methods. On the other hand, the slightly lower barrier height values extracted 

from the TE model in comparison with those from the reverse leakage model may be 

partially related to the forward tunneling currents not being considered in the present 

work [6]. If the forward tunneling currents were included in the analysis of the forward 

I-V characteristics, slightly higher barrier heights would be extracted, as shown in Ref. 

56. This could help eliminate the difference between forward and reverse I-V methods 

in barrier height extraction. 

 

 

Fig. 3.19 Extracted barrier heights from (a) forward and reverse I-V characteristics; (b) 

C-V measurements. Good agreements between different extracted methods are observed 
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with a maximum difference of ~0.06 eV. Reprinted from Li et al. [6], with the permission 

from AIP Publishing. 

 
3.6.5    Summary 

With the edge leakage suppressed and plasma-damage to the Schottky contact 

interface avoided, near-ideal reverse leakage current is observed in β-Ga2O3 SBDs 

fabricated on a heavily-doped (2)01) single-crystal substrate up to a surface electric 

field of 3.4 MV/cm. The reverse leakage characteristics can be well-fitted by our 

numerical model, which considers both the image-force lowering as well as the doping 

effects properly. Throughout the whole electric-field range from 0.8 MV/cm to 3.4 

MV/cm, near-ideal barrier tunneling dominates the leakage current instead of 

thermionic emission or trap-assisted tunneling. 

3.7    Near-ideal reverse leakage current in Ga2O3 SBDs on lightly-doped epitaxial 

wafer 

3.7.1    Introduction 

As discussed in the introduction section, Schottky barrier diodes are a versatile 

device type. Ga2O3 SBDs are no exceptions. So far, feasibility of Ga2O3 SBDs behaving 

as high-speed rectifiers for efficient power regulation has been demonstrated [60-62]. 

In addition, Ga2O3 SBDs can function as solar-blind UV photodetectors [42][63][64]. 

Furthermore, being key device building blocks, Ga2O3 Schottky junctions offering gate 

control for metal-semiconductor field-effect transistors (MESFETs) [65][66], as well as 
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serving potentially as a p-n junction replacement for high field management with the 

help of a large barrier height [6][21].  

Not only is the reverse leakage characteristics important at high surface electric field, 

where it can determine the practical maximum electric field and soft breakdown voltage, 

but it is also important at relatively low surface electric field, where the leakage current 

level affects the on-off ratio and determines the responsivity of UV photodetectors [2].  

As alluded to previously, at relative low surface electric field and moderately high 

temperature, TE or TFE (barrier tunneling) dominates. Under a certain temperature, 

there should exist a transition voltage (𝑉X) or transition electric field (𝐸X), below which 

TE dominates, and above which barrier tunneling (BT) dominates [8][9]. 

Experimentally, most of previous analysis on the temperature dependent reverse leakage 

characteristics in Ga2O3 SBDs either uses TE model [41][42] or thermionic field 

emission (TFE) model [43][44]. The agreement between experimental data and 

calculation in those studies is generally decent, but not excellent. It is possible that the 

disagreement arises from the issues in the data analysis. On one hand, all previous 

studies use TE or TFE without considering their respective appropriate ranges as 

discussed previously. On the other hand, when TFE model is used, IFL is typically not 

considered [43], or only included as a fixed correction [44]. As a result, it is not sure 

whether the deviations between experiment and modeling are due to the data analysis 

itself or the fact the reverse leakage characteristic is non-ideal. In this work, we will 

apply our numerical leakage model for the analysis of the experimental data, thus the 

transition between TE and TFE, as well as the IFL effect are all properly considered.  
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In the SBDs on heavily-doped substrates as discussed in the previous section, we 

observed near-ideal reverse leakage current in the TFE and FE regimes. However, due 

to the heavy doping, the surface electric field at zero bias (~0.8 MV/cm) is already 

beyond the transition electric field, thus the TE-to-TFE transition cannot be accessed. 

To access a low surface electric field around 𝐸X, we will fabricate SBDs on a lightly-

doped n--Ga2O3 epitaxial wafer in this work. 

In this section, we discuss the design, fabrication and analysis of field-plated Ga2O3 

SBDs on a (001) n--Ga2O3 epitaxial wafer, from which we observed near-ideal reverse 

leakage characteristics in the TE to TFE transition region. The edge leakage current is 

sufficiently suppressed with a field plate structure. 

 

3.7.2    Design of experiments 

Again, to avoid edge leakage current from electric-field crowding at the anode edge, 

proper edge termination should be designed. Since the net doping concentration in the 

drift layer of our (001) epitaxial wafer is ~1×1016 cm-3, the depletion width at a reverse 

bias of 200 V (𝐸 = 0.85	MV/cm) is already 4.7 𝜇m. If the same deeply-etched mesa 

isolation is to be used effectively, the etching depth should be larger than 4.7 𝜇m. This 

is quite challenging to be implemented experimentally. In addition, one should be 

concerned about sidewall depletion, which could be up to several micrometers at this 

doping level [67].  

Alternative, we can employ the field plating technique, which is one of the additive 

edge-termination methods as discussed in the introduction section. For a single field 

plate (FP), the important design parameters are the length of the field plate (𝐿�æ) and 
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the thickness of the underlying dielectric layer (𝑑@z). In terms of the selection of the 

dielectric material, it is preferable that the dielectric constant and the breakdown field 

are simultaneously high. For this work, we chose to use Al2O3, since its dielectric 

constant (𝜀ç~8) and the breakdown electric field (~9 MV/cm) are both decently high. 

The important values of interest for optimization of 𝐿�æ  and 𝑑@z  are the peak 

electric field near the anode (𝐸4é,[) and the peak electric field near the edge of the field 

plate (𝐸4é,�æ). With a sufficiently large 𝐿�æ , the two electric-field peaks are well-

separated, and their magnitude will be mostly controlled by 𝑑@z. The effect of 𝑑@z can 

be qualitatively understood by considering the limiting cases where 𝑑@z → 0  and 

𝑑@z → ∞. In the former case, the edge of the anode is well-shielded by the field plate, 

such that the cylindrical junction is completely moved to outside of the edge of the FP. 

As a result, 𝐸4é,[ will be close to the parallel-plane (surface) electric field and 𝐸4é,�æ 

will be the largest. In the latter case, since the field plate is so far away from the surface, 

there is no electrostatic coupling at all, thus it is equivalent to having no field plate. 

Consequently, 𝐸4é,[  will be the largest and 𝐸4é,�æ  will be very small. For the 

maximum breakdown voltage, 𝑑@z is typically optimized such that 𝐸4é,[ ≈ 𝐸4é,�æ. 

In this work, however, we seek to reduce the electric-field crowding at the edge of 

the anode thus 𝐸4é,[ as much as possible to reduce the edge leakage without the need 

to achieve the highest hard breakdown voltage. Thus, it is preferable to have a large 𝐿�æ 

and a small 𝑑@z . To determine the required value of 𝐿�æ , we have simulated the 

electric-field profile for the case of 𝐿�æ = 10	𝜇m  [Fig. 3.20(a)], as shown in Fig. 

3.20(b). It can be seen that the two electric-field peaks are well-separated, i.e., 𝐿�æ is 
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much larger than the full-width half max (FWHM) of the peaks. Thus, a 𝐿�æ of 10 𝜇m 

is sufficiently large to decouple the two electric-field peaks.  

For the choice of 𝑑@z, it can be observed from Fig. 3.20(b) that 𝐸4é,[ is similar 

with 𝐸4é,�æ with 𝑑@z = 100	nm, thus is close to the optimum design for the maximum 

hard breakdown voltage. To further reduce 𝐸4é,[ , we also simulated the case with 

𝑑@z = 30	nm, and the comparison of the electric-field peaks near the anode edge is 

shown in Fig. 3.20(c). While both 𝑑@z designs reduce 𝐸4é,[ significantly compared 

with in the absence of the FP, the design with 𝑑@z = 30	nm helps reduce 𝐸4é,[ more 

significantly. This does come at a price of a higher 𝐸4é,�æ as shown in Fig. 3.20(b), but 

it may be sufficient for the relatively-low surface electric field within the range of 

interest. Note that the simulated values of the peak electric field are likely higher that 

what should be expected in practice, since the corners in the simulation structure are 

infinitely sharp, while in reality there exist certain curvatures. 

 

 

Fig. 3.20 Simulated electric-field profile for the design of the field plate, using TCAD 

Sentaurus. (a) Schematic cross section of the simulated 2-D device structure. (b) The 

electric-field profile along the horizontal cutline. (c) Zoomed-in view of the electric-field 
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profile along the horizontal cutline near the anode edge. The cutline is located 1-nm under 

the surface of Ga2O3. 

3.7.3    Device fabrication and characterization 

We fabricated field-plated SBDs on a (001) Ga2O3 epitaxial wafer grown by halide 

vapor phase epitaxy (HVPE), as schematically shown in Fig. 3.21(a). We adopted a 𝑑@z 

of 30 nm as previously discussed. The field plate length is 30 𝜇m from the mask 

design (DIODE3) based on the diameter difference between the anode and the field 

plate. The cathode ohmic contact is based on Ti/Au (50/100 nm), while the anode 

Schottky contact is based on Ni/Au (40/150 nm).  

The fabrication process commenced with a solvent clean of the epitaxial wafer with 

acetone and methanol, followed with our standard acid cleaning with HF and HCl for 5 

min each. To aid the formation of the back ohmic contact, the backside of the wafer was 

first etched in the ICP-RIE system using a gas mixture of BCl3 (35 sccm) and Ar (5 

sccm) for 5 min, with a pressure of 5 mtorr and an RF/coil power of 20/350 W [48]. 

Similar procedure has been shown to be effective in improving the ohmic contact 

[65][68]. Afterward, a Ti/Au (50/100 nm) ohmic contact was deposited on the backside 

of the wafer, followed by a rapid thermal anneal (RTA) for 1 min at 450 °C under N2 to 

facilitate the ohmic contact.  

Then, photolithography was carried out for the subsequent liftoff process to form 

the anode. After lithography, a gentle descum process was perform under 100-W O2 

plasma to remove photoresist residue. This was followed by a hard bake of the 

photoresist and gentle acid cleaning using 30:1 BOE and 1:1 HCl each for 1-min. 



 

117 

Subsequently, Ni/Au (40 nm/150 nm) anode contacts were deposited by electron-beam 

evaporation and patterned by lift-off, which completed the fabrication process for the 

SBDs without the field plate. 

For the formation of the field plate, the Al2O3 dielectric layer was deposited by 

atomic layer deposition (ALD) under 300 °C. The thickness was measured to be 31 nm 

on a Si control sample using Filmetrics. For formation of the contact hole, the top ~20 

nm of the Al2O3 layer in the photoresist-defined region was first etched in the ICP-RIE 

system using a gas mixture of BCl3 (40 sccm) and Ar (10 sccm) with a pressure of 5 

mtorr and an RF/coil power of 40/600 W. Then, the last ~11-nm Al2O3 was wet-etched 

by 6:1 BOE to avoid sputtering of the Au top metal layer. Lastly, the field plate was 

formed by electron-beam evaporation of a 30-nm Ni layer, followed by sputtering of 

Ti/Al/Pt (10/80/20 nm). 

The deposition of the Al2O3 layer led to a 20-min heat treatment at 300 °C. To the 

Schottky anode contact, this acts effectively as a post metallization annealing (PMA), 

which is often used to improve the quality of the Schottky contact (see, for example, 

Ref. 69). In order to investigate the effect of the PMA, we measured the diodes before 

and after the field plate process. The measurement sequence for the I-V measurements 

is as such: i) repeated forward I-V measurements at 25 °C; ii) T-dependent forward I-V 

measurements from 25 °C to 200 °C; iii) T-dependent reverse I-V measurements from 

200 °C to 25 °C. Temperature-dependent C-V measurements were performed after the 

field plate process and the I-V measurements. 
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Fig. 3.21 (a) Schematic of the field-plated Ni-Ga2O3 SBDs fabricated on a HVPE Ga2O3 

epitaxial wafer. (b) Extracted net doping concentration from C-V measurements on SBDs 

without the field plate, as well as the linearized model used for calculating the electric-

field/electrostatic-potential profile. 

3.7.4    Results and discussion 
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model. This model is used in the calculation of the surface electric field based on the 1-
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height as well as the effect of the PMA. Figure 3.22 shows the repeated forward I-V 

measurements at room temperature (25 °C). It can be seen that the diode before PMA 

exhibits a positive shift of the turn-on voltage after the first forward I-V scan [Fig. 

3.22(a)], suggesting an increase of the barrier height (59 meV), likely due to the trapping 

of electrons near the Schottky contact. In comparison, the diodes after PMA show a 

much smaller shift (7 meV), as shown in Fig. 3.22(b), indicating that PMA is effective 

in improving the stability of the barrier height. We found that the shift of the turn-on 

voltage did not recover at 25 °C within the measurement period (~1 hour), indicating 

that the trapping is likely due to deep trap states. 

 

 

Fig. 3.22 Repeated forward I-V measurements of the SBDs (a) before PMA and (b) after 

PMA. Three consecutive upward forward scans from 0 V to 5 V are performed on each 

diode. A positive shift of the turn-on voltage in clearly observed in the SBD before PMA. 

The diode after PMA shows a much smaller shift. Reprinted from Li et al. [7] © 2019 
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A comparison of the temperature-dependent forward I-V characteristics of the SBDs 

without and with PMA is shown in Fig. 3.23. As a preliminary analysis, the thermionic-

emission model is used for the analysis of the data. Insets in Figs. 3.23(a) and (b) show 

the Richardson’s plot of the SBDs without and with PMA, respectively. When the 

barrier height is constant with temperature and the ideality factor is close to 1, the data 

would follow a straightly line in the Richardson’s plot, as indicated by the guide line 

with 𝜙w=1.215 V. It can be seen that the data from the SBDs without PMA deviates 

notably from the constant-barrier-height guide line in the Richardson’s plot, indicating 

that the barrier height varies significantly with temperature, or more specifically, 

decreases with increasing temperature. In contrast, the SBDs with PMA show a nearly 

constant barrier height with varying temperature. Note that these forward I-V data were 

taken from the second repeated scans to avoid the issue with the barrier-height 

instability under repeated measurements (see Fig. 3.22). Based on the previous 

assumption that the increase of the barrier height is due to trapping of electrons near the 

Schottky contact, the decrease of the barrier height with increasing temperature can be 

explained by considering the de-trapping of trapped electrons due to elevated 

temperature. 
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Fig. 3.23 Temperature-dependence of the forward I-V characteristics of the SBDs (a) 

before PMA and (b) after PMA. Insets show the Richardson’s plot, in which the dotted 

line is drawn based on fB = 1.215 V. To minimize the effect of turn-on voltage/barrier-

height instability under repeated scans, the 2nd scans at each temperature are used for the 

T-dependent analysis. Reprinted from Li et al. [7] © 2019 IEEE. 

Figure 3.24 shows the extracted ideality factors from the temperature-dependent 

forward I-V characteristics using the thermionic-emission model. It appears that the 

ideality factor is slightly improved with PMA. It should be noted that the use of TE 

model is not justified, as will be soon explained. Here, it only serves as a preliminary 

analysis of the data and helps reveal the barrier-height instability. The accurate analysis 

of the forward I-V characteristics will be performed using the thermionic-emission 

diffusion (TED) model. 
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Fig. 3.24 Temperature-dependence of the ideality factor before and after PMA, as 

extracted from the TE model. Dotted line shows the image-force-controlled limit.  

To determine whether TE or TED model should be used, the effective diffusion 

velocity in the depletion region (𝑣|) and the effective recombination velocity (𝑣©) 

should be compared, as discussed in the previous section. In this work, due to the much 

lower doping concentration, the surface electric field at zero bias is considerably lower 

than that of the SBDs on heavily-doped substrates, and the depletion width at zero bias 

is ~0.4 𝜇m. Consequently, 𝑣| ≈ 𝜇J𝐸 is much smaller than that in the case of heavily 

doped substrates. Using a room-temperature hall mobility of ~145 cm2/V·s as measured 

on a similar wafer [70] and a hall factor of ~1.5 [29], 𝑣| is estimated to be 3.3×106 

cm/s. Compared with the value of 𝑣© (4.8×106 cm/s), 𝑣| is even smaller, suggesting 

the necessity of considering the drift-diffusion transport in the depletion region, instead 

of a ballistic one. Therefore, we will re-analyze the forward I-V data with the thermionic 

emission-diffusion (TED) model [55][71]. In the calculations, the temperature-
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dependent drift mobility model in Ref. 29 is used with the Hall factor considered. The 

constant of proportionality is adjusted to match the Hall mobility of 145 cm2/V·s at 

25 °C [70]. 

Figure 3.25(a) shows the analysis of the temperature-dependent forward I-V 

characteristics of the Ga2O3 SBDs before PMA. The extracted barrier heights and 

ideality factors (n) from TED model at each temperature are plotted in Fig. 3.25(b). The 

ideality factor is 1.03 at 25 °C and decreases to below 1.01 beyond 100 °C, indicating a 

good Schottky contact quality. The image-force-controlled ideality factor limit (𝑛â�) is 

calculated to be 1.007 using the standard method (Eq. 3.44). It can be seen that the 

extracted ideality factor approaches 𝑛â� beyond 75 °C, further suggesting a near-ideal 

interface. It should be noted that the ideality factor extracted from the TED model is 

low than from TE model, since the effective Richardson’s constant in the TED model 

already includes some voltage dependence due to the modulation of the depletion width 

by the forward bias. Both the apparent barrier height as well as the barrier height after 

image-force correction (~0.026 eV) [57] are plotted. As expected, the extracted barrier 

height before PMA decreases significantly with increasing temperature, as already 

suggested in the Richardson’s plot in Fig. 3.23(a). 
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Fig. 3.25 (a) Temperature-dependent forward I-V characteristics of the Ga2O3 SBDs 

before PMA, as well as the fitting using the thermionic emission-diffusion (TED) model. 

The data at each temperature are from the 2nd scans. (b) Extract barrier height (apparent 

and image-force corrected values) as well as ideality factor as a function of temperature. 

Figure 3.26(a) shows the same analysis of the temperature-dependent forward I-V 

characteristics of the Ga2O3 SBDs after PMA. From Fig. 3.26(b), it can be seen that the 

ideality factor is 1.02 at 25 °C, which is lower than that in the SBDs before PMA. 

Overall, the ideality factor is also slightly lower, consistent with the results from TE 

model (Fig. 24). Similarly, the extracted ideality factor approaches 𝑛â� beyond 75 °C, 

suggesting a near-ideal interface. Both the apparent barrier height as well as the barrier 

height after image-force (IF) correction (~0.026 eV) are also plotted. The extracted 

barrier height after PMA decreases only slightly with increasing temperature, in sharp 

contrast with the SBDs before PMA [Fig. 3.25(b)]. This suggests that PMA is effective 

in reducing the barrier-height instability with temperature. 
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Fig. 3.26 (a) Temperature-dependent forward I-V characteristics of the Ga2O3 SBDs after 

PMA, as well as the fitting using the thermionic emission-diffusion (TED) model. The 

data at each temperature are from the 2nd scans. (b) Extract barrier heights (apparent and 

image-force corrected values) as well as ideality factors as a function of temperature. 

To verify the effect of the field plate in suppressing the edge leakage current, 

temperature-dependent reverse I-V measurements were performed on both non-field-

plated and field-plated SBDs on the same wafer, as shown in Figs. 3.27(a) and (b) 

respectively. Without the field plate, the SBDs exhibit a large, near temperature-

independent reverse leakage current below 100 °C. Such a leakage behavior is 

characteristics of field-emission dominated edge leakage current due to the electric-field 

crowding at the anode edge. On the other hand, the leakage current in SBDs with FP is 

much reduced, suggesting the FP structure is effective in suppressing the electric-field 

crowding. Note that between -200 V and -100 V, there still exists a very low level of 
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leakage current at 25-75 °C that do not show much temperature dependence, suggesting 

that there is still some edge leakage current not completely eliminated. However, 

considering the very low magnitude (<10-8 A/cm2) and the weak temperature 

dependence, it will not significantly “pollute” the uniform bulk leakage current from 

100 °C to 200 °C, which we will analyze using our numerical models. 

 

 

Fig. 3.27 Temperature-dependent reverse I-V characteristics on the Schottky barrier 

diodes (a) without the field plate, and (b) with the field plate. 

Even with a large edge leakage component in the SBDs without FP, the bulk leakage 

component can still be discerned at high temperature and/or low surface electric field. 

Figure 3.28 shows the J-E plot of the temperature-dependent reverse leakage 

characteristics in the SBDs without FP, and the analysis of the bulk leakage component 

using the numerical model. The barrier height is kept as the only fitting parameter at 
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each temperature. The bulk leakage current can be well-fitted by the total reverse 

leakage current (𝐽©,\@\), with is a sum of the TE (𝐽X�) current and BT current (𝐽wX) in our 

numerical model. On the other hand, it can be seen that neither 𝐽X� nor 𝐽wX alone can 

capture the field dependence very well, suggest the presence of the transition regime 

between TE and TFE, where both TE and tunneling currents are important. 

 

 

Fig. 3.28 Temperature-dependent reverse leakage current as a function of the surface 

electric field (J-E characteristics) of the Ga2O3 SBDs without field plate. The data is fitted 

with the calculated total reverse leakage current (JR,tot) with the barrier height as the only 

fitting parameter. The constituent components, JTE and JBT, are also shown. 

In SBDs with FP, the edge leakage is sufficiently suppressed, such that the reverse 

leakage characteristics in the entire surface electric-field range from 100 °C to 200 °C 
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can be well-fitted by the calculated total reverse leakage current using our numerical 

model, as shown in Fig. 3.29. Again, the barrier height is the only fitting parameter at 

each temperature. This suggests that the reverse leakage characteristics is near-ideal. 

Without the edge leakage, it is clearer that only 𝐽©,\@\ can fit the measured reverse 

leakage current throughout the entire range of surface electric field (0.07-0.69 MV/cm), 

while either 𝐽X� or 𝐽wX alone can only fitted the data in a very limited range. These 

results strongly suggest the presence of the transition regime between TE and TFE, 

where both 𝐽X� and 𝐽wX are important. The boundary condition between TE and TFE 

is calculated by equating 𝐽X� with 𝐽wX, as shown between the filled areas in Fig. 3.29.  

The observed near-ideal J-E characteristics transitions from TE-dominated to TFE-

dominated regime. We have confirmed that TFE-to-FE transition is beyond the range 

of surface electric field we measured here. 
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Fig. 3.29 Temperature-dependent reverse leakage current as a function of the surface 

electric field (J-E characteristics) of the Ga2O3 SBDs without field plate. The data is fitted 

with the calculated JR,tot with the barrier height as the only fitting parameter. The 

constituent components, JTE and JBT are also shown. The regions of TE and TFE are 

indicated by filled areas, with the boundary defined by JTE = JBT in the numerical model 

(the transition electric field ET, as will be discussed in later sections). The extracted mean 

barrier height of 1.201 eV between 25 °C and 200 °C is adopted for the calculations of 

the boundary conditions. 

Figure 3.30 shows the 1/C2-V plot based on the C-V measurements on SBDs without 

FP after PMA. The 𝑉Ù6,�  can be extracted from the x-intercept of the linearly 

extrapolated 1/C2-V line, as previously discussed. Since the epitaxial layer is lightly-

doped, Eq. 3.36 can be used to calculated ℰ? − ℰ�. Using Eq. 3.35, the barrier height is 

calculated to be 1.265 eV at 25 °C and 1.211 eV at 200 °C. These values are close to 

but slightly higher than those from forward I-V measurements [Fig. 3.26(b)]. This 

behavior is commonly observed (e.g., Ref. 42), and could be due to the presence of 

barrier height inhomogeneity [72] and/or uncertainty of the doping concentration close 

to the Schottky contact interface. 
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Fig. 3.30 1/C2-V plot of the temperature dependent C-V measurements on SBDs without 

the field plate. 

Figure 3.31 compares the barrier height values extracted from the reverse leakage 

characteristics with those extracted from forward I-V and C-V methods. The barrier 

height values extracted from forward I-V, reverse I-V and C-V measurements exhibit 

good agreements. These provide further evidence that the measured reverse leakage 

current is near ideal, which in turn corroborates the identifications of the transition 

region from the data fitting in Fig. 3.29.  
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Fig. 3.31 Extracted barrier heights from C-V measurements, forward I-V measurements 

(using TED model) and reverse I-V measurements (using our numerical leakage model 

considering both TE and BT). 

Lastly, we conclude this section by a further discussion on the effect of PMA. The 

evolution of the barrier heights in SBDs before and after PMA throughout the entire I-

V measurement sequence are shown in Fig. 3.32(a) and (b), respectively. Although there 

exists a small offset between the extraction values from forward and reverse I-V 

measurements, it is still clear that there is a large hysteresis in the barrier height before 

PMA, which is largely removed after PMA. 
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Fig. 3.32 Temperature-dependence of the barrier height (a) before PMA and (b) after 

PMA. The barrier height is extracted from both the forward and reverse I-V characteristics 

considering the image-force-lowering effect. A reduction of fB with increasing 

temperature is observed in the diode before PMA, especially during the forward I-V 

measurements. The reduction is likely due to the de-trapping of the trapped electrons. 

After PMA, the barrier height is nearly constant with temperature. 

Combined with the assumed physical picture discussed previously, the evolution of 

the apparent barrier height in SBDs before PMA is summarized and tentatively 

explained as follows: i) the barrier height is initially shifted to a higher value after the 

first forward I-V scan due to charge trapping near the interface (Fig. 3.33); ii) as the 

temperature increases, de-trapping starts to occur, leading to a decrease of the barrier 

height; iii) with a decreasing temperature, the barrier height increases again, however, 

with a lower magnitude since only reverse I-V measurements are preformed, which 

could lead to charge trapping as well [73], but not as strongly as with forward I-V 

measurements. The shift of the barrier height due to trapped charge is only possible 
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when the centroid of the sheet charge is located a certain distance away from the 

Schottky interface. In this regard, it is possible that there exists some bulk traps due to 

the subsurface damage from the CMP process, which is used to flatten the as-grown 

epitaxial surface. Alternatively, it is also possible that there exists an interfacial layer, 

and the trapping is due to surface states, either native or due to defect from CMP. As 

PMA at 300 °C is unlikely to heal the bulk defects, the latter seems more plausible, as 

illustrated in Fig. 3.33. Under this scenario, the effect of PMA is the removal of the 

interfacial layer by promoting a more intimate contact, but no necessarily the removal 

of the trap states. Without the interfacial layer, the barrier height is expected to be 

unchanged even with interface trapping, as shown in Fig. 3.34. 

 

 

Fig. 3.33 Schematic band diagram at zero bias in SBDs without PMA (a) before trapping 

and (b) after trapping.  
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Fig. 3.34 Schematic band diagram at zero bias in SBDs with PMA (a) before trapping 

and (b) after trapping.  

3.7.5    Summary 

With the edge leakage effectively suppressed by a field plate design, near-ideal 

reverse leakage current is observed in β-Ga2O3 SBDs fabricated on a lightly-doped 

epitaxial wafer in the range of surface electric field between 0.07 MV/cm and 0.69 

MV/cm. In this range, the dominant reverse leakage mechanism transitions from TE to 

TFE, necessitating the inclusion of both TE and BT currents in the modeling of the 

reverse leakage characteristics.  

In addition, we observed a barrier-height instability in the SBDs without PMA, 

likely due to electron trapping near the interface. The trapping may arise from surface 

damage due to the CMP process. A PMA at 300 °C is effective in removing the 

instability. 
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3.8    Regarding the use of surface electric field 

Thus far, we have been using the surface electric field exclusively for the analysis 

of the reverse leakage characteristics, instead of the reverse bias. There are mainly three 

reasons why the surface electric field is preferred over the reverse bias. 

First, the use of the surface electric field gives more universal results in the sense 

that the J-E characteristics on SBDs with different doping concentrations is comparable, 

whereas the J-V characteristics is not. Figure 3.35 shows an example of calculated 

reverse leakage characteristics of Ga2O3 SBDs with different doping concentrations. If 

plotted in J-V plot, the reverse leakage characteristics is drastically different if the 

doping concentration is different, as shown in Fig. 3.35(a). On the other hand, the J-E 

curves are near identical for different doping concentrations, as shown in Fig. 3.35(b). 

The underlying reason is that the ideal tunneling current mainly depends on the potential 

energy/surface electric field profile within tens of nanometers away from the Schottky 

interface, while the ideal TE current is only dependent on the barrier height. Within such 

a narrow distance, the doping effect is negligible unless the doping concentration is 

beyond ~1×1018 cm-3. As a result, the surface electric field is sufficient to determine the 

reverse leakage characteristics for most cases. 

The second reason is that the use of reverse bias as the variable necessitates the 

specification of the doping profile of the entire drift layer, e.g., whether the drift layer 

is of a punch-through for non-punch-through design, otherwise the J-V results cannot 

be cross-comparable. In addition, some reverse leakage models have underlying 

assumptions on the drift layer, e.g., a non-punch-through condition with a constant 

doping profile as in the case of Padovani and Stratton’s models. In these cases, it is 
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dangerous to implement the model using the apparent reverse bias, as the underlying 

assumptions may not be satisfied in the device under test. On the other hand, the use of 

surface electric field does not require specifications of the doping profile, as long as the 

surface electric field is correctly calculated by a proper electrostatic analysis. 

Third, when associated with the junction property, the surface electric field in 

Schottky junctions provides a closer connection with the critical electric field, which 

typically equals to the maximum electric field in a p-n junction. Specifically, in the next 

section, we define a practical maximum surface electric field in Schottky junctions, 

which is a parallel concept to the maximum electric field in p-n junctions. 

 

 

Fig. 3.35 Calculated ideal reverse leakage characteristics of Ga2O3 SBDs in (a) J-V plot, 

and in (b) J-E plot under non-punch-through conditions 7/23/20 1
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3.9    Implication-1: practical maximum surface electric field 

We now discuss an important implication from the ideal reverse leakage 

characteristics in Schottky junctions: the practical maximum surface electric field. As 

discussed in the introduction section, the reverse leakage current in SBDs typically 

determines the soft breakdown voltage, as specified by the maximum allowable leakage 

current level. We define the practical maximum surface electric field in such scenarios 

at a maximum reverse leakage current density (𝐽©,y[z) of 1 mA/cm2 or 100 mA/cm2. 

The value of 1 mA/cm2 is the typical reverse leakage current density at the rated 

blocking voltage in commercial SBDs [74], and 100 mA/cm2 serves as a more relaxed 

criterion. To help differentiate the maximum surface electric field from the maximum 

electric field (𝐸y[z) in p-n junctions, or in the body of a Schottky barrier diode with 

RESURF effect, we use the notation 𝐸2êç7 for the surface electric field hereafter. 

Using the numerical reverse leakage model, the practical maximum 𝐸2êç7 can be 

readily calculated as a function of the barrier height in b-Ga2O3 SBDs, as shown in Fig. 

3.36. To allow for generalization of the results, the doping effect is neglected in the 

calculation. This can be justified since the absence of doping effect will not induce 

significant errors. Specifically, we have verified that even with a net doping 

concentration of 2×1018 cm-3, the maximum error induced by neglecting the doping 

effect is smaller than 0.09 MV/cm. Excellent agreements are observed between the 

calculation and the experimental data on the Ni-SBDs on heavily-doped substrates as 

discussed in Section 3.6. 
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Fig. 3.36 Calculated practical maximum surface electric field (Esurf) as a function of the 

barrier height in β-Ga2O3 SBDs using the numerical reverse leakage model, under 

maximum reverse leakage current density (JR,max) of 1 mA/cm2 and 100 mA/cm2. The 

experimental data on the Ni-Ga2O3 SBDs on heavily-doped substrates are also shown. 

Adapted from Li et al. [6], with the permission from AIP Publishing. 

In addition, we have also compared the calculation with experimental data from 

literature, as shown in Fig. 3.37. Despite some scattering in the data, general agreements 

with the calculation can be still observed. The scattering of the data is expected due to 

multiple possibilities, including i) the uncertainty in the extracted barrier height values; 

ii) the presence of excessive leakage current from edge leakage or defect induced 

leakage; iii) premature diode breakdown due to electric-field crowding or other 

mechanisms; iv) uncertainties in the extraction of the net doping concentration. Note 

that some of the literature data agrees well with the model, indicating the that the reverse 
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leakage characteristics is likely also near ideal. However, the near-ideal reverse leakage 

characteristics in these reports were not recognized, likely because a comprehensive 

analysis of the reverse leakage characteristics was not preformed. 

 

 
 

Fig. 3.37 Calculated practical maximum surface electric field (Esurf) as a function of the 

barrier height in β-Ga2O3 SBDs at (a) 25 °C and (b) 150 °C, with experimental data from 

literature included (Cornell [6][21], Arizona State University (ASU) [45][46], Virginia 

Tech. (VT) [44][75], University of Florida [76], Xidian University [77], CETC’13 [78], 

NICT [79][80], Mitsubishi [81], SYSU [82]). 

From Fig. 3.36, it can be seen that the practical maximum 𝐸2êç7 increases almost 

linearly with the barrier height. This suggests that it is possible to reach a maximum 

𝐸2êç7 close to the intrinsic breakdown electric field of β-Ga2O3 (6-8 MV/cm) as long as 

a sufficiently-high barrier height (>2.2 eV) is implemented. In fact, Schottky barrier 

heights of 2.2-2.4 eV have been realized with oxidized metal contacts on b-Ga2O3 [59], 
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thus this possibility may become a reality in the future. Further increase of the barrier 

height beyond half of the bandgap energy may be very challenging [59]. However, 

interfacial dipole engineering could be exploited as a potential way to increase the 

barrier height even further, as demonstrated in Ref. 83.     

To further illustrate this point, we plot the breakdown voltage defined at 𝐽©,y[z =

1	mA/cmH as a function of the net doping concentration in ideal Ga2O3 SBDs with a 

non-punch-through drift layer design, as shown in Fig. 3.38. Here, each barrier height 

value corresponds to a certain maximum 𝐸2êç7. As expected, the breakdown voltage 

decreases linearly with increasing net doping concentration in the log-log plot with a 

certain maximum 𝐸2êç7. With the increase of the barrier height, the maximum 𝐸2êç7 

increases, such that the breakdown voltage is increasingly close with the unipolar limit 

as governed by 𝐸2êç7 = 𝐸?. 

 

 

Fig. 3.38 Breakdown voltage as a function of the net doping concentration in Ga2O3 SBDs 

with a non-punch-through drift layer design. The breakdown voltage is defined at JR,max 
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= 1 mA/cm2 at 25 °C. A doping independent breakdown field of 8 MV/cm is used for the 

Ga2O3 unipolar limit. 

It is worth noting that below a threshold barrier-height value, the calculated 

maximum 𝐸2êç7 drops to zero. This means that below this threshold barrier height, the 

diode saturation current 𝐽� = 𝐴∗𝑇H exp(−𝑒𝜙w/𝑘w𝑇)  exceeds the pre-defined 

maximum leakage currents 𝐽©,y[z. At room temperature and with 𝐽©,y[z	= 1 mA/cm2, 

this threshold barrier height value is ~0.6 V, since a 𝜙w of ~0.6 V corresponds to a 𝐽� 

of 1 mA/cm2 at room temperature. According to the TE model in an ideal case, which 

is essentially Eq. 3.41 assuming 𝑛 = 1, an ideal diode will allow a current flow at 𝐽� 

when a reverse bias is higher than a few times the thermal voltage 𝑘w𝑇/𝑒. SBDs with 

a 𝜙w lower than the threshold value can still be made of course, but they suffer from 

leakage currents much higher than the 𝐽©,y[z  desired by power electronics. 

In fact, this minimum barrier height requirement is a near universal one, as shown 

in Fig. 3.39(a), where we have compared the calculated practical maximum 𝐸2êç7 of a 

number of WBG semiconductor materials at room temperature. The minimum barrier 

height of all these materials is around ~0.6 V under 𝐽©,y[z	= 1 mA/cm2. This universal 

result can be understood since it is purely governed by the thermionic-emission process, 

in which the only material-dependent parameter is the Richardson constant. As the 

Richardson constant in semiconductors generally varies within an order of magnitude 

(see Table II), the minimum barrier height is expected to be nearly constant with a span 

of a few thermal voltage. 
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Fig. 3.39 (a) Calculated practical maximum surface electric field as a function of the 

barrier height in major WBG materials using the numerical reverse leakage model. (b) 

The required barrier height for achieving Esurf = Ec as a function of the bandgap. The 

parameters for the calculation are listed in Table II. 

It can also be seen from Fig. 3.39(a) that the calculated maximum 𝐸2êç7 values are 

similar among different materials. This is because the effective tunneling mass of these 

WBG materials are fairly close, as listed in Table II. Note that the maximum 𝐸2êç7 

values in Fig. 3.39(a) are capped by the critical electric field of respective materials, 

since 𝐸2êç7 ≤ 𝐸? from the definition of 𝐸?. By letting 𝐸2êç7 = 𝐸?, we can calculate the 

minimum required barrier height in SBDs to reach 𝐸?, as shown in Fig. 3.39(b). Under 

such a barrier height, the reverse leakage current through the Schottky barrier is 

sufficiently low, such that the junction can sustain a surface electric field equal to the 

breakdown field, under which avalanche breakdown would likely occur. If this 

minimum required barrier height can be reached, the Schottky junction would be similar 

Barrier height (eV)
0.5 1 1.5 2 2.5 3

M
ax

im
um

 E
su

rf (M
V/

cm
)

0

1

2

3

4

5

6

7

8

7/23/20 1

Emax vs. barrier height for all materials

4H-SiC
GaN
b-Ga2O3
p-Diamond
AlN

T=25 °C
JR,max=1 mA/cm2

Tunneling_model_max_E_thesis_all_materials_v2

Bandgap (eV)
3 4 5 6 7

Ba
rri

er
 h

ei
gh

t (
eV

)

0

1

2

3

4

5

6

7
JR,max=1 mA/cm2

JR,max=100 mA/cm2

!"#
= %&

4H-SiC
GaN

b-Ga2O3

p-Diamond

AlN

T=25°C

(a) (b)

Minimum_phi_B_vs_bandgap_noRESURF



 

143 

with a p-n junction on the reverse-blocking capability. As shown in 3.39(b), the 

minimum required barrier height values are around 2-eV lower than the bandgap in all 

these materials, suggesting that a tunneling barrier of a full bandgap is not necessary in 

approaching the intrinsic breakdown of the material. 

It is worth noting the tunneling effective mass is assumed to be constant along the 

tunneling path in our calculations. While this is accurate in the case of sufficiently low 

barrier heights, where the electron energy is close to the band edge, it is less accurate in 

the case of high barrier heights, where the electron energy is near the mid-gap. For a 

more accurate treatment, the variation of the tunneling effective mass along the 

tunneling path needs to be considered, but it is out of the scope of this study. 

It is also worth mentioning that in materials with multiple conduction/valance band 

minima, the reverse leakage current for each valley needs to be separately calculated 

and summed up, since each valley has its own tunneling effective mass and Richardson 

constant as governed by the band dispersion [11]. In Table II, the effective masses are 

separately indicated for non-equivalent valleys. The valley degeneracy is already 

included in the Richardson constant. 

In summary, the practical maximum surface electric field, defined by the maximum 

allowable reverse leakage current levels, is calculated as a function of the barrier height. 

The results suggest the possibility of approaching the intrinsic breakdown electric field 

in Ga2O3 SBDs with a sufficiently-high barrier height ~2.2 to 3 eV, but no need to utilize 

the entire bandgap of the semiconductor. This implies that there it is not necessary to 

develop p-n homojunctions in Ga2O3, as a high-quality p-n heterojunction with a 

sufficiently-large built-in potential or a Schottky junction with a sufficiently-high 
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barrier height will serve well in designing Ga2O3 power electronic devices. Similar 

conclusions can also be made for other ultra-wide bandgap materials as well. These 

concepts provide valuable guidance toward the design of high-voltage and low-leakage 

Schottky barrier diodes. 

 

TABLE II. Material parameters for the calculation of barrier tunneling. (l: light, h: heavy) 

 

3.10    Implication-2: transition electric field between TE and TFE in Ga2O3 SBDs 

It has been widely-recognized that, at a certain temperature, there should exist a 

transition voltage (𝑉X) or transition electric field (𝐸X), below which TE dominates, and 

above which BT dominates [8][9]. Knowledge about 𝑉X  or 𝐸X  is highly valuable, 

since it determines the appropriate bias or electric-field ranges for TE and BT models. 

However, due to the difficulty in calculating the tunneling current analytically near this 

transition region, there has not been a simple closed-from expression for 𝑉X or 𝐸X. In 
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Materials
Ec

(MV/cm) !" # of band
minima

Tunneling
effective mass
#$ (#%)

#∗ for
Richardson

constant (#%)

Si (100) 0.3 11.7 4(l)+2(h) 0.19(l)/0.98(h) 1.73(l)/0.38(h)

GaAs 0.4 12.9 1 0.067 0.067

4H-SiC 2.5 9.8 3 0.33 1.27

GaN (0001) 2.8 10.4 1 0.20 0.20

b-Ga2O3 8 10 1 0.31 0.31

p-Diamond 10 5.7 1(l)+1(h) 0.26(l)/0.67(h) 0.26(l)/0.67(h)

AlN (0001) 15 8.7 1 0.30 0.32

TABLE II. Material parameters for the calculation of barrier tunneling. (l: light, h: heavy)
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a previous study, 𝑉X  in b-Ga2O3 has been calculated numerically [17], but the 

dependence on the doping concentration, barrier height and temperature are very 

complicated. Also, the non-monotonic temperature dependence of 𝑉X is questionable. 

In this section, we show from numerical calculation that, unlike 𝑉X , 𝐸X  is nearly 

independent of the doping concentration and the barrier height; furthermore, there exists 

a universal monotonic temperature dependence of 𝐸X. 

 

 

Fig. 3.40 Calculated total reverse leakage current (JR,tot) as a function of the surface 

electric field in Ga2O3 SBDs using the numerical model. The transition electric field (ET) 

is illustrated at the cross-over point between the thermionic-emission current (JTE) and 

the barrier-tunneling current (JBT). 
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Figure 3.40 shows the calculated 𝐽©,\@\ using the numerical model, as well as its 

constituent components (𝐽X� and 𝐽wX). The transition electric field 𝐸X is defined at the 

surface electric field where 𝐽X� = 𝐽wX. Figure 3.41(a) shows the calculated 𝐸X  as a 

function of the net doping concentration (ND-NA) at different temperatures, under a 

barrier height of 1.2 eV. It can be seen that 𝐸X is primarily a function of temperature 

and has a very weak dependence on ND-NA. 𝐸X is near constant when ND-NA < 1017 

cm-3, and only increases slightly (<0.08 MV/cm) when ND-NA approaches 2×1018 cm-3, 

indicating that influence of the doping effect is near negligible. This illustrates the 

superiority of using surface electric field instead of the reverse bias as the variable to 

characterize the transition region, as 𝑉X would have a large dependence on ND-NA even 

with a constant 𝐸X. The surface electric field at zero bias is also shown in Fig. 3.41(a). 

If 𝐸X is smaller than surface electric field at zero bias, 𝐽©,\@\ would be dominated by 

barrier tunneling, as in the case of the SBDs on heavily-doped substrates (Section 3.6). 
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Fig. 3.41 Calculated transition electric field (ET) in b-Ga2O3 SBDs as a function of (a) 

the net doping concentration (ND-NA) and (b) temperature. 

Knowing the weak dependence on the doping concentration, we calculate 𝐸X as a 

function of temperature without considering the doping effect, as shown in Fig. 3.41(b). 

Here, we examine the influence of the barrier height ranging from 0.5 eV to 2.0 eV. 

Interestingly, there is a negligible dependence on the barrier height from 100 K to 800 

K. Below 100 K, there exists a sharp transition of 𝐸X  to zero at some “transition” 

temperature, depending on the barrier height. The transition is unimportant since 𝐸X is 

already very low (<0.06 MV/cm). Also, with ND-NA ≥ 1×1016 cm-3 in practice, the 

value of 𝐸X  around this region would already be lower than 𝐸2êç7  at zero bias, 

rendering it unobservable. 
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Due to the negligible dependence on the barrier height and very weak dependence 

on the doping concentration, we can describe 𝐸X  in b-Ga2O3 with a near-universal 

empirical temperature dependence as obtained from a quadratic fitting to the numerical 

calculation in Fig. 3.42(b): 

𝐸X = 0.70 ⋅ 𝑇H + 780 ⋅ 𝑇 − 3.0 × 10h	V/cm, (3.45) 

where T is in the unit of kelvin. Although the doping effect is neglected, this expression 

is reasonably accurate within a wide range of doping concentration. Figures 3.42(a) and 

(b) show the calculated temperature-dependence of 𝐸X under doping concentrations of 

1×1017 cm-3 and 2×1018 cm-3, respectively. In the former case, the model is show 

excellent accuracy, while in the latter case there are some deviations but still within 

acceptable range. Overall, Eq. 3.45 is valid within the temperature range of 100-800 K 

and a barrier-height range of 0.5-2.5 eV, with a maximum error of 0.01 MV/cm for ND-

NA ≤ 1×1017 cm-3, and 0.08 MV/cm for ND-NA ≤ 2×1018 cm-3.  
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Fig. 3.42 Calculated temperature-dependence of the transition electric field (ET) in b-

Ga2O3 SBDs with different net doping concentrations: (a) ND-NA = 1×1017 cm-3 (b) ND-

NA = 2×1018 cm-3. 
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doping, and barrier-height ranges in b-Ga2O3 SBDs. Experimentally, although 𝐸X 
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field, the long-standing confusion about whether thermionic emission model or 

tunneling model should be used is lifted: if the surface electric field is much lower than 

𝐸X, a thermionic-emission model can be used; conversely, a barrier-tunneling model 

should be employed. Near 𝐸X, it is important to consider both models. These results are 

highly valuable for the design of functional Ga2O3 Schottky barriers that rely on the 

precise knowledge about the reverse leakage current. Finally, we expect that similar 

findings on 𝐸X can be obtained in other materials as well. 

3.11    Conclusions 

In this chapter, the ideal reverse leakage characteristics in Schottky barrier diodes 

and its implications are thoroughly discussed, by both theoretical modeling as well as 

experiments.  

With a thorough review of the existing analytical models, we point out that while 

the models can be accurate within their respective range of applicability and under 

certain assumptions, the doping effect and the image-force lowering effects are not 

simultaneously considered. This issue can be resolved with a numerical model, which 

is found to describe the reverse leakage characteristics accurately over the entire range 

of surface electric field. 

By carefully addressing the issue of electric-field crowding and the associated edge 

leakage current, near-ideal reverse leakage characteristics is convincingly observed in 

Ga2O3 SBDs fabricated on both heavily-doped substrates and lightly-doped epitaxial 

wafers. The TE-to-TFE, and TFE-to-FE transitions are both clearly identified. These 
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observations suggest excellent material and metal-semiconductor interface quality in 

Ga2O3. 

The ideal reverse leakage characteristics have important implications on device 

design and modeling. We proposed a useful concept called the practical maximum 

surface electric field, which is a counterpart to the maximum electric field (~𝐸?) in p-n 

junctions. Calculation of the maximum 𝐸2êç7 suggests that it is possible to reach 𝐸? 

with a barrier height considerably smaller than the bandgap in WBG materials, such that 

Schottky junctions with sufficiently high barrier heights or p-n heterojunctions with 

sufficiently large built-in potentials could be viable alternatives to p-n homojunctions 

in voltage blocking. In addition, we discovered that the transition electric field 

separating TE and barrier-tunneling dominated regimes in Ga2O3 has a near universal 

temperature-dependence, which made possible a simple empirical model. The 

knowledge of the transition electric field greatly simplifies the judgement of whether 

TE or tunneling model should be employed.  

The findings in this chapter provide solid basis for the design of Ga2O3 trench 

Schottky barrier diodes, as will be discussed in Chapter 4. 
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CHAPTER 4 GA2O3 TRENCH SCHOTTKY BARRIER DIODES 

4.1    Introduction and motivation 

As a recap, beta-phase Ga2O3 or b-Ga2O3 is an ultrawide-bandgap (UWBG) 

semiconductor materials with a bandgap of 4.5-4.7 eV [1]. As a result, it possesses a 

very high breakdown field or critical electric field (𝐸?) up to ~8 MV/cm [2][3]. This 

leads to a very high projected Baliga's figure-of-merit (BFOM) even beyond the values 

of 4H-SiC and GaN [2], leading to a very low conduction loss. In addition, b-Ga2O3 has 

other highly-desirable attributes, including the existence of shallow donors as well as 

the availability of melt-grown substrates [4]. The former enables efficient and 

controllable n-type doping from mid-1015 cm-3 to beyond 1018 cm-3 [5][6], while the 

later allows for a potentially low-cost device platform [7].  

To extract the full potential of Ga2O3 in power devices, it is important to reach a 

high electric field close to 𝐸?. As discussed in Chapter 1, BFOM captures the trade-off 

between the breakdown voltage (BV) and the specific on-resistance (𝑅@A,24 ). The 

underlying assumption of BFOM is i) the maximum junction electric field reaches the 

critical electric field at the breakdown voltage ii) the junction can be approximated as a 

one-dimensional single-sided abrupt junction iii) the single-sided junction is under a 

non-punch-through condition. Without reaching 𝐸? at the BV of the device, 𝐸? in the 

original definition of BFOM (Eq. 1.1) needs to be replaced by the maximum parallel-

plane electric field (𝐸y[z) achievable in the device at breakdown, thus the effective 

BFOM (BFOMeff) is given by 
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BFOMë77 =
BVH

𝑅@A,24
=
𝜀2𝜇A𝐸y[zK

4 . (4.1) 

Clearly, the effective BFOM will be lowered and the conduction loss increased, if 𝐸? 

cannot be reached. 

Schottky barrier diodes (SBDs) are high-efficiency rectifiers due to a typically lower 

on-state voltage drop (𝑉@A) than p-n diodes and no storage of minority carriers. But, it is 

also generally associated with a higher reverse leakage current density (𝐽©) through the 

Schottky barrier. The leakage current can be reduced by increasing the Schottky barrier 

height, as discussed in Chapter 3. But this will result in an unfavorable increase of 𝑉@A 

due to the increase in the built-in potential (𝑉Ù6), which roughly equals to 𝜙w. 

Without increasing the Schottky barrier height, 𝐽©  can only be controlled by 

limiting the electric field near the Schottky contact surface, or the surface electric field 

(𝐸2êç7). In Chapter 3, we have calculated the practical maximum 𝐸2êç7 allowable in 

Ga2O3 SBDs at fixed 𝐽©,y[z  values, as shown in Fig. 3.36. It can be seen that under 

𝑞𝜙w = 1.1 eV, the maximum 𝐸2êç7  is only 1.8 MV/cm at room temperature under 

𝐽©,y[z	= 1 mA/cm2, which is a common criteria for specifying the breakdown voltage in 

power SBDs. Unfortunately, due to the one-dimensional (1-D) nature of the electric 

field profile in a regular SBD, the maximum electric field in the drift region happens to 

be at the surface, as shown in Fig. 4.1(a). As a result, 𝐸2êç7 should be used in Eq. 4.1 

in place of 𝐸y[z. Clearly, due to the constraint of the leakage current as well as the 1-

D nature, the effective BFOM in regular SBDs will be much lower than the projected 

limit of Ga2O3.  
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Fig. 4.1 Schematic cross sections of (a) a regular SBD, (b) a trench SBD and (c) a MOS-

capacitor. The regular SBD and the MOS-capacitor are the 1-D limits of the trench SBD 

with dtr → 0 and Wfin → 0, respectively. To illustrate the RESURF effect, the electric-

field profile along a vertical cutline (Ey) at the center of the fin channel in the trench SBD 

is schematically plotted and compared with that in the regular SBD. Adapted from Li et 

al. [14] © 2020 IEEE. 

To alleviate the constraint due to the leakage current, it is important to decouple 𝐽© 

from 𝐸y[z. This means that the maximum electric field should not be located at the 

Schottky contact surface, but deeper within the device body. This is only possible with 

a two-dimensional (2-D) or three-dimensional (3-D) electric-field profile, as in the case 

of a junction-barrier-Schottky diode (JBSD) [8] (see Fig. 1.5). JBSDs are also often 

referred as merged p-n Schottky (MPS) diodes. As this name suggests, a JBSD can be 

viewed as a regular SBD with additional p-type regions inserted under the Schottky 

contact surface, forming p-n junctions not only vertically, but also laterally. It is the 
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charge-coupling effect due to the lateral p-n junctions that reduced the 𝐸2êç7 near the 

Schottky contact interface, such that 𝐸y[z is located away for the surface. In this way, 

𝐽© can be successfully decoupled from 𝐸y[z, allowing for a higher 𝐸y[z and thus a 

higher BFOM, without sacrificing 𝑉@A . Although the original concept of reduced 

surface effect (RESURF) is not identical to the scenario in JBSDs [9], the underlying 

charge-coupling mechanism is identical, thus we are using this terminology also for 

JBSDs and the like.  

Due to the difficulty in native p-type doping [10], it is challenging to realize JBSDs 

in Ga2O3. However, the p-n junctions in JBSDs can be replaced with MOS structures 

while preserving the RESURF effect. Such a structure is called a trench-MOS barrier 

Schottky (TMBS) rectifier or a trench SBD in short, as schematically shown in Fig. 

4.1(b). Trench SBDs have been successfully realized in Si [11], 4H-SiC [12] and GaN 

[13]. For UWBG semiconductors like Ga2O3, due to the large difference between the 

maximum 𝐸2êç7 and 𝐸?, it is even more important to utilize the RESURF effect for 

efficient rectifiers, thus trench SBDs are highly preferable to regular SBDs, especially 

for medium- to high-voltage applications, as will be discussed in detail in later sections. 

Furthermore, trench SBDs have an additional advantage over JBSDs due to a smaller 

sidewall-depletion width in the fin channels at on-state. This is because the built-in 

potential in a MOS structure can be made much smaller than that of p-n junctions, 

especially in UWBG semiconductors. As will be discussed later, a small sidewall-

depletion width will benefit the 𝑅@A,24. 

In a single-sided abrupt junction as in the case of a regular SBD [Fig. 4.1(a)], 𝑅@A,24 

is near-optimized under a non-punch-through condition at the BV, the same condition 
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under which BFOM was derived. In a trench SBD [Fig. 4.1(b)], the surface electric field 

(𝐸2êç7) is reduced by a factor of R  with respect to the maximum electric field (𝐸y[z) in 

the drift region due to RESURF, i.e., 

𝐸2êç7 =
𝐸y[z

R
. (4.2) 

Here, R is referred to as the RESURF factor. It follows that R > 1 in a trench SBD, as 

illustrated in Fig. 4.1(b), whereas R = 1 in a regular SBD [Fig. 4.1(a)] or a MOS 

capacitor [Fig. 4.1(c)]. In Section 4.4.1, the effect of the RESURF on reducing 𝑉@A will 

be quantitatively discussed. 

In this chapter, we first review the history of trench SBDs in Section 4.2, which 

spans the trench SBDs based on Si, SiC, GaN and Ga2O3. Afterward, we discuss in 

Section 4.3 our own efforts on the development of Ga2O3 trench SBDs, including four 

generation of devices with progressive advancements. Lastly, we present in Section 4.4 

a thorough discussion on the modeling and optimization of Ga2O3 trench Schottky 

barrier diodes. The collection of work under discussion in this chapter was partially 

published elsewhere [14-20]. 

4.2    History of trench Schottky barrier diodes 

4.2.1    Si trench Schottky barrier diodes 

The concept of trench Schottky barrier diodes was first proposed and reported in 

1993 [11], and later in a follow up paper in 1995 [21]. The device was based on Si, and 

named the trench MOS barrier Schottky rectifier (TMBS). The electrostatics of the 
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TMBS is similar to the JBSDs, but with two important advantages: i) the dead-zone 

present in the JBSD due to the depletion region of the lateral p-n junction is mitigated 

in the TMBS structure, since there is a typically smaller built-in voltage drop in a MOS 

structure; ii) the depth of the charge-coupled region can be made deeper with etching 

than in JBSD, where the depth is limited by the p+ implantation depth (~0.3 𝜇m). The 

paper showed that surface electric field reduces with increasing trench depth, and the 

breakdown voltage can exceed the parallel-plane breakdown limit due to the electric-

field profile being different from the triangular profile. In addition, the forward voltage 

drop is very similar with a regular SBDs, leading to an improved leakage current-

forward drop tradeoff relationship. 

In 1998, an improved TMBS structure with a linearly-graded doping profile in the 

charge-coupled “fin” region was proposed [22]. Using this technique, the electric field 

profile in the fin region could be made nearly flat, similar with that in a superjunction 

(see Fig. 1.5). This leads to a larger voltage drop in the fin region, thus an increased 

overall breakdown voltage than the conventional TMBS design. In the same year, the 

dependence of the electrical characteristics on the device parameters was 

experimentally investigated in TMBS rectifiers [23]. In this study, it was experimentally 

confirmed that the reverse leakage current reduces with reducing mesa/fin width and 

with reducing doping concentration, indicating that doping and trench geometry should 

be co-designed and co-optimized. 

In 2001, a 100-V TMBS rectifier using thick oxide layer was experimentally 

demonstrated [24]. Through simulation, the authors showed that the peak electric field 

near the trench bottom corner reduces with increasing oxide thickness. However, the 
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oxide thickness cannot be increased indefinitely, since beyond a certain thickness, the 

charge-coupling effect is weakened to the point that the breakdown voltage reduces. 

Additionally, thicker oxide thickness decreases the area ratio of the effective conducting 

area, thus increases the on-resistance. Therefore, there exists an optimum oxide 

thickness, which offers a good tradeoff between the breakdown voltage and the forward 

voltage drop. With optimizations on both design and fabrication process, the authors 

demonstrated a TMBS with an oxide thickness of 0.8 𝜇m, a trench depth of 6 𝜇m and 

a doping concentration of 1×1016 cm-3, leading to a breakdown voltage of 107 V and 

forward voltage drop of 0.63 V at 180 A/cm2. The leakage current density to forward 

voltage drop tradeoff is superior than the previous TMBS reported in 1998 [22], and of 

course, far superior than conventional SBDs. 

In 2002, an improved TMBS structure was proposed with the upper half of the 

trench sidewall as active Schottky contact area [25]. Through simulation, it was shown 

that this design scheme could reduce the forward voltage drop while maintaining the 

same breakdown voltage, although the reverse leakage current is increased due to the 

increase of the Schottky contact area.  

In certain applications, low-loss reverse conduction capability is required in power 

MOSFETs. This feature can be realized by monolithic integration of trench SBDs with 

trench MOSFETs, as shown in 2006 [26]. The use of the trench SBDs with a narrow 

mesa/fin width was shown to be effective in reducing the drain leakage due to the 

reduction of the Schottky reverse leakage.  

In 2010, another improvement scheme of TMBS rectifiers was proposed, featuring 

a trapezoidal-shaped mesa [27]. The underlying principle is similar with the linearly-
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graded doping profile scheme: the “pinch-off” voltage of the mesa/fin channel gradually 

decreases along the vertical direction, which could lead to a constant vertical electric-

field profile, similar with superjunctions. Through simulation, it was confirmed that the 

breakdown voltage could be increased compared with the conventional TMBS design, 

with only a slightly increase of the on-resistance due to the extra area consumed by the 

slanted trench sidewall. 

In the trench SBDs, there exists a concentration of the electric field near the bottom 

of the trench, which could lead to a premature breakdown. In a study published in 2011, 

the authors proposed a counter-doping scheme at the bottom of the trench [28]. It was 

experimentally shown that this method could increase the breakdown voltage of the 

TMBS rectifiers due to the reduction of the peak electric field near the trench bottom. 

 

4.2.2    SiC trench Schottky barrier diodes 

SiC is a wide-bandgap semiconductor material. Its most commonly used polymorph 

for power electronics, 4H-SiC, has a bandgap of 3.3 eV, leading to breakdown electric 

field of ~2.8 MV/cm along the c-axis [29], a value almost ten times as much as that of 

Si. Partially due to this reason, 4H-SiC is considered as the next generation material for 

power devices after Si.  

In the early days, p-type implantation technique in SiC was not mature enough, thus 

realizing JBSD was considered difficult. As a result, the trench Schottky barrier diode 

becomes a natural alternative option to reduce the Schottky reverse leakage current. In 

1998, the first SiC trench Schottky barrier diode was demonstrated [30]. This device 

was named “Dual-Metal-Trench Schottky Pinch-Rectifier”. Different from the TMBS 
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rectifier, this device does not have an oxide or dielectric layer at the trench sidewall. 

Instead, the trench sidewall and bottom surfaces were covered with Schottky contacts 

using a metal with a higher work function than the Schottky contact metal on top of the 

mesa. The oxide layer was not employed because the authors suggested the oxide layer 

would breakdown before the critical electric field of SiC was reached. This is indeed a 

valid point and a major challenge in TMBS rectifiers based on wide-bandgap 

semiconductors. Even if the dielectric layer does not breakdown, there will certainly be 

a large electric field inside the dielectric layer, which would lead to long-term reliability 

concerns. We will discuss this issue in later sections. 

  The 4H-SiC Dual-Metal-Trench Schottky Pinch-Rectifier was shown to have a 

turn on voltage similar with a planar Schottky barrier diode made from the lower work 

function metal (Ti). On the other hand, the reverse leakage current is similar with the 

planar Schottky barrier diode made from the higher work function metal (Ni). Therefore, 

the reverse leakage-forward voltage drop tradeoff relationship was improved in 

comparison with regular planar SBDs. However, the breakdown voltage of the trench 

SBD (450 V) was much lower than the regular Ni SBD (1720 V). This is attributed to 

the electric-field crowding at the trench corner. Later in 2003, a SiC Dual-Metal-Trench 

Schottky Pinch-Rectifier was also realized with Ti and Ni2Si as the two Schottky contact 

materials [31]. Similar leakage reduction effect was observed. 

In 1999, the first 4H-SiC TMBS rectifier was demonstrated [32][12]. In comparison 

with the regular planar SBD, the trench SBD has a two orders of magnitude lower 

reverse leakage current. The authors also measured the switching characteristics of the 

trench SBD and confirmed that there is no storage of minority carriers. 
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As the p-type implantation techniques were matured in SiC, JBSD becomes more 

favorable than TMBS due to the lack of concerns on the oxide reliability. However, one 

challenge in conventional JBSD is that the depth of the p-type junction is limited by the 

ion-implantation energy and is typically shallow [33]. To overcome this limitation, a 

trenched junction barrier diode structure was proposed and realized [33][34]. The 

presence of the trench allows for the increase of the p-type junction depth, thus leading 

to a stronger RESURF effect. The detailed design considerations of the trenched JBSD 

were studied in Refs. 35 and 36.   

 

4.2.3    GaN trench Schottky barrier diodes 

Due to the difficulties of selective-area doping in GaN as mentioned in previous 

chapters, it is very challenging to realize conventional JBSDs. Thus, the trench SBD is 

one of the most attractive alternative structures for the realization of RESURF effect in 

GaN, other than the trench JBSD [37] we discussed in Chapter 2. 

The first GaN TMBS was demonstrated in 2016 [13]. In addition to the conventional 

trench-MOS structure, the authors implemented implanted field rings at the bottom of 

the trench for the purpose of reducing the field crowding near the trench bottom. The 

trench SBDs show a reduced reverse leakage current and an increase of the breakdown 

voltage compared with the regular SBDs. In addition, the trench SBDs with the 

implanted field rings exhibit additional increase of the BV, likely due to the reduced 

field crowding. Furthermore, the authors reported a reverse recovery time of 25 ns, 

which is similar with regular GaN SBDs.  
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In 2017, another demonstrate of GaN TMBS was reported [38]. The devices show 

effectively reduced reverse leakage current than regular SBDs, as well as a high 

breakdown voltage of 750 V defined at 1 mA/cm2 even at 200 °C. This was claimed to 

be the highest BV among all GaN Schottky barrier diodes at 200 °C. In addition, a large 

forward currents up to 10 A was demonstrated in large-area devices. 

 

4.2.4    Ga2O3 trench Schottky barrier diodes 

The first demonstration of Ga2O3 trench SBDs was by Sasaki et al. [39]. The devices 

were fabricated on a (001) epitaxial wafer grown by halide vapor phase epitaxy (HVPE) 

on a single-crystal Ga2O3 substrate. As shown in Fig. 4.2(a), the thickness and the net 

doping concentration of the epitaxial layer are 7 𝜇m and 6×1016 cm-3, respectively. 

Figure 4.2(b) shows the optical top-view image of the fabricated trench SBDs. The 

trench SBD shows similar forward current-voltage (I-V) characteristics with the regular 

SBD, as shown in Fig. 4.2(c). The slightly higher turn-on voltage of the trench SBD is 

attributed to the potential barrier due to the MOS structure at the fin sidewalls. The 

slightly higher differential 𝑅@A,24 is due to the restriction of the current path due to the 

fin/trench structures. The reverse I-V characteristics of the trench SBDs is shown in Fig. 

4.2(d). In comparison with the regular SBDs, 𝐽© is significantly reduced, leading to a 

higher BV (240 V). This serves as a clear proof of concept for the presence of RESURF 

effect in trench SBDs. The same group reported the first characterization of the 

switching performance of their Ga2O3 trench SBDs [40]. As expected, due to the 

unipolar nature, the Ga2O3 trench SBDs show much superior reverse recovery 

characteristics than Si fast recovery diodes, and are comparable with SiC SBDs.  
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Fig. 4.2 (a) Schematic cross section of the Ga2O3 trench SBDs reported by Sasaki et al.. 

(b) Optical image of the Ga2O3 trench SBDs. (c) Forward I-V and (d) reverse I-V 

characteristics of the Ga2O3 trench SBDs in comparison with the regular SBDs. Reprinted 

from Sasaki et al. [39] © 2017 IEEE. 

Following the first demonstration, we have made significant progress on improving 

the breakdown voltage and the power figure-of-merit of Ga2O3 trench SBDs [15-

17,19,20]. So far, a breakdown voltage of 2.89 kV has been demonstrated, together with 

a power FOM of up to 0.95 GW/cm2, which is the highest among all reported Ga2O3 

power devices [20]. In the next section, these progress will be thoroughly discussed. 

(a) (b)

(c) (d)
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Very recently, temperature-dependent I-V characteristics of Ga2O3 trench SBDs was 

studied [41]. It was found that the trench SBDs are more robust than regular SBDs under 

high-temperature stressing, although the physical mechanism is not fully understood.  

The design optimization for the trench corner radius was also reported recently [42]. 

It was shown that an increase of the corner radius is beneficial in improving the 

breakdown voltage due to the reduction of the electric-field crowding. 

4.3    Development of Ga2O3 trench Schottky barrier diodes 

4.3.1    Initial efforts (Gen-1) 

As a first attempt for the design and fabrication of Ga2O3 trench SBDs, we adopted 

an (001) b-Ga2O3 n-type bulk substrate with a 10-𝜇m n--epitaxial drift layer grown by 

halide phase vapor epitaxy (HVPE). Compared with the one used by Sasaki et al. [39] 

[see Fig. 4.2(a)], our drift layer has a much lower doping concentration (<1×1016 cm-3) 

and an increased thickness (10 𝜇m). 

These 1st-generation devices were fabricated by first patterning Ni/Pt (20/90 nm) 

hard mask by a lift-off process. They serves as top Schottky contacts as well as hard 

masks for the subsequent BCl3-based dry etching, which formed the trenches with a 

depth of 2 𝜇m. Next, a 60 nm Al2O3 dielectric layer was deposited by atomic layer 

deposition, followed by a dry etching for top opening. A Ni/Pt (10/70 nm) anode 

electrode was then formed by sputtering. Finally, a Ti/Au (50/100 nm) cathode ohmic 

contact was formed on the back after a BCl3-based dry etching process for 5 min.  

From C-V measurements, we extracted a net doping concentration of ~1-2×1015 cm-

3. Figure 4.3(a) shows the measured forward I-V characteristics of a typical trench SBD 
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compared with a regular SBD fabricated on the same sample. Ideality-factors (n) of 1.02 

and 1.07 are extracted from the regular SBD and trench SBD, respectively. The trench 

SBD has a similar turn-on voltage, but a slightly lower on-current compared with regular 

SBDs. The on-current from both types of diodes are lower than expected, possibly due 

to an even lower net doping concentration deeper into the drift layer and imperfect back 

ohmic contact due to a lack of rapid thermal annealing (RTA) for the back ohmic contact.  

Figure 4.3(b) shows the reverse I-V measurements of the diodes, which have 

breakdown voltages of around 1.5 kV. This is much higher compared with the first-

demonstration by Sasaki et al. [39], largely due to the lower doping concentration. 

Compared with regular SBDs, the trench SBDs have around ~104 times lower leakage 

current compared with regular SBDs, demonstrating the desired RESURF effect in the 

trench-MIS structure.  

 

 

Fig. 4.3 (a) Forward I-V and (b) reverse I-V characteristics of the Gen-1 trench SBDs. 

Reprinted from Li et al. [15] © 2018 IEEE. 
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4.3.2    Second generation (Gen-2) 

To address the biggest issue in the Gen-1 devices, the low on-current, we adopted 

an epitaxial wafer with a higher doping concentration of ~2×1016 cm-3 in the 2nd-

generation devices. The n- epitaxial drift layer has the same thickness of 10 𝜇m. A near-

constant net doping concentration (ND-NA) of ~2×1016 cm-3 is extracted from the from 

capacitance-voltage (C-V) measurements. 

The schematic cross section of the Gen-2 trench SBDs is shown in Fig. 4.4(a). 

Vertical fins with widths (𝑊76A) of 2, 3, 4 𝜇m and a height of 2 𝜇m are designed. 

Between the fins is the trench region where the MIS-junction is located. The fin area 

ratio over the entire device area (or 𝑊76A/pitch size) for all fin widths is (60±5)%. Figure 

4.4(b) shows the simulated electric-field profile at a reverse bias of 1200 V along a 

vertical cutline at the center of the fin [see the dashed line in Fig. 4.4(a)]. In comparison 

with the regular SBD, the electric field near the top surface is effectively reduced by the 

trench-MIS structure, as expected from the RESURF effect, and the RESURF effect is 

more pronounced with smaller fin widths.  
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Fig. 4.4 (a) Schematic cross section of the Gen-2 Ga2O3 trench Schottky barrier diodes. 

Fin widths (Wfin) of 2, 3, 4 𝜇m are designed, along with a trench depth (dtr) of 2 𝜇m. (b) 

Simulated electric-field profile at a reverse bias of 1200 V along vertical cutlines at the 

center of the fins [see dashed line in (a)]. The electric-field profile in a regular SBD is 

shown in the dotted line as a comparison. Reprinted from Li et al. [16], with the 

permission of AIP Publishing. 

The fabrication process of the Gen-2 trench SBDs is illustrated in Fig. 4.5(a). It is 

modified from the process flow of the 1st-generation trench SBDs, such that the back 

ohmic contact formation is realized at the first step to allow for an RTA process, without 

damaging the Schottky properties. First, reactive ion etch (RIE) based on BCl3 and Ar 

[43] was performed on the backside of the wafer to facilitate ohmic contact. After that, 

Ti (50 nm)/Au (125 nm) was evaporated on the backside as the cathode ohmic contact 

followed by an RTA for 1 min under N2 ambient [44]. Next, Ni (20 nm)/Pt (120 nm) 

was deposited and patterned by a lift-off process on the top surface, serving as the 

Schottky contact as well as the hard mask for the subsequent etching for trench 

formation. Trenches with a depth of 2 𝜇m were etched using RIE, resulting in fin 

channels oriented along [010] direction. Figure 4.5(b) shows a scanning electron 

microscopy (SEM) image of the etched fin channels tilted at 45°. Near vertical fin 

sidewalls are observed. Subsequently, the etched surface was cleaned in HCl before the 

deposition of a 100-nm Al2O3 dielectric layer by atomic layer deposition (ALD). Next, 

the dielectric was opened by dry etching to expose the Ni/Pt Schottky contact, followed 

by a deposition of Cr (10 nm)/Pt (70 nm) over the sidewall by sputtering. Figure 4.5(c) 
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shows a top-view optical image of a fabricated trench SBD with a fin width of 2	𝜇m. 

The cross-sectional SEM image of the device is shown in Fig. 4.6. 

 

 

Fig. 4.5 (a) Fabrication process flow of the Gen-2 trench-SBDs. (b) 45° tilted SEM image 

of the etched fins with a fin width of 2 𝜇m. (c) Optical graph of the top view of a 

fabricated device with a fin width of 2 𝜇m. The central anode area enclosed by the red 

dashed line is used for calculating current densities. Reprinted from Li et al. [16], with 

the permission of AIP Publishing. 
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Under the same fabrication process, regular SBDs with the same Ni/Pt Schottky 

contact on the original epitaxial surface were also formed. The regular SBD has a self-

aligned etched mesa formed during the trench etching process. The mesa sidewall is 

covered with the Al2O3 dielectric layer. With an additional evaporation of Ni (20 nm) 

on the planar surface prior to the sputtering of Cr/Pt, MOS-capacitors with Ni-based 

anode contact on the etched (001) surface were co-fabricated on the same sample. The 

C-V measurements on a MOS-capacitors will be presented and discussed in Section 

4.4.2. 

 

 

Fig. 4.6 Tilted (52°) cross section scan electron microscopy (SEM) image of the Gen-2 

trench Schottky barrier diode (SBD) with a designed fin width of 2 𝜇m. The actual 

measured fin width is around 2 𝜇m, leading to a fin area ratio of 55%. The sidewall of 

the fin is not perfectly vertical but with some rounded taper as a result of the dry etching. 

The formation of the taper is likely due to the plasma-loading effect. Reprinted from Li 

et al. [16], with the permission of AIP Publishing. 
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The forward I-V characteristics of the trench SBDs is compared with that of the 

regular SBDs in Figs. 4.7 and 4.8. Both DC and pulsed measurements were performed 

on the devices. For a fair comparison, the current density of the trench SBDs was 

calculated by the entire central area of the anode enclosed by the dashed lines in Fig. 

4.5(c). Figure 4.7(a) shows the DC measurement results in log-scale. The trench SBDs 

and the regular SBD have the same ideality factor of 1.08 as extracted from the 

thermionic-emission model. The apparent barrier heights of the trench SBDs and the 

regular SBD is extracted to be 1.40 eV and 1.35 eV, respectively, using the TE model. 

The slightly higher barrier height/turn-on voltage in the trench SBDs was observed 

before both in trench SBDs [39] as well as in our trench junction-barrier-Schottky-

diodes (Chapter 2), which can be attributed to the raise of effective barrier height due to 

the adjacent MOS junction or p-n junction. Figure 4.7(b) shows the pulsed I-V 

measurements from 0 V to 5 V in a linear-scale. The pulsed I-V measurements were 

performed to mitigate primarily the self-heating effect, as will be discussed more in 

detail later. In comparison with the regular SBD, the trench SBDs have lower current 

density. This is due to the restricted conduction path as a result of the fin geometry. The 

current density for different fin widths is similar, and the finite variation is attributed to 

the slight difference in the fin area ratio, non-uniformity of the processing and the 

doping concentration in the wafer. Figure 4.7(c) shows the extracted differential 𝑅@A,24 

of the devices from the pulsed measurements. The trench SBDs have an 𝑅@A,24 of ~15 

mΩ · cmH, while the regular SBD has an 𝑅@A,24 of 6.6 mΩ · cmH. 
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Fig. 4.7. Forward I-V characteristics of the Gen-2 trench SBDs in comparison with the 

regular SBD fabricated on the same wafer. (a) Measurements under DC condition in a 

log scale. Inset shows the zoom-in plot of the exponential turn-on region. The ideality 

factor of the diodes is extracted to be ~1.08. (b) Measurements under pulsed condition 

from 0 V to 5 V in a linear scale. The pulse width is 8.4 𝜇s and the duty cycle is 0.84%. 

The quiescent voltage (Vq) is 0 V. (c) Extracted differential Ron,sp from the pulsed I-V 

measurements. Reprinted from Li et al. [16], with the permission of AIP Publishing. 

The comparisons between the DC and pulsed measurements under different 

measurement conditions are shown in Fig. 4.8. In the trench SBD [Fig. 4.8(a)], notable 

differences are observed in three sets of comparisons: i) pulsed vs. DC scan; ii) pulsed 

scan upward vs. pulsed scan downward and iii) DC fresh scan vs. DC rescan. In the 

regular SBD [Fig. 4.8(b)], notable difference is only observed in: i) pulsed vs. DC scan. 

These comparisons are summarized in the table in Fig. 4.8(c). 

 

Forward bias (V)
0 1 2 3 4 5

C
ur

re
nt

 d
en

si
ty

 (A
/c

m
2 )

10-9
10-810-710-610-5
10-410-310-210-1
100101102103

regular SBD
Wfin=2 7m
Wfin=3 7m
Wfin=4 7m

0.60.8 1 1.210-6
10-5
10-4
10-3
10-2
10-1
100
101

Forward bias (V)
0 1 2 3 4 5

R
on

,s
p (m

+
"c

m
2 )

100

101

102 Wfin=2 7m
Wfin=3 7m
Wfin=4 7m
regular SBD

Forward bias (V)
0 1 2 3 4 5

C
ur

re
nt

 d
en

si
ty

 (A
/c

m
2 )

0

50

100

150

200
regular SBD 
2 7m
3 7m
4 7m

15 mW!cm2

6.6 mW!cm2

h=1.08

(a) (b) (c)

• Ideality factor:
SBD: 1.06-1.1 at 23.5 C
Plotted SBD: 1.08
Trench SBD: ~1.08
• Phi_B: (A**=33.1 A/cm2-K2, not 

sensitive to A**, extracted at RT)
SBD: 1.35 V
TrenchSBD: 1.4 V.



 

179 

 

Fig. 4.8 Pulsed vs. DC I-V measurements (a) on a Gen-2 trench SBD with a fin width of 

2 𝜇m and (b) on a regular SBD on the same wafer. (c) Summary of the three sets of 

comparisons among the different measurement conditions for the Gen-2 SBDs. Reprinted 

from Li et al. [16], with the permission of AIP Publishing. 

In the regular SBD, a lower current is observed under the DC scan at a bias higher 
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due to the self-heating effect. However, distinct from the regular SBD, it is also 
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a fresh trench SBD should be due to the presence of trapping effect. Since no trapping 

effect is observed in the regular SBDs, the trapping must be located at the trench MIS 

structure at the fin sidewall. Further characterization and detailed discussions on the 

sidewall trapping effect will be discussed in Section 4.4.2. 

The representative reverse I-V characteristics of the Gen-2 trench SBDs in 

comparison with the regular SBDs is shown in Fig. 4.9. In the regular SBDs, the reverse 

leakage current increases quickly as the reverse bias is increased. The hard breakdown 

voltage is ~700 V. In comparison, the trench SBDs have much lower leakage currents 

and higher BVs. In the devices with a 𝑊76A  of 2 𝜇m, a highest BV of 1232 V is 

observed, together with an ultra-low leakage current density of less than 1 𝜇A/cm2 

before breakdown, without other field management techniques. So far, this is the lowest 

reported leakage current level among Ga2O3 power device with a breakdown voltage 

over 1 kV. For a bias lower than ~1000 V, the leakage current density is around the 

detection limit (<0.1 𝜇A/cm2), translating to a very low off-state power dissipation of 

<0.1 mW/cm2. Higher leakage current and lower breakdown voltage is observed from 

wider fin widths, suggesting that a narrow fin width is preferable for a more pronounced 

RESURF effect and a higher breakdown voltage. 
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Fig. 4.9 Reverse bias I-V characteristics of the Gen-2 trench SBDs in comparison with 

the co-fabricated regular SBDs. 

Although the device design and fabrication process is far from optimized, the Gen-

2 trench SBDs already achieve a decent power figure-of-merit of 100 MW/cm2, which 

is much higher than the FOM of the trench SBDs reported in Refs. 39 and 40 (20-30 

MW/cm2). As the breakdown of all these devices is hard breakdown, the difference in 

the barrier height should not be the reason for the difference. Instead, it is likely due to 

the difference in the edge termination scheme.  

In the devices reported by Sasaki et al. [39], the edge of the anode sits on the original 
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edge of the anode (locations A in Fig. 4.10) between the two schemes, since in both 

cases a cylindrical junction appears at the edge of the anode under reverse bias, 

contributing to the electric-field crowding. However, the magnitude of electric-field 

crowding near the outer-most trench bottom corner (locations B in Fig. 4.10) can be 

drastically different. In scheme-1, the location B is surrounded by a cylindrical junction, 

which contributes to a pronounced electric-field crowding. On the other hand, although 

there should also be some finite electric-field crowding near location B in scheme-2 due 

to the presence of a corner, the field crowding is mitigated by the adjacent trench, which 

effectively eliminates a full cylindrical junction. This effect can also be understood by 

taking the limit of 𝑊76A → 0. Under this limit, the electric-field crowding at location B 

would be completely eliminated in scheme-2, but remain unchanged in scheme-1. 

Although scheme-2 may lead to a non-planar process and higher processing complexity, 

it is superior in terms of electrostatics. 

 

 

Fig. 4.10 Schematic cross sections of two different edge-termination schemes: (a) 

scheme-1 and (b) scheme-2. 
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4.3.3    Third generation (Gen-3) 

With improved device designs and fabrication process, the BV was further improved 

to over 2 kV in our third-generation Ga2O3 trench SBDs [17]. To reduce the resistance 

of the fin channels, we reduced the trench depth (𝑑\ç) from our previous design of 2 𝜇m 

to 1.55 𝜇m, as shown in Fig. 4.11(a). To mitigate the previously observed sidewall 

trapping effects, wet acid treatments in HCl and HF were performed to reduce the dry 

etch induced damage and improve the smoothness of the fin sidewall. For complete 

characterization and analysis of trench SBDs, three other devices types: regular SBDs 

with mesa, regular SBDs without mesa, and MOS capacitors are co-fabricated on the 

same wafer as test structures, as schematically plotted in Figs. 4.11(b), (c) and (d), 

respectively. 

 

 

Fig. 4.11 Schematic cross sections of the Gen-3 devices fabricated on the same wafer: (a) 

trench Schottky barrier diodes (SBDs), (b) regular SBDs with mesa, (c) regular SBDs 

without mesa, (d) MOS-capacitors. Adapted from Li et al. [18] © 2019 IOP Publishing. 

Again, the Gen-3 Ga2O3 trench SBDs were fabricated on an epitaxial wafer with a 

10-𝜇m n- drift layer grown by HVPE. As shown in Fig. 4.11(a), the majority of the fin 
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widths are designed to be 1-4 𝜇m  and the trench depth is 1.55 𝜇m . Figure 4.12 

illustrates the fabrication process of the Gen-3 trench SBDs. First, the trench was dry 

etched using a BCl3/Ar gas mixture and Ti/Al/Pt (10/30/90 nm) as the hard mask. After 

the dry etch, the Al/Pt hard mask layers were removed by wet etching in HCl for 20 min. 

The mask removal is the main different between the Gen-3 and Gen-2 process flow. It 

is designed to enable prolonged acid treatments for the etched sidewall in HCl and HF.  

Subsequently, wet etching in HF was performed for ~20 min to remove the Ti mask 

layer as well as the dry etch induced damage. A rounded trench corner profile is realized 

as a result of the dry and wet etching as shown in the scanning electron microscope 

(SEM) cross section image [Fig. 4.13(a)], which is desired to reduce field crowding. 

Compared with the sidewall profile of the Gen-2 devices (Fig. 4.6), which did not 

undergo the acid treatments, the fin sidewall of the Gen-3 devices appears to be 

smoother. 
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Fig. 4.12 Fabrication process flow of the Gen-3 trench SBDs. Reprinted from Li et al. 

[17] © 2018 IEEE. 

The back ohmic contact was formed by a Ti/Au (50/150 nm) deposition and a rapid 

thermal anneal for 1 min in N2. Then, a 100-nm Al2O3 dielectric was deposited by 

atomic layer deposition (ALD) and opened by dry etching for the Schottky contact on 

top of the fins. Finally, Ni (30 nm) Schottky contact was deposited by e-beam 

evaporation, followed by sputtering of Ti/Pt (40/40 nm) for the sidewall metal coverage. 

Figure 4.13(b) shows an optical graph of the top view of a fabricated device with a fin 

length of 150 𝜇m and 𝑊76A of 2 𝜇m. The entire central anode area within the dashed 

lines is used for the calculation of current density throughout the analysis of the 

measurement data. 

 

 

Fig. 4.13 (a) Scanning electron microscopy (SEM) cross-sectional image of a Gen-3 

trench SBD with a designed fin width of 1 𝜇m. A slightly inward-slanted sidewall profile 

and rounded trench corners are observed, preferable for improved RESURF effect and 
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reduced field crowding. (b) Optical top view image of a fabricated Gen-3 trench SBD 

with a Wfin of 2 𝜇m and a fin area ratio of 50%. The length of the fins is 150 𝜇m. Central 

anode area within the dashed lines is used for current density calculation. Adapted from 

Li et al. [17] © 2018 IEEE. 

Capacitance-voltage measurements were performed on the regular SBDs co-

fabricated on the same sample. Figure 4.14(a) plots the extracted net doping 

concentration profile from the measurements on both the SBD made on the original 

epitaxial surface as well as the SBD made on the etched planar surface formed by the 

trench-etch step. These SBDs are different from the ones shown in Figs. 4.11(b) and (c), 

as they do not have the field plate structure, which introduces extra capacitance. The 

extracted doping concentration is found to increase from ~1´1016 cm-3 near the epi-

surface to ~2´1016 cm-3 beyond a depth of ~2.5 𝜇m. The 1/C2 plot is shown in Fig. 

4.14(b). A built-in potential (𝑉Ù6 ) of 1.25±0.1 V is extracted, corresponding to a 

Schottky barrier height of 1.4±0.1 eV. 
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Fig. 4.14 (a) Extracted net doping concentration (ND-NA) from C-V measurements. Two 

types of regular Schottky barrier diode are used for the measurements with the cross 

sections shown in the insets.. Dotted line shows the approximated doping profile used in 

the TCAD simulation. (b) 1/C2 plot for the SBD and the SBD on the etched surface. Vbi 

is extracted to be ~1.25 V, corresponding to a barrier height of ~1.4 eV. Adapted from Li 

et al. [17] © 2018 IEEE. 

Figure 4.15 shows the forward I-V characteristics of the Gen-3 trench SBDs with 

different fin-channel widths and fin area ratio (A.R.). As mentioned previously, A.R. is 

defined as the ratio of 𝑊76A to the pitch size, which is a sum of the trench width (𝑊\ç) 

and 𝑊76A [see Fig. 4.1(b)]. The trench SBDs with 𝑊76A	= 2-4 𝜇m all have a A.R. of 

50%, while the device with 𝑊76A	= 1 𝜇m has an A.R. of 33%. The trench SBDs and 

the regular SBD have a similar turn-on voltage of 1.25 V. From a fitting using the 

thermionic-emission model, 𝑞𝜙w  is extracted to be 1.35 eV, which agrees with the 

extracted value from C-V measurements. The trench SBDs have a higher differential 

R@A,24  than the regular SBDs, which has a differential R@A,24  of 7 mW×cm2. 
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Interestingly, the differential R@A,24 is similar for devices with an identical area ratio. 

With an A.R. of 50%, the differential R@A,24 of the trench SBDs with 𝑊76A	= 2-4 𝜇m 

are all around 11.3 mW×cm2. This is an indication that the sidewall depletion due to the 

charge trapping effects is insignificant in these cases. A further discussion will be 

presented in Section 4.4. In comparison with the second-generation devices, the third-

generation trench SBDs have a smaller R@A,24, which is attributed to the reduced 𝑑\ç 

and improved sidewall interface quality. 

 

 

Fig. 4.15 Forward I-V characteristics (a) in log scale and (b) in linear scale of the Gen-3 

trench SBDs in comparison with the co-fabricated SBD with mesa, as measured by DC 

scans. The current density of the trench SBDs is normalized by the central anode area 

[see Fig. 4.13(a)]. A barrier height of 1.35 eV is extracted from the thermionic emission 

model, which agrees with the extracted barrier height by C-V measurements. Reprinted 

from Li et al. [17] © 2018 IEEE. 
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Figure 4.16 shows the pulsed I-V measurements of the forward characteristics in 

comparison with the DC measurements. The slightly lower turn-on voltage measured 

under the pulsed condition is believed to be related to the trapping effect that is more 

severe during the DC scan, while the higher current at >3 V is attributed to the mitigation 

of device self-heating under the pulsed measurement condition, same with what was 

observed on the Gen-2 devices (Fig. 4.8). Thus, we believe the pulsed I-V measurements 

allow for more accurate extraction of the R@A,24 determined by the intrinsic conduction 

properties of the drift layer. 

 

 

Fig. 4.16 Comparison of the forward I-V characteristics of the Gen-3 devices under pulsed 

condition versus DC. A pulse width of 8.4 𝜇s and a duty cycle of 0.84% is used. The 

observed difference is likely due to a combination of device self-heating and trapping 

effect. Reprinted from Li et al. [17] © 2018 IEEE. 
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Figure 4.17(a) shows the representative reverse I-V characteristics of the trench 

SBDs in comparison with the regular SBDs. The reverse leakage current of the trench 

SBDs is much lower than the regular SBDs. The impact of the fin width on the RESURF 

effect is also clearly revealed: with a smaller 𝑊76A , 𝐽© is smaller, indicating a more 

pronounced RESURF effect. In addition, the hard BV increases with decreasing 𝑊76A . 

In trench SBDs with 𝑊76A	= 1 𝜇m devices, a highest hard breakdown voltage of 2.44 

kV is measured. The reverse leakage current is lower than 1 mA/cm2 before breakdown 

for the 1-3 𝜇m devices, a typical value used to specify the reverse blocking voltage for 

commercial SBDs.  

Even lower leakage current beyond the detection limit is observed in some of the 

trench SBDs, as shown in Fig. 4.17(b). The reverse I-V characteristics of the lower 

leakage devices can be fitted by our numerical leakage model as discussed in Chapter 

3, with the barrier height as the only fitting parameter. The surface electric field is 

obtained from simulation using TCAD Sentaurus. The extracted barrier height from the 

reverse I-V characteristics is 1.11 eV, which is considerably lower than the extracted 

values from forward I-V and C-V measurements, indicating that there exist some non-

ideal leakage mechanisms. It is possible that the dry etching process for the dielectric 

opening for Schottky contact leads to plasma damage to the Schottky interface, as has 

been previously observed in Ref. 45. 
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Fig. 4.17 (a) Representative reverse I-V characteristics of the trench SBDs in comparison 

with the regular SBDs. Much lower leakage current below 1 mA/cm2 is observed for the 

devices with Wfin = 1-3 𝜇m in comparison with the regular SBDs, together with much 

higher breakdown voltages. Adapted from Li et al. [17] © 2018 IEEE. (b) Representative 

I-V characteristics of the trench SBDs with low leakage current. The reverse leakage 

characteristic can be fitted with our numerical leakage model as discussed in Chapter 3, 

with the barrier height as the only fitting parameter. The surface electric field is obtained 

from simulation using TCAD Sentaurus. (er = 10, A* = 37.2 A/cm2K2, mt = 0.31 m0). 

The statistics of the BV is shown in Fig. 4.18, which confirms the previous 

observation that the BV increases with decreasing fin width. No correlation between the 

BV and the area ratio is observed. As all the trench SBDs have an identical edge 

termination structure, i.e., a simple MIS structure with edge-termination scheme-2 [Fig. 

4.10(b)], the hard breakdown should not be limited entirely by the edge termination. 

Otherwise, the breakdown voltage of all trench SBDs should be similar. Indeed, by 

testing the breakdown voltage of the MOS-capacitors [Fig. 4.11(d)], the BV limit due 

to the edge termination is found to be ~2.4 kV, similar with the highest BV of the devices 
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with 𝑊76A	= 1 𝜇m. Thus, only the BVs of the trench SBDs with 𝑊76A	= 1 𝜇m are 

limited by edge termination, while BVs of the trench SBDs with 𝑊76A	= 2-4 𝜇m are 

limited by other mechanisms. 

 

 

Fig. 4.18 Statistics of the measured breakdown voltage of the trench SBDs. The BV is 

found to increase with the reduction of the fin width. Adapted from Li et al. [17] © 2018 

IEEE. 

To identify the breakdown mechanism, the electric-field profile within a unit cell of 

the trench SBD is simulated. Figures 4.19(a) and (b) show the simulated electric field 

profile along a horizontal cutline across the trench bottom corner, at a fixed voltage of 

2 kV and around the highest breakdown voltage, respectively. It is observed that the 

field crowding happens around the trench corner, and the field peak increases with the 

fin width at a fixed voltage. As shown in Fig. 4.19(b), the field peaks near a similar 
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happens at the trench corner. Note that the 5.9 MV/cm value is simulated considering a 

trench corner angle of 90°. In reality the value should be lower due to the rounded trench 

corner profile. 

Overall, the Gen-3 trench SBDs with 𝑊76A	= 2 𝜇m  and an A.R. of 50% have 

highest power FOMs of 0.39 GW/cm2 (2096 V, 11.3 mW×cm2) from DC scan and 0.45 

GW/cm2 (2096 V, 9.8 mW×cm2) from pulsed measurements, marking a significant 

improvement over the Gen-2 devices.  

 

 

Fig. 4.19 (a) Simulated electric-field profile along a horizontal cutline across the trench 

bottom corner at 2 kV. The electric field at the trench corner is found to increase with 

increasing fin width. (b) Simulated electric-field profile along a horizontal cutline across 

the trench bottom around the highest BV of each fin width. The field peak is about the 

same for all fin widths, indicating the device breakdown is limited by the breakdown at 

the trench corner. Adapted from Li et al. [17] © 2018 IEEE. 
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4.3.4    Fourth generation (Gen-4) 

With the breakdown mechanisms identified, we sought to further improve the BV 

in our fourth-generation trench SBDs [19][20]. 𝑊76A  is chosen to be 1 𝜇m due to a 

less severe electric-field crowding near the trench bottom corners than in larger 𝑊76A 

designs, as identified previously in Fig. 4.19. In addition, as will be discussed in Section 

4.4.5, the peak electric field near the trench bottom corner can be reduced by decreasing 

𝑑\ç. Thus, we adopted a reduced 𝑑\ç value of 1.1 𝜇m. To maintain a high fin area ratio 

for a low R@A,24, a 1-𝜇m trench width is designed. Moreover, to mitigate the electric-

field crowding at the device edge, we incorporated a field plate (FP) structure, as shown 

in the schematic cross section in Fig. 4.20(a). The optical top-view image of a fabricated 

field-plated trench SBD is shown in Fig. 4.20(b).  
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Fig. 4.20 (a) Schematic cross section of the Gen-4 field-plated (FP) Ga2O3 trench SBDs. 

(b) Top-view optical image of a fabricated Gen-4 device, where the active device region 

is outlined by a white dashed rectangle with an area of 100×150 𝜇m2. (c) Cross-sectional 

SEM image of a fin channel. (d) Extracted ND-NA profile from C-V measurements on 

regular diodes with a diameter of 200 𝜇m. Inset: schematic cross sections of the two 

types regular diodes. Reprinted from Li et al. [20] © 2020 IEEE. 
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largely the same as used for the Gen-3 devices. After the formation of the fin channel 

by dry etching, the wafer was soaked in HF for 35 min and in HCl for 5 min under 

Depth (7m)
0 1 2 3

N
D

-N
A (#

10
16

 c
m

-3
)

0.1

1  

2  
3  
4  

500 kHz

Cathode

8.9 µm

Anode
Anode
8.9 µm

1.1 µm

Substrate
Cathode
Substrate

Cathode

8.9 µm

Anode
Anode
8.9 µm

1.1 µm

Substrate
Cathode
Substrate

1.0 µm

Pt (FIB)
Ni

Ti/Pt Al2O3

Ti/Al/Au

[001]

[100][010]

~117°

103.8°

~98°

500 nm

Device process: option 1

(001) Ga2O3 substrate
(ND-NA=6.8×1018 cm-3)
Cathode (Ti/Au)

1st dielectric
(105 nm)

Pitch size
(2 µm)

HVPE n--Ga2O3, 10 µm

Ni
Anode

repeated

Wfin
(1 µm)

2nd dielectric
(125 nm)

dtr
(1.1 µm)

8.9 µm

Field plate
(5 µm)

SBD SBD on
etched surface

(a) (b)

(c) (d)

100×150 µm2

[100]
[010]

[001]*



 

196 

ultrasonication to remove the dry etch damage, during which the Ti/Pt (40/60 nm) 

etching mask was simultaneously removed. Then, Ti/Au (75/150 nm) cathode ohmic 

contact was formed, followed by the deposition of the 1st Al2O3 dielectric of 105 nm by 

atomic layer deposition (ALD). After opening of the Al2O3 on top of the fin channel by 

dry etching, Ni (30 nm) Schottky contact and then Ti/Pt (40/40 nm) sidewall coverage 

were deposited by electron-beam evaporation and sputtering, respectively. To form the 

field plate, a 2nd ALD Al2O3 dielectric layer of 125 nm was deposited. Then, contact 

holes were formed by dry etching to expose the anode metal. Lastly, a Ti/Al/Cu/Au 

(10/70/10/60 nm) metal stack was deposited for the field plate. Figure 4.20(b) shows 

the top-view optical image of a fabricated device with an active region area of 100×150 

𝜇mH, which includes both the fins and the regions between fins and is used to calculate 

the current density and 𝑅@A,24. Figure 4.20(c) shows the cross section of a fin channel 

imaged by scanning electron microscopy. A slanted facet is observed at the upper half 

of the right sidewall. This is likely a result of metal-assisted chemical etching by HF 

before the complete removal of the Ti/Pt dry-etch mask [46]. 

Capacitance-voltage measurements were performed on the co-fabricated regular 

SBDs. As shown in Fig. 4.20(d), the net doping concentration ND-NA is extracted to be 

1.25×1016 cm-3.  

Figure 4.21 shows the forward I-V characteristics from both DC and pulsed 

measurements of the trench SBDs with an active area of 100×150 𝜇mH. An apparent 

Schottky barrier height of 1.38 eV and an ideality factor of ~1.3 is extracted from the 

thermionic-emission model. The pulsed measurements show a higher current density 

than DC measurements, especially at higher forward bias. This is likely due to the 
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reduction of self-heating and sidewall trapping effect under pulsed conditions. The 

differential 𝑅@A,24 is extracted to be 10.5 mW·cm2 from DC and 8.8 mW·cm2 from 

pulsed measurements. 

 

 

Fig. 4.21 Forward I-V characteristics in (a) log scale and (b) linear scale of the trench 

SBDs with an active area of 100×150 𝜇m2. Both DC and pulsed measurements are taken. 

Inset in (a): extracted ideality factor from DC measurements. The differential Ron,sp is 

shown in (b). A base voltage of 0 V, a pulse width of 1 𝜇s and a duty cycle of 0.1% is 

used in the pulsed measurements. Reprinted from Li et al. [20] © 2020 IEEE. 

Figure 4.22 shows the comparison of the forward I-V characteristics under pulsed 

conditions among three types of devices: regular SBDs with and without mesa, and 

trench SBDs. Similar with our previous observations on the Gen-3 devices, the current 

density is highest in SBDs without mesa and lowest in trench SBDs as a result of the 

extra conduction path in the 1.1-𝜇m upper drift region as well as the restriction of the 
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current path due to the fin channels. In addition, we observed that the current density is 

slightly lower in trench SBDs with smaller 𝑊76A, even with the same fin area ratio. We 

ascribe it to sidewall depletion in the fin channels due to negative interface charges, as 

will be discussed in further detail in Section 4.4. In the same section, the modeling of 

the 𝑅@A,24 will also be investigated. 

 

 

Fig. 4.22 Comparison of the forward I-V characteristics under the pulsed condition 

between trench SBDs and regular SBDs without and with mesa. Insets show the 

schematic cross sections of the devices. The same pulsed condition as in Fig. 4.21 is used. 

Adapted from Li et al. [20] © 2020 IEEE. 

Figure 4.23(a) shows the reverse I-V characteristics of the trench SBDs. In 
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of the trench SBDs is destructive, with visible breakdown craters near the device edge, 

as shown in Fig. 4.24(a). To investigate the breakdown mechanism of the trench SBDs, 

breakdown tests were also performed on MOS-capacitors without and with field plate, 

which are co-fabricated on the same wafer and have the same dielectric thickness and 

field plate structure as the trench SBDs. As shown in Fig. 4.23(b), with addition of the 

field plate, the destructive BV of MOS-capacitors increases from ~2.4 kV to ~2.9 kV. 

The observed trend in BV also suggests that the breakdown is at the device edge, 

evidenced by the breakdown craters observed near the edge of the MOS-capacitors, as 

shown in Figs. 4.24(b) and (c). 

 

 

Fig. 4.23 Comparison of the reverse I-V characteristics between (a) field-plated trench 

SBDs and SBDs with mesa, (b) MOS-capacitors with and without field plate. Insets in 

(b) shows the schematic structures of the MOS-capacitors and the calculated one-
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dimensional electric field profile along the vertical direction at 2.9 kV in the MOS-

capacitors. Reprinted from Li et al. [20] © 2020 IEEE. 

 

Fig. 4.24 Optical images of the Gen-4 devices after destructive breakdown. (a) Field-

plated trench SBDs. (b) MOS-capacitors without field plate. (c) MOS-capacitors with 

field plate. 
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average electric field in the dielectric layer is reduced, leading to a higher BV. Note that 

the actual electric field is likely lower than the simulated values due to the dielectric 

charging effect. 

 

 

Fig. 4.25 Simulated electric-field distribution along horizontal cutlines near the edge of 

the MOS-capacitors on the Gen-4 sample without and with the field plate at their 

respective highest BV. With the addition of the field plate, the field crowding at the anode 

edge (𝑥 = 0) is largely eliminated, and the field crowding is moved to the field plate edge 

(𝑥 = 5	𝜇m). With the field plate, the peak electric field is lower even at a higher voltage. 

(cutlines taken 0.1 𝜇m below the Ga2O3 surface) 
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much lower than the 𝐸? of Ga2O3. With a more ideal edge termination structure, a 

higher 𝐸y[z can be reached. 

The electric-field profile within the unit cell of the Gen-4 FP-trench SBDs at the BV 

is simulated by TCAD Sentaurus, as shown in Fig. 4.26(a). As expected, the RESURF 

effect is observed near the Schottky contact. 

 

 

Fig. 4.26 (a) Simulated electric-field profile in a unit cell of the Gen-4 FP-Ga2O3 trench 

SBDs at the BV of 2.89 kV. (b) Electric-field profile along the horizontal cutline 1 nm 

under the trench bottom surface (cutline-1). (c) Electric-field profile along the vertical 
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cutlines at the center of the fin channel (cutline-2) and the trench (cutline-3). Reprinted 

from Li et al. [14] © 2020 IEEE. 

Here, it is worth pointing out the “cost” of the RESURF effect, which is present in 

the increased electric field near the bottom of the trench. Figure 4.26(b) shows the 

electric-field profile along the horizontal cutline 1-nm under the trench bottom surface 

(cutline-1). The parallel-plane surface electric-field limit of 4.2 MV/cm in a MOS-

capacitor is also illustrated, representing the limiting case where 𝑊76A → 0 [1-D-MOS 

limit, see Fig. 4.1(c)]. Not only is there electric-field crowding near the trench bottom 

corner, the electric field at the center of the trench is also higher than the 1-D limit, i.e., 

the “cost.” 

Figure 4.26(c) shows the electric-field profile along the vertical cutlines at the center 

of the fin channel (cutline-2) and the trench (cutline-3). In comparison, the parallel-

plane electric-field profile in a regular SBD is also shown as a comparison, representing 

the limiting case where 𝑑\ç → 0 [1-D-SBD limit, see Fig. 4.1(a)]. Cutline-2 reveals a 

𝐸2êç7 of 0.7 MV/cm, corresponding to R ~	6 relative to the 𝐸y[z of 4.3 MV/cm in the 

1-D-SBD limit. We chose the 𝐸y[z from the 1-D-SBD limit, since it is roughly an 

average of the profile along the two vertical cutlines, as can be seen from Fig. 4.26(c). 

In addition, the 1-D-SBD limit is also the case where no RESURF effect is present. The 

close resemblance between the electric-field profile along the vertical cutlines and the 

1-D-SBD limit below the trench bottom illustrates that the drift region can be designed 

based on the 1-D-SBD limit. On the other hand, the RESURF effect is mostly controlled 
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by the design of the fin/trench region. As a result, the design of the RESURF structure 

and the drift region can be decoupled. 

In lateral Ga2O3 SBDs, dynamic 𝑅@A is found to be an important issue [47]. This is 

largely because the high-field region (anode edge) is in close proximity with the active 

region (channel/drift region), resulting in easy depletion of carriers if surface trapping 

is induced by the “virtual-gate” effect [48]. On the other hand, in vertical devices, the 

region with the highest field (anode edge) is located away from the center of the devices, 

so the “virtual-gate” effect would have a much lesser impact.  

To obtain insights on the dynamic 𝑅@A  of the trench SBDs, we obtained the 

forward I-V characteristics on multiple Gen-4 devices before and after reverse-bias test 

up to 70% of the breakdown voltage (2.02 kV) and 80% of the breakdown voltage (2.31 

kV), as shown in Figs. 4.27 and 4.28, respectively. For these tests, we measured devices 

with a fin area ratio of 33%, which is slightly lower than the main devices with A.R. = 

50% as discussed previously, but they are from the same wafer and have identical device 

geometry other than the fin area ratio. Due to the slightly lower area ratio, the fresh 

differential 𝑅@A,24  (~12 mW·cm2) is slightly higher than devices with A.R. = 50% 

(~10.5 mW·cm2).  

As can be seen from Figs. 4.27(c) and 4.28(c), 𝑅@A,24 increase only slightly after 

the reverse bias stress: 2.3% on average after 70% BV and 3.4% on average after 80% 

BV. The increase of 𝑅@A,24 is likely due to charge trapping near the trench corners, 

inside the ALD dielectric or at the MOS-interface. Compared with field-plated lateral 

Ga2O3 Schottky barrier diodes reported in Ref. 47, which shows an increase of 𝑅@A,24 
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of more than 100% after the reverse bias test, the 𝑅@A,24  degradation in the Gen-4 

trench SBDs is significantly less. These results partially confirm the advantage of the 

vertical topology of being less susceptible to trapping-induced dynamic-𝑅@A issues. 

 

 

Fig. 4.27 Forward I-V characteristics in (a) log-scale and (b) linear-scale, as well as (c) 

the extracted differential Ron,sp before and after the reverse I-V sweep up to 2.02 kV (70% 

of breakdown voltage) on a Gen-4 trench SBD. The device has a fin width of 1 𝜇m, fin 

area ratio of 33% and an active area of 100×150 𝜇m2.  
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Fig. 4.28 Forward I-V characteristics in (a) log-scale and (b) linear-scale, as well as (c) 

the extracted differential Ron,sp before and after the reverse I-V sweep up to 2.31 kV (80% 

of breakdown voltage) on a Gen-4 trench SBD. The device has a fin width of 1 𝜇m, fin 

area ratio of 33% and an active area of 100×150 𝜇m2. 

4.3.5    Benchmarking 

The DC performance of all four-generations of Ga2O3 trench SBDs is benchmarked 

in Fig. 4.29(a) against the state-of-the-art Ga2O3 vertical SBDs [49-56]. In terms of the 

as-reported BFOM/power FOM values to date, trench SBDs are only slightly superior 

than regular SBDs: the highest value of 0.8 GW/cm2 in the Gen-4 trench SBDs under 

DC conditions versus that of 0.6 GW/cm2 in regular SBDs [53]. However, the reverse 

leakage current in trench SBDs is generally much lower than regular SBDs at the BV, 

all having values below 1 mA/cm2. If 𝐽©,y[z = 1	mA/cmH is used as the breakdown 

criterion, as shown in Fig. 4.29(b), the effective BV of majority of the regular SBDs 

will be lower, while the BV of the trench SBDs will stay the same. The regular SBD 

reported in Ref. 50 shows notably higher BFOM than other regular SBDs in Fig. 4.29(b), 

largely due to its high barrier height (~1.77 eV).  

In general, nearly all reported Ga2O3 SBDs to date are limited by the edge 

termination. With the limitation of edge termination removed, it is possible for Ga2O3 

trench SBDs to approach the ultimate unipolar limit of Ga2O3 with 𝐸2êç7 < 𝐸y[z = 𝐸?, 

while regular SBDs will be limited by the surface electric field (𝐸2êç7 = 𝐸y[z < 𝐸?).  
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Fig. 4.29 Benchmark plot of all four-generations of Ga2O3 trench SBDs and state-of-the-

art regular SBDs reported from literature [49-56]. (a) Differential Ron,sp vs. the reported 

BV. The reverse leakage current density (JR) in mA/cm2 near the reported BVs are 

indicated in parenthesis. (b) Differential Ron,sp vs. BV defined at JR,max = 1 mA/cm2. 

4.4    Modeling and optimization of Ga2O3 trench Schottky barrier diodes 

4.4.1    Modeling of Von 

To quantitatively reveal the benefits of the RESURF effect in trench SBDs, we 

analyze its on-state voltage drop (𝑉@A). In general, under a certain on-current density 

(𝐽@A), 𝑉@A in an SBD can be expressed by 

𝑉@A = 𝑉Ù6 + 𝐽@A ⋅ 𝑅@A,24. (4.3) 

For simplicity, we approximate 𝑉Ù6 with 𝜙w. In a single-sided abrupt junction as 

in the case of a regular SBD, 𝑅@A,24  is near-optimized under a non-punch-through 

condition at the BV, the same condition under which BFOM was derived, such that 
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𝑅@A,24 =
4BVH

𝜀2𝜇J𝐸y[zK . (4.4) 

In trench SBDs, 𝐸2êç7 is reduced by a factor of R with respect to 𝐸y[z in the drift 

region due to RESURF (Eq. 4.2). Assuming that the additional on-resistance due to the 

fin/trench RESURF structures can be neglected, i.e., the 𝑅@A,24 of the trench SBD is 

dominated by the drift region resistance, we have by using (Eqs. 4.2-4.4)  

𝑉@A ≈ 𝜙w + 𝐽@A ⋅
4BVH

𝜀2𝜇JRK𝐸2êç7K . (4.5) 

With R > 1, 𝑉@A is reduced through the reduction of 𝑅@A,24.  

In a given material, the maximum allowable 𝐸2êç7  under a given 𝐽©,y[z  is 

primarily a function of the barrier height and temperature (T) [Fig. 3.39(a)]. In the case 

of β-Ga2O3, under 𝜙w	= 1.1 V and 𝐽©,y[z	= 1 mA/cm2, 𝐸2êç7 is calculated to be 1.78 

MV/cm at 25 °C and 1.36 MV/cm at 150 °C by our numerical reverse leakage model, 

as shown in Fig. 3.36. For the electron mobility in β-Ga2O3, we adopt a drift mobility 

value of 166 cm2/V·s at 25 °C and 87 cm2/V·s at 150 °C according to the temperature-

dependent Hall mobility model and the calculated Hall factor of ~1.5 in [57]. The 

dependence on doping concentration is neglected for simplicity. 𝜀2 in Ga2O3 is taken 

to be 10 𝜀� [58]. 

Using the aforementioned values and assumptions, 𝑉@A in Ga2O3 trench SBDs is 

calculated as a function of BV at 𝐽@A	= 100 A/cm2, as shown in Fig. 3. It can be seen 

that at a relatively low BV below 100 V, 𝑉@A is dominated by the built-in potential 

(~𝜙w ). As BV increases, 𝑉@A  begins to increase due to the contribution from the 

differential 𝑅@A,24. The RESURF effect in trench SBDs “delays” the increase of 𝑉@A 
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due to the reduction of 𝑅@A,24 as a result of the RESURF factor (see Eq. 4.5). It can be 

seen that a RESURF factor of ~4 is necessary to maintain a low 𝑉@A for a BV of 1 kV 

and above. Of course, with a higher barrier height, the requirement on the RESURF 

factor can be relaxed, but that comes at a cost of an increase in 𝑉Ù6. Thus, it can be 

concluded that for kilovolt-class Ga2O3 rectifiers that focus on high efficiency, i.e., low 

𝑉@A, it is extremely beneficial to use the trench-SBD structure.  

The necessity of RESURF effect in Ga2O3 SBDs can be understood from another 

aspect. In 4H-SiC SBDs, the drift mobility is roughly five times higher than that of 

Ga2O3. With the same barrier height, the maximum 𝐸2êç7 is similar due to the similar 

effective mass in these two materials. This means that the differential 𝑅@A,24 in regular 

Ga2O3 SBDs will be 5× higher than 4H-SiC SBDs. As a result, Ga2O3 SBDs need to be 

operated at ~5 times lower 𝐽@A  to obtain the same 𝑉@A  as 4H-SiC SBDs, which 

translates to a 5× larger chip size for the same current rating. On the other hand, as will 

be shown in the design example in Section 4.4.6, trench SBDs could allow for a 30× 

reduction in the differential 𝑅@A,24 , which more than offsets the 5× difference in 

mobility. Clearly, to compete favorably with high-voltage 4H-SiC SBDs in performance, 

trench SBDs are therefore, the preferred choice over regular SBDs in the case of Ga2O3.  
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Fig. 4.30 Calculated Von at an on-current density of 100 A/cm2 in Ga2O3 trench SBDs at 

(a) 25 °C and (b) 150 °C, using Eq. 4.5. The barrier height is fixed at 1.1 eV and the 

RESURF factor (R ) is varied from 1 to 4. The BV is defined at JR,max = 1 mA/cm2. The 

calculated BFOM limits considering Ec = 8 MV/cm are 18.8 GW/cm2 at 25 °C and 9.9 

GW/cm2 at 150 °C, representing the Von limits due to differential Ron,sp only. Adapted 

from Li et al. [14] © 2020 IEEE. 

4.4.2    Effect of (sidewall) interface trapping 

Since a trench SBD involves a coverage of MOS structures over the sidewalls of the 

fin channels, the quality of the MOS-interfaces requires scrutiny, especially considering 

the fin channels are typically formed by dry etching. In Ga2O3 vertical fin transistors 

with similar sidewall MOS-interfaces, a presence of acceptor-like interface states is 

observed [59]. The charge trapping effect is found to induce hysteresis in the Gen-2 

trench SBDs, as shown in Fig. 4.8.  
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The interface charge trapping effect can be directly observed in MOS-capacitors, 

where a positive-shift of the flab-band voltage (𝑉7Ù) upon repeated measurements is 

reported from multiples studies [60-63]. The interface quality is expected to be 

improved as the surface preparation and interface treatment techniques develop over 

time, as already shown in a recent study [64]. Nevertheless, the impact of the interface 

states on the device performance requires careful analysis and assessment. In this 

subsection, we first discuss the characterization of the interface trapping effect on MOS-

capacitors from Gen-2 and Gen-3 trench SBD samples, and then discuss the impact of 

sidewall interface trapping on trench SBDs. 

To investigate the charge trapping effect on the MOS capacitors co-fabricated on 

the Gen-2 trench SBD sample, repeated C-V measurement sweeps were performed 

starting with a fixed reverse bias limit of -30 V and toward different forward bias limit 

or stress voltage (𝑉2\çë22), which was stepped up from 5 V to 30 V. At each 𝑉2\çë22 , 3 

repeated dual-direction sweeps were performed. Figure 4.31(a) shows the first set of 

sweeps up to a stress voltage of 5 V. In comparison with the ideal C-V curve, the 1st 

upward sweep shows a positive flat-band voltage shift (Δ𝑉7Ù) of 1.6 V as a result of an 

interface-state ledge [65]. The ledge is due to the population of deep interface states 

with trapped electrons during the upward sweep. Assuming the trapped charge is located 

close to the Al2O3/Ga2O3 interface, the sheet density of the trapped interface charge (𝑁6\) 

can be obtained by 

𝑁6\ = −𝐶@z ⋅ Δ𝑉7Ù/𝑒, (4.6) 

where 𝐶@z is the dielectric capacitance. According to Eq. 4.6, a 𝑁6\ of -7.4×1011 cm-2 

is calculated based on the Δ𝑉7Ù of 1.6 V associated with the 1st upward sweep to 5 V. 
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These trapped charge should be primarily due to the deep interface states. After the 1st 

sweep to 5 V, the 𝑉7Ù is further shifted as indicated by the hysteresis. The 𝑉7Ù shift is 

not recovered after the downward sweep back to deep depletion and stays nearly the 

same as indicated by the subsequent upward sweeps. On the other hand, the interface-

state ledge is nearly identical in subsequent upward sweeps. This indicates the trapped 

charge associated with the ledge can be mostly de-trapped with the downward sweep 

but there are additional trapped charges that cannot be de-trapped, which suggests that 

trapping mechanisms other than the deep interface states may exists.  

Figure 4.31(b) shows the 3rd upward sweeps at each 𝑉2\çë22  value. The 𝑉7Ù 

increases with the increasing bias limit, suggesting an increasing of |𝑁6\|. The shift of 

𝑉7Ù does not recover until several days later. Inset shows the extracted 𝑁6\ based on 

the Δ𝑉7Ù  referenced to the ideal C-V curve at each stress voltage. Notice that the 

interface-state ledge is present in each upward sweep. It further suggests that the deep 

interface states associated with the C-V ledge is not the only trapping mechanism. In 

fact, the traps inside the ALD Al2O3 dielectric have been identified as one of the major 

cause [63]. We thus speculate that the increasing trapping effect or 𝑁6\ with increasing 

voltage stress is likely associated with the traps in the dielectric. In addition, it is worth 

noting that the |𝑁6\| after the voltage stress toward accumulation (30 V) is ~6×1012 cm-

2, which is similar with the values reported from Refs. 60 and 62. As will be discussed 

later, the trapping effect is detrimental to the forward conduction of trench SBDs. 
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Fig. 4.31 High-frequency capacitance-voltage (C-V) measurements on a Gen-2 MOS-

capacitor fabricated on the etched (001) surface. The device cross section is shown in the 

inset of (a). Repeated C-V sweeps were performed with a fixed reverse bias limit of -30 

V and different forward bias limit or stress voltage (Vstress), which was stepped up from 5 

V to 30 V. At each stress voltage, 3 repeated dual-direction sweeps were performed 

starting from -30 V. (a) shows the set of sweeps up to 5 V. The ideal C-V curve in the 

absence of trapping effect is shown in the dash line. (b) shows the 3rd upward sweeps at 

each forward bias limits and the inset plots the extracted interface trapped charge density 

(Nit) at each stress voltage. A probing frequency of 0.8 MHz and a sweep rate of 0.1 V/s 

was used for all sweeps. No hold time was employed. Adapted from Li et al. [16], with 

the permission from AIP Publishing. 

Repeated C-V measurements were performed on the Gen-3 MOS-capacitors as well 

to investigate charge trapping effects, as shown in Fig. 4.32. Similarly, the reverse bias 

limit was fixed at -30 V and the forward bias stress voltage (𝑉2\çë22) was stepped up 

from 0 V to 30 V. Under each 𝑉2\çë22 , 3 repeated dual-direction sweeps were performed 

starting from -30 V. Figure 4.32(a) shows the 1st (fresh) dual sweeps under stress 

voltages up to 15 V. An ideal C-V curve without interface-trapping is also shown as a 
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reference, which is analytically calculated based on the measured net doping profile [Fig. 

4.14(a)] using the method illustrated in Ref. 66. In the calculation, a Ni work-function 

of 5.15 eV and a β-Ga2O3 electron affinity of 4.0 eV [67] were used. The relative 

dielectric constant (𝜀ç) of Al2O3 is extracted to be 8.2 from the measured accumulation 

capacitance at +30 V. The positive stress voltage is found to induce right-shift of the C-

V curves, indicating a trapping of negative sheet charges at the dielectric-semiconductor 

interface. Several important observations are as follows: i) the most significant right-

shift is induced by the 1st upward sweeps; ii) the right-shift is not recovered by the 

downward reverse sweeps back to -30 V, indicating that de-trapping is a slow process 

and the responsible trap states have deep energy levels; iii) an interface-state ledge is 

observed [65], which corresponds to the presence of localized density of interface states; 

iv) the repeated sweeps largely follows the 1st downward sweeps to the right of the 

interface-state ledges, similar with what we observed before on the Gen-2 MOS 

capacitors, indicating that no significant further charge trapping is induced by the 

repeated sweeps. These phenomena are consistent with previous observations on MOS-

capacitors under controlled stress voltage and stress time [63], i.e., under a stress time 

on the order of tens of seconds or less, Δ𝑉7Ù  is primarily determined by the stress 

voltage. Figure 4.32(b) shows the 1st downward sweeps, which are used to extract Δ𝑉7Ù. 

𝑁6\ (<0) as a function of the stress voltage is extracted based on Δ𝑉7Ù with respect to 

the ideal 𝑉7Ù , as shown in the inset. Under a stress voltage of +30 V, an |𝑁6\| of 

5.0×1012 cm-2 is extracted, similar with the values from the Gen-2 MOS-capacitors. The 

interface charge trapping may arise from deep surface-states on Ga2O3 due to surface 

damage, or defect states within the dielectric [63].  
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Fig. 4.32 High-frequency capacitance-voltage (C-V) measurements of the MOS-

capacitors fabricated on the etched (001) surface. Repeated measurements were 

performed with a fixed reverse bias limit of -30 V and an increasing forward bias limit or 

stress voltage (Vstress), which was stepped up from 0 V to 30 V. Under each forward bias 

limit, 3 repeated dual-direction sweeps were performed starting from -30 V. (a) The 1st 

(fresh) dual sweeps under each stress voltage up to 15 V. The ideal C-V curve is shown 

in the dashed line. (b) The downward part of the fresh dual sweeps under each Vstress. Inset 

shows a plot of the extracted trapped interface-trapped charge density (|Nit|) under each 

Vstress. A probing frequency of 0.5 MHz and a sweep rate of 0.44 V/s were used for all 

sweeps. No hold time was employed. 
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Figure 4.33 shows the repeated forward I-V measurements on the Gen-3 trench 

SBDs with different fin widths under a pulsed condition, which was used to avoid self-

heating effects and ensure a constant voltage sweeping rate. The fin channels are all 

aligned along the [010] direction, thus the sidewalls are (100)-like. Similar with the C-

V measurements, the forward bias limits or 𝑉2\çë22  values were stepped up, and 3 

repeated upward sweeps were performed under each 𝑉2\çë22 . For all the measured 

trench SBDs, a decrease of the current density is observed after the pioneer upward 

scans, and the turn-on behavior also becomes shallower. This dispersion is attributed 

the trapping of negative charges at the sidewall interface due to the voltage stressing. 

The presence of a negative sheet charge at the fin sidewalls will cause sidewall 

depletions, thus reducing the current density of the trench SBDs. Trench SBDs with 

smaller fin widths suffer more dramatic decrease of the current, since the same sidewall 

depletion width will have a larger impact on the fin conductivity percentage-wise. The 

fact that the 1st and 2nd repeated scans are near identical indicates that i) the charge 

trapping was not recovered within the duration of the measurements (10s of seconds) 

and ii) the charge trapping is mainly determined by the stress voltage, similar with the 

observations on the MOS-capacitors. The decrease of the current is more significant 

with higher stress voltage, indicating an increase of |𝑁6\| with increasing stress voltage, 

which is also similar with the observations in MOS-capacitors. These features also 

suggest that the charge trapping behavior on the (100)-like sidewall is qualitatively the 

same as on the etched (001) surface. In the next subsection, the effect of interface 

trapped charge on the on-resistance will be quantitatively analyzed.  
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Fig. 4.33 Repeated forward pulsed I-V measurements of the trench SBDs different fin 

widths and similar fin area ratio: (a) Wfin = 1 𝜇m, A.R. = 33%; (b) Wfin = 2 𝜇m, A.R. = 

50%; (c) Wfin = 3 𝜇m, A.R. = 50%; (d) Wfin = 4 𝜇m, A.R. = 50%. The forward bias limit 

or Vstress was sequentially increased from 5 V to 15 V. Under each Vstress, 3 repeated 

upward scans were performed (pioneer scan, 1st repeated scan and 2nd repeated scan). All 

I-V curves were measured under pulsed conditions with a base voltage of 0 V, a pulse 

width of 8.36 𝜇s and a duty cycle of 0.836%. 
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4.4.3    Modeling of Ron,sp 

In this subsection, the differential 𝑅@A,24  of trench SBDs will be thoroughly 

analyzed. Although the differential 𝑅@A,24 does not include the forward voltage drop 

due to the 𝑉Ù6, it is still a very important parameter, since i) only the differential 𝑅@A,24 

is relevant to the BFOM instead of the non-differential 𝑅@A,24 in the case of diodes; ii) 

the measured differential 𝑅@A,24  is directly related to the specific series resistance 

(𝑅2,24), which is a key design parameter for a diode other than 𝑉Ù6; iii) it affects the 𝑉@A 

through Eq. 4.3. Note that 𝑅2,24  is a more intrinsic physical quantity than the 

differential 𝑅@A,24, which is an extracted quantity from I-V experiments. Thus, we will 

model the differential 𝑅@A,24 via the modeling of 𝑅2,24, and discuss their relationships. 

It is important to point out that the differential 𝑅@A,24 is not necessarily equal to 𝑅2,24, 

as will be shown later.  

The extracted differential 𝑅@A,24  from the pulsed I-V measurements on Gen-3 

devices (Fig. 4.16) offers valuable insights on the modeling of 𝑅2,24. As can be seen 

from Fig. 4.34, the differential 𝑅@A,24 of the regular SBDs without mesa and with mesa 

are ~4 mΩ·cm2 and ~7 mΩ·cm2, respectively. In comparison, the differential 𝑅@A,24 of 

the trench SBDs with a fin area ratio (A.R.) of 50% is ~10 mΩ·cm2. These numbers 

show arithmetic progression and can be well-understood by considering the differences 

in the major conduction paths in these devices, as illustrated in Fig. 4.34. In comparison 

with the regular SBDs without mesa, the ones with mesa have an extra conduction path 

of 1.55 𝜇m in the mesa region, which contributes the extra 𝑅2,24 of ~3 mΩ·cm2 . In 
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trench SBDs with an area ratio of 50%, the contribution to the 𝑅2,24 from the 1.55 𝜇m 

conduction path is doubled, leading to the extra 𝑅2,24 of ~6 mΩ·cm2. 

 

 

Fig. 4.34 Extracted differential Ron,sp from the pioneer pulsed forward I-V measurements 

on Gen-3 devices [Fig. 4.16] and the corresponding schematic cross sections of active 

conducting region within the 3 different types of devices. Adapted from Li et al. [17] © 

2018 IEEE. 

With this insights, the model for 𝑅2,24 can be easily derived. As illustrated in Fig. 

4.35, the series resistance (𝑅2) consists of the fin channel resistance (𝑅76A), drift region 

resistance (𝑅5ç67\), substrate resistance (𝑅2êÙ) and lumped contact resistance (𝑅?), i.e.,  

𝑅2 = 𝑅76A + 𝑅5ç67\ + 𝑅2êÙ + 𝑅?. (4.7) 
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Assuming the un-depleted fin channel to be of a constant width (2𝑥�), as shown in 

the schematic cross section in Fig. 4.34, 𝑅76A in a unit cell can be calculated by 

𝑅76A =
𝑑\ç

𝑒𝑁|𝜇J𝑍 ⋅ (2𝑥�)
=

𝑑\ç
𝑒𝑁|𝜇J𝑍 ⋅ (𝑊76A − 2𝑊5)

, (4.8) 

where 𝑍 is the finger length of the fin channel along the direction vertical to the cross 

section, 𝑁| is the net doping concentration in the drift layer, and 𝑊5 is the depletion 

width from the sidewall interface at each side, such that 𝑊5 + 𝑥� = 𝑊76A/2. Since 

𝑅2,24 = 𝑅2 ⋅ 𝑍 ⋅ pitch	size, we have using Eqs. 4.7 and 4.8, 

𝑅2,24 = 𝑅5ç67\,24 + 𝑅2êÙ,24 + 𝑅?,24 +
𝑑\ç ⋅ pitch	size

𝑒𝑁|𝜇J ⋅ 𝑊76A n1 −
2𝑊5
𝑊76A

u
. (4.9) 

Let 𝑅� = 𝑅5ç67\,24 + 𝑅2êÙ,24 + 𝑅?,24 , 𝑅H = 𝑑\ç/𝑒𝑁|𝜇J , and since 𝐴. 𝑅.= 𝑊76A/

pitch	size, we have 

𝑅2,24 = 𝑅� +
𝑅H

n1 − 2𝑊5
𝑊76A

u ⋅ 𝐴. 𝑅.
. (4.10) 

If 𝑊5 can be neglected, Eq. 4.10 can be simplified to  

𝑅2,24 = 𝑅� +
𝑅H
𝐴. 𝑅. .

(4.11) 

 



 

221 

 

Fig. 4.35 (left) Schematic representation of series resistance (Rs) components within a 

unit cell of a trench SBD. (right) Schematic band diagram along a horizontal cutline 

across the fin channel, under the presence of negative interface-trapped charge near the 

dielectric-semiconductor interface and a forward bias of VF.  

Figure 4.36(a) shows the measured differential 𝑅@A,24 as a function of 𝐴.𝑅. in our 

third-generation devices, as well as the simplified 𝑅2,24 model without considering the 

sidewall depletion (Eq. 4.11). Decent agreements are observed between the simplified 

model and the measured data for 𝑊76A ≥ 2 𝜇m, with 𝑅� = 4 mΩ·cm2 and 𝑅H = 3 

mΩ·cm2. However, the measured 𝑅@A,24  with 𝑊76A	 = 1 𝜇m  is higher than the 

calculation from the simplified model, indicating the presence of sidewall depletion.  

Figure 4.36(b) shows the measured 𝑅@A,24  as a function of 𝑊76A  in the Gen-4 

devices form the pulsed I-V measurements (Fig. 4.22). Here, under an identical 𝐴.𝑅., 

an increase of the 𝑅@A,24 with decreasing 𝑊76A is observed, a clear indication of the 
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presence of sidewall depletion. This behavior can be well-fitted by the 𝑅2,24 model 

according to Eq. 4.10, from which a sidewall depletion width of 120 nm±30 nm at a 

forward bias of 3 V is extracted. The 𝑅2,24 model is also applicable to similar devices 

such as vertical fin transistors, as will be discussed in Chapter 8, as long as the 

contribution from sidewall accumulation can be neglected. If not, a more elaborated 

𝑅2,24 model will need to be developed. In fact, the sidewall accumulation could reduce 

the fin-channel resistance significantly, and even provide a surge current capability in 

trench SBDs, thus a good MOS-interface quality is highly desirable. Without sidewall 

accumulation, it is important to maintain a reasonably high 𝐴. 𝑅. , such that the 

contribution from the fin-channel resistance is insignificant, leaving the drift region 

resistance as the dominant contribution – an assumption we made earlier for the 𝑉@A 

model. 
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Fig. 4.36 (a) Differential Ron,sp of the Gen-3 Ga2O3 trench SBDs as a function of the fin 

area ratio, as well as the fitting using the simplified Rs,sp model with the sidewall depletion 

neglected (Eq. 4.11). Adapted from Li et al. [17] © 2018 IEEE. (b) Differential Ron,sp of 

the fourth-generation FP Ga2O3 trench SBDs as a function of the fin width (Wfin), as well 

as the fitting using the Ron,sp model considering sidewall depletion (Eq. 4.10). Adapted 

from Li et al. [20] © 2020 IEEE. 

The sidewall depletion width should be a function of the forward bias. As shown in 

the C-V measurements on MOS capacitors (Figs. 4.31 and 4.32), accumulation 

condition can be gradually approached with a sufficiently high forward bias. Similarly, 

with a high enough forward bias on the trench SBDs, the sidewall depletion width 

should also be decreased, leading to a decrease of 𝑅@A,24. 

Figure 4.37 shows the extracted differential 𝑅@A,24  from the pulsed I-V 

measurements of the Gen-3 trench SBDs (see Fig. 4.33). The forward bias limit or 

𝑉2\çë22  is up to 15 V in these measurements to reduce the sidewall depletion. Since the 

repeated scans are nearly identical, only the differential 𝑅@A,24 of the 2nd repeated scans 

are plotted, and they can be viewed as the dynamic 𝑅@A  (𝑅@A,5õA[y6?) as they are 

influenced by the charge-trapping. In addition, the differential 𝑅@A,24 of the pioneer 

scans over the voltage range applied for the first time (the upper envelope of the pioneer 

scans) is plotted, representing the fresh 𝑅@A (𝑅@A,7çë2`) without prior voltage stressing. 

Interestingly, the differential 𝑅@A,5õA[y6?  have lower minimum values than the 

differential 𝑅@A,7çë2`, despite the fact the actual non-differential 𝑅@A is higher under 

repeated scans due the reduction of the forward current. This arise from steeper slopes 
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of the I-V curves under repeated scans approaching the stress voltage, as can be seen 

from Fig. 4.33. We will model this behavior later. 

 

 

Fig. 4.37 Extracted differential Ron,sp of the trench SBDs from forward I-V characteristics 

in Fig. 4.33. Differential Ron,sp from the 2nd repeated I-V scans are extracted as Ron,dynamic. 

In addition, the differential Ron,sp of the upper envelope curve of the pioneer scans are 

extracted as Ron,fresh. The analytically calculated 𝑅2,24  and 𝑅2,24,5677
∗  are indicated by 

dot-dashed lines.  
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As comparisons, forward I-V measurements were performed on the regular SBDs 

under the same measurement sequence, as shown in Fig. 4.38(a). In contrast with the 

trench SBDs (Fig. 4.33), no dispersion of the I-V curves is observed in regular SBDs. 

This confirms that the dispersion in trench SBDs is solely due to the sidewall interface, 

but not from the planar Schottky contacts. Note that a shorter pulse width was used 

when measuring the regular SBDs in order to sufficiently suppress the self-heating. To 

rule out the possible influence of the pulse width on the charge trapping, we also 

performed the measurements using the same pulse width as used for trench SBDs, and 

still no dispersion is observed. Figure 4.38(b) shows the extracted differential 𝑅@A,24, 

which is constant with the forward bias beyond the turn-on voltage, as expected in an 

ideal SBD. In addition, the extracted differential 𝑅@A,24  agrees well with the same 

simplified model used for the modeling of Gen-3 trench SBDs as shown in Fig. 4.36(a) 

(𝑅� = 4 mΩ·cm2 and 𝑅H = 3 mΩ·cm2). 
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Fig. 4.38 (a) Repeated forward I-V measurements of the Gen-3 regular SBDs. A pulse 

width of 0.5 𝜇s and a duty cycle of 0.05% were used for the pulsed measurements. All 

measurement sequence and other conditions are the same with the measurements on the 

Gen-3 trench SBDs as shown in Fig. 4.33. (b) Extracted differential Ron,sp of regular SBDs 

from the 2nd repeated I-V scans.  

Figure 4.39 shows the extracted 𝑅@A,7çë2` from the pulsed I-V measurements as a 

function of the fin area ratio from Gen-3 trench SBDs, as well as the calculated 𝑅2,24 

based on the simplified model. A very good match is observed. For 𝑊76A ≥ 2 𝜇m, the 

differential 𝑅@A,7çë2` is nearly constant with the forward bias beyond ~3 V [see Figs. 

4.37(b)-(d)], and the 𝑅@A,7çë2` plotted here are extracted at 5 V. But in the case of the 

1-µm fin width, the extracted 𝑅@A,7çë2`  gradually decrease with increasing forward bias 

until ~10 V, after which it reaches a constant value [see Fig. 4.37(a)]. We found that 

only the 𝑅@A,7çë2` at 10 V matches with the model, while the 𝑅@A,7çë2` at 5 V is much 

higher than the calculation, suggesting the existence of sidewall depletion below 10 V 

in devices with 𝑊76A	= 1 𝜇m. With a forward bias higher than 10 V, we believe the 

sidewall depletion is mostly eliminated. The higher forward bias required to eliminate 

the sidewall depletion in 1-𝜇m fin channels is likely due to the higher aspect ratio of 

the fin channel, which reduces the average voltage drop across the MOS-junction at the 

sidewall. 

 



 

227 

 

Fig. 4.39 Differential Ron,sp of the Gen-3 Ga2O3 trench SBDs as a function of the fin area 

ratio from pulsed I-V measurements only. The differential Ron,sp are all extracted from the 

pioneer measurements at either 5 V (triangle) or 10 V (circle). Dot-dashed line shows the 

simplified model for Rs,sp. 

Note that the underlying assumption of our model is that the MOS-junction at the 

fin sidewall is a near flat-band condition and there is no accumulation of electrons at the 

sidewall interfaces. If accumulation occurs, 𝑅2,24  would be lowered. Since the 

measured 𝑅@A,7çë2`  matches with the 𝑅2,24 model and does not decrease further with 

increasing forward bias, it can be concluded that either accumulation does not occur at 

the fin sidewalls due to Fermi-level pinning, or that the mobility near the sidewall is 

much lower than in the bulk such that the accumulated electrons do not enhance the 

conductivity appreciably.  
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To understand the behavior of 𝑅@A,5õA[y6?, it is important to recognize that 𝑅76A is 

constant and can be modulated by the forward bias (𝑉�) applied to the MOS-junctions, 

thus represented as a variable resistor in Fig. 4.35. Referring to the equivalent circuit in 

Fig. 4.35, the forward I-V characteristics under a 𝑉� > 𝑉Ù6 is given by:  

𝐽 =
𝑉� − 𝑉Ù6
𝑅2,24

	or	𝐼 =
𝑉� − 𝑉Ù6
𝑅2

. (4.12) 

The differential series resistance (𝑅2,5677) can be obtained from Eq. 4.12 by taking 

derivative with respect to 𝑉�: 

1
𝑅2,5677

	 =
1
𝑅2
−
𝑉� − 𝑉Ù6
𝑅2H

⋅
𝜕𝑅2
𝜕𝑉�

. (4.13) 

As 𝑉� increases, 𝑅2 decreases due to the decrease of 𝑅76A as the side depletion width 

reduces. As a result, the second term on the right-hand side of Eq. 4.13 is positive, 

resulting in 𝑅2,5677 < 𝑅2. This essentially explains the observations in Fig. 4.37.  

In fact, Eq. 4.13 applies for all diodes. In the case of GaN vertical p-n diodes, it is 

possible that 𝑅2 continuously decreases due to multiple possible mechanisms such as 

non-linear p-ohmic contact, conductivity modulation, or photon-recycling effect [68]. 

As a result, the extracted differential 𝑅@A,24  could show continuous reduction with 

increasing forward bias, with values lower than the value of 𝑅2,24, as evidenced, for 

example, in Ref. 69. Since the all experimentally extracted differential 𝑅@A,24  are 

essentially 𝑅2,24,5677, it is important to recognize that differential 𝑅@A,24 may not reflect 

the true value of 𝑅2,24. 

Using Eq. 4.8, we have 
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𝜕𝑅2
𝜕𝑉�

=
𝜕𝑅76A
𝜕𝑉�

= −
𝑑\ç

2𝑒𝑁|𝜇J𝑍𝑥�H
⋅
𝜕𝑥�
𝜕𝑉�

. (4.14) 

The depletion width is modulated by the forward bias 𝑉�  through the electrostatic 

relationships across the MOS structure at the sidewall. The associated band diagram is 

illustrated in Fig. 4.35. In general, the electrostatic potential is distributed along the fin 

channel, but for a simple analytical analysis, we assume that it can be approximated by 

a single value 𝑉76A. According to the band diagram, we have:  

𝑉� − 𝑉76A − 𝑉7Ù = −
𝑒𝑁|𝑊5

H

2𝜀2
−
𝑒𝑁|𝑊5𝑑@z

𝜀@z
−
𝑒𝑁6\𝑑@z
𝜀@z

, (4.15) 

where 𝑉7Ù is the flat-band voltage, 𝜀@z is the dielectric constant of the Al2O3 and 𝑑@z 

is the thickness of the Al2O3. By applying ∂/ ∂𝑉�  to both sides of Eq. 4.15 and 

recognizing that 𝑊5 = −𝑥�, the unknown term ∂𝑥�/ ∂𝑉� in Eq. 4.14 can be obtained. 

It can be shown that 

∂𝑁6\
∂𝑉�

=
𝑒H𝑁|𝑊5𝐷6\

𝜀2
⋅
∂𝑊5

∂𝑉�
, (4.16) 

where 𝐷6\  is the interface-trap density. Using the depletion-layer capacitance 𝐶5 =

𝜀2/𝑊5, the insulator capacitance 𝐶@z = 𝜀@z/𝑑@z, and the capacitance associated with 

the interface traps 𝐶6\ = 𝑒H𝐷6\, we have 

1 −
𝜕𝑉76A
𝜕𝑉�

= 𝑒𝑁| ²
1
𝐶5
+

1
𝐶@z

+
𝐶6\

𝐶@z𝐶5
³ ⋅
𝜕𝑥�
𝜕𝑉�

. (4.17) 

Combining Eqs. 4.13, 4.14 and 4.17, 𝑅2,5677 as a function of 𝑉� can be obtained. It 

is convenient to define an effective capacitance 

𝐶ë77 = ²
1
𝐶5
+

1
𝐶@z

+
𝐶6\

𝐶@z𝐶5
³
��

, (4.18) 

and an effective forward bias 
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𝑉�,ë77 = (𝑉� − 𝑉Ù6) ⋅ ²1 −
𝜕𝑉76A
𝜕𝑉�

³ , (4.19) 

Such that 𝑅2,5677 can be expressed as 

𝑅2,5677 =
𝑅2

1 + 𝑅76A𝑅2
⋅ ²
𝐶ë77𝑉�,ë77
𝑒𝑁|𝑥�

³
. (4.20) 

and for the specific value, 

𝑅2,24,5677 =
𝑅2,24

1 +
𝑅76A,24
𝑅2,24

⋅ ²
𝐶ë77𝑉�,ë77
𝑒𝑁|𝑥�

³
. (4.21) 

As this model considers the “turn-on” of the fin channel, which suffers from sidewall 

depletion due to the interface charge introduced partly by the stress voltage, the 

calculated 𝑅2,24,5677 is essentially the 𝑅@A,5õA[y6?. 

Consider a special case when 𝑥� = 𝑊76A/2 , i.e., the sidewall depletion is 

completely overcome by the forward bias and a flat-band condition is achieved. In this 

case, 𝐶5 = 𝜀2/𝐿|, where 𝐿| = ¿𝑘w𝑇𝜀2/(𝑒H𝑁|) is the Debye length. According to Eq. 

4.11, 𝑅76A,24 = 𝑅H/𝐴. 𝑅.. 𝑉76A as in Eq. 4.19 is approximated by the potential in the 

middle of the fin channel, thus can be calculated by 

𝑉76A ≃
𝑅� +

𝑅H
2𝐴. 𝑅.

𝑅� +
𝑅H
𝐴. 𝑅.

⋅ (𝑉� − 𝑉Ù6). (4.22) 

Consequently, we obtain the 𝑅2,24,5677  at flat-band condition, which is notated as 

𝑅2,24,5677∗ 	: 

𝑅2,24,5677∗ =
𝑅� +

𝑅H
𝐴. 𝑅.

1 + n 𝑅H
𝑅� ⋅ 𝐴. 𝑅. +𝑅H

u
H
⋅ 𝐶ë77(𝑉� − 𝑉Ù6)𝑒𝑁|𝑊76A

. (4.23) 
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In the Gen-3 trench SBDs, 𝑁| is around 1×1016 cm-3 within the fin channel as 

determined from C-V measurements [Fig. 4.14(a)], 𝑉Ù6 is determined to be 1.23 V from 

the measured Schottky barrier height of 1.38 eV from pulsed forward I-V measurements. 

In this special case, the calculated 𝑅2,24,5677∗  should be close the measured 𝑅@A,5õA[y6? 

at 𝑉� = 𝑉2\çë22 , where the on-current under the repeated scans is identical with under 

the pioneer scans (see Fig. 4.33). The same current indicates the same 𝑅76A, thus the 

same sidewall depletion width. As discussed previously on the 𝑅@A,7çë2`, near flat-band 

condition is achieved beyond certain stress voltages. This means at those stress voltages, 

the measured 𝑅@A,5õA[y6? should be near identical with 𝑅2,24,5677∗  under this special 

case where the sidewall depletion is eliminated.  

With the 𝐷6\ as the only fitting parameter, we obtained good matches between the 

calculated 𝑅2,24,5677∗  and the measured 𝑅@A,5õA[y6?  with 𝐷6\	= 8×1011 cm-2·eV-1, as 

shown in Fig. 4.37. Notably, the dependence on the fin width is well-captured by the 

model, which explains why a smaller difference between 𝑅@A,7çë2` and 𝑅@A,5õA[y6? is 

observed in devices with larger fin widths. The 𝐷6\ value of 8×1011 cm-2·eV-1 is similar 

with the 𝐷6\ value extracted from similar fin sidewall interfaces using other methods 

[59], and comparable with the 𝐷6\ values extracted from (2)01)-oriented [70][71] and 

(100)-oriented interfaces [72].  

Thus far, we have shown that both the fresh and dynamic 𝑅@A extracted from the 

Gen-3 trench SBDs can be well-modeled analytically by the 𝑅2,24  models. These 

findings help uncover that near flat-band conditions are achieved in the fin channels 

under sufficiently high forward bias. In addition, the observation of lower differential 
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𝑅@A,5õA[y6? than 𝑅@A,7çë2` is quantitatively explained by considering the modulation 

of fin-channel conductivity by the forward bias. This study highlights the importance of 

the sidewall interface quality in trench-MOS SBDs in general.  

 

4.4.4    Fin orientation dependence 

We have shown that the sidewall interface quality of the MIS-junction is of high 

importance to the device performance of trench SBDs. In fact, it is important to vertical 

fin transistors as well, where the interface trapping at the fin sidewall is found to 

exacerbate drain-induced barrier lowering (DIBL) effects [59] and induce threshold-

voltage instability [73], as will be discussed in Chapter 8. 

Due to the low symmetry nature of b-Ga2O3, this issue may be compounded by 

different behaviors associated with different fin-channel/sidewall orientations. Previous 

studies on Schottky contacts have suggested that differences exist in surface-state 

distribution on different b-Ga2O3 surfaces [74]. In this subsection, we compare the 

electrical characteristics of trench SBDs with different fin-channel/sidewall orientations. 

A strong influence of the orientation on the forward conduction has been observed and 

is linked with the difference in interface charge density at the fin sidewall. The study 

highlights the importance of sidewall interface quality in vertical fin-channel devices 

and provides importance guidance on the choice of fin-channel orientations in b-Ga2O3. 

The devices under this study are from the Gen-3 trench SBD sample. The sidewall 

interface quality is first examined in the circular-shaped regular SBDs of different 

diameters. Figure 4.40 shows the comparison of the forward I-V characteristics between 

the SBDs with mesa and the SBDs without mesa. The current is normalized by the area 
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of the Schottky contact, which in the SBDs with mesa has a diameter 6 𝜇m smaller 

than that of the mesa. In the SBDs without mesa, the current density increases with a 

decreasing diode diameter thanks to current spreading [see Fig. 4.40(b)]. In comparison, 

the current density of the SBDs with mesa has the opposite trend. 

 

 

Fig. 4.40 Forward I-V characteristics of (a) regular SBDs with mesa and (b) regular SBDs 

without mesa from the Gen-3 trench SBD sample. The current is normalized by the 

Schottky contact area. Measurements are taken under pulsed condition with a pulse width 

of 8.4 𝜇s and a duty cycle of 0.84%. Reprinted from Li et al. [18] © 2019 IOP Publishing. 

Figure 4.41(a) shows the extracted differential 𝑅@A,24 from both types of diodes, 

which clearly exhibits opposite trends with the diode diameter. Since the only difference 

in conduction path between the two types of diodes is the mesa region, it can be 

concluded that the conductance of the mesa region does not scale linearly with the 

Schottky contact area. This suggests that there exists a sidewall depletion region due to 
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surface band-bending along the periphery of the mesa, as shown by the illustration in 

Fig. 4.41(b). Since there is a 3-𝜇m gap between the edge of the Schottky contact and 

the edge of the mesa, the average depletion width should be larger than 3 𝜇m. Using 

the measured net doping concentration of ~7×1015 cm-3 near the surface [see Fig. 

4.14(a)], a minimum negative interface charge density of 2.1×1012 cm-2 can be estimated 

by assuming the depleted space-charge is balanced by the negative interface charge. 

This value is similar with the extracted interface charge density on etched (001) surface 

from the Gen-2 and Gen-3 MOS-capacitors. 

 

 

Fig. 4.41 (a) Differential Ron,sp versus the diode diameter for the regular SBDs with and 

without mesa. (b) Illustration of the sidewall depletion responsible for the increase of 

Ron,sp with decreasing diameter in SBDs with mesa, as well as the current spreading 

responsible for the decrease of Ron,sp with decreasing diameter in SBDs without mesa. 

Reprinted from Li et al. [18] © 2019 IOP Publishing. 
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As shown in Section 4.3.3, the Gen-3 trench SBDs with the fin channels orientated 

along [010] direction – hence (100)-like sidewalls – have normal turn-on behaviors, 

similar to the SBDs without mesa shown in Fig. 4.40(b). These trench SBDs show a 

turn-on voltage (𝑉@A) of 1.25 V, and their differential 𝑅@A,24 is found to have a near-

ideal dependence on the fin area ratio, which means an absence of appreciable sidewall 

depletion beyond 𝑉@A. We can estimate the upper limit of interface charge density on 

those (100)-like sidewalls with this simple expression: 

|𝑁6\| <
𝜀@z𝑉@A
𝑒𝑑@z

, (4.24) 

From this equation, the maximum value of |𝑁6\| is calculated to be 6×1011 cm-2, which 

is about 1/4 of the afore-estimated minimum average interface charge density on the 

mesa sidewalls in the circular SBDs with mesa [Fig. 4.40(a)]. This discrepancy can only 

be explained by a dependence of interface charge density on sidewall orientations. 

To verify this, we measure the Gen-3 trench SBDs with 4 different fin-

channel/sidewall orientations fabricated on the same wafer. Figure 4.42 shows the 

schematic top view of the device footprint and the scanning electron microscopy (SEM) 

images of the fin-channel cross sections. All four generations of trench SBDs we 

discussed previously have fin channels oriented along the [010] direction – the scenario 

shown in Fig. 4.42(a), which is used as the reference direction. The other 3 fin-channel 

orientations are rotated 30°, 60°, and 90° respectively with respect to the [010] reference 

direction. The SEM images of all cross sections show similar channel profile, featuring 

slightly inward-slanted sidewall with a sidewall angle of 95°-97° and smooth trench 
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bottom corners. Thus, the channel morphology alone should not cause a large difference 

in the device characteristics. 

 

 

Fig. 4.42 Scanning electron microscopy (SEM) cross-sectional images of the Gen-3 

trench SBDs with different fin orientations: (a) along [010] direction (0° rotation), (b) 30° 

rotation, (c) 60° rotation and (d) along [100] direction (90° rotation). The cross-sectional 

cutline positions are indicated by the red dashed lines, while the viewing directions by 

the red arrows in the schematic top-view cartoons. The viewing angle of the SEM is 52° 

from the norm of the sample top surface. Reprinted from Li et al. [18] © 2019 IOP 

Publishing. 

Figure 4.43 shows the forward I-V characteristics of the Gen-3 trench SBDs with 

different fin-widths and channel orientations measured under an identical pulsed 

condition. The devices with the reference orientation and thus (100)-like sidewall shows 

a normal turn-on behavior. The barrier height is extracted to be 1.38 eV from the 

thermionic-emission model and the ideality factor is 1.06 at 295 K. Aside from the 

reference orientation, the other 3 sidewall orientations all lead to a shallow turn-on 

behavior and much lower on-currents, indicating the presence of significant sidewall-
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depletion due to interface charge. The worst case is when the fin sidewalls are (010)-

like. Similar shallow turn-on behavior has also been observed in etched fin channels 

with slanted sidewall profile by Joishi et al., but the sidewall orientation was not 

specified [75]. Since devices with 𝑊76A	= 4 𝜇m and (010)-like sidewalls also show the 

shallow turn-on behavior, the sidewall-depletion width must be larger than 2 𝜇m, which 

is consistent with the observations from the regular SBDs with mesa. 
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Fig. 4.43 Forward I-V characteristics of the Gen-3 trench SBDs with different fin-widths 

and fin-channel orientations: (a) Wfin = 1 𝜇m, fin area ratio (A.R.) = 33%; (b) Wfin = 2 

𝜇m, A.R. = 50%; (c) Wfin = 3 𝜇m, A.R. = 50%; (d) Wfin = 4 𝜇m, A.R. = 50%. All I-V 

curves are measured from fresh upward scans under the same pulsed conditions used in 

the measurements of the regular SBDs. Below the measurement limit, the pulsed I-V 

curves are the same for all devices since they are limited by the system charging time. 

Adapted from Li et al. [18] © 2019 IOP Publishing. 

The cause of the negative interface charge on the sidewalls is likely from dry-etch-

induced surface damage, which might not be fully-removed by the acid treatments. 

Although F incorporation during the wet etch in HF may also introduce negative charges 

[49], we do not believe it is the main reason, since we observed similar sidewall-

depletion and fin-orientation dependence in devices without wet etch on another wafer. 

The surface damage likely induces acceptor-like deep states, which lead to negative 

interface charges and surface band-bending. The existence of upward surface band-

bending of 1.63 eV on chemical-mechanical polished (CMP-ed) (010)-surface has 

indeed been observed with X-ray photoelectron spectroscopy (XPS) by Fu et al., 

corresponding to a negative surface charge density of 8.8×1012 cm-2 [74]. Fu also 

showed that the (010) surface has a larger surface band-bending and Schottky barrier 

height than the (2)01) surface [74]. In fact, the Schottky barrier of the same metal 

contact on the (010) surface has been reported to be generally higher than on other 

surfaces [74, 76-78], while the Schottky barrier on the (100) surface is among the lowest 

[67, 79]. This may be correlated with the difference in surface band-bending and the 

corresponding surface charge density, as the barrier height appears strongly influenced 

by Fermi-level pinning in b-Ga2O3 [76, 80]. The lowest interface charge density on the 
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(100)-like surfaces indicates that this surface may be least susceptible to surface damage, 

which is likely linked with easy exfoliation of (100)-oriented b-Ga2O3 flakes due to the 

strong in-plane covalent bonds and weak perpendicular bonds [81]. On the other hand, 

it is worth noting another distinct possibility that the dry-etch-induced surface damage 

is sufficiently removed by our wet-etch treatments; therefore, the crystallographic 

orientation dependence of surface/interface charge densities is inherent in b-Ga2O3. The 

exact mechanism behind the crystallographic orientation dependence requires further 

study, especially on pristine b-Ga2O3 surfaces such as epitaxially grown surfaces that 

are not subject to CMP, dry etch etc. Nearly all studies in the literature to date have been 

carried out on b-Ga2O3 surfaces that were either CMP-ed or etched, except the exfoliated 

(100) flakes. 

The reverse characteristics of the Gen-3 trench SBDs with 𝑊76A	= 1 𝜇m is shown 

in Fig. 4.44. The breakdown voltage (BV) for all fin-orientations is around 2.4 kV, 

similar with the BV of the MOS-capacitor. It suggests that the breakdown of the devices 

with a 𝑊76A	= 1 𝜇m width maybe limited by field crowding at the device periphery, 

whereas for larger fin widths the breakdown voltage is limited by field-crowding at the 

trench corners, as discussed in Section 4.3.3. The lack of fin-orientation dependence is 

as-expected since the presence of the negative interface charge at the fin sidewall will 

not exacerbate the field crowding at the trench corners. 
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Fig. 4.44 Breakdown voltage of the Gen-3 trench SBDs with Wfin = 1 𝜇m with respect 

to the fin orientation angle, in comparison with the breakdown voltage of the MOS-

capacitor. Inset shows the corresponding reverse I-V characteristics. Reprinted from Li et 

al. [18] © 2019 IOP Publishing. 

In summary, we have identified the presence of sidewall-depletion at etched mesa 

sidewalls on (001) b-Ga2O3 wafers. The sidewall-depletion is attributed to negative 

interface charges, likely induced by dry-etch-induced surface damage. The forward I-V 

characteristics of trench SBDs with 4 different fin-channel orientations are compared. 

The trench SBDs with (100)-like sidewall have near-ideal turn-on behaviors, while all 

other orientations lead to a shallow turn-on behavior and a much lower current density. 

It suggests that the interface charge density on the etched (100)-like surface is much 

lower than on other sidewall surfaces. The reverse breakdown characteristics are not 

influenced by the fin-orientation. The study identifies the significant impact of the 
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sidewall interface quality in vertical fin-channel devices and reveals the superiority of 

the (100)-like b-Ga2O3 surfaces in the presence of surface damage. Whether this 

crystallographic dependence is native to b-Ga2O3 needs further investigations.  

 
4.4.5    Optimization of trench structure 

A central part in the design of trench SBDs is the design of the electric-field profile 

under reverse bias. In general, the electric-field profile at a certain reverse bias is mainly 

controlled by the doping profile, the fin/trench geometry, and to a lesser extent the 

dielectric properties. In the simplified case as shown in Fig. 4.1(b), the doping 

concentration is assumed to be constant in the entire n--layer including the fin region, 

and the fin/trench geometry is determined by only three parameters: 𝑊76A, 𝑊\ç, and 

𝑑\ç. In this subsection, we will investigate the impact on the electric-field profile by 

these three parameters. We should note that the trench bottom corner should ideally be 

rounded to reduce the associated electric-field crowding, as investigated in Ref. 42. But 

for simplicity, we only consider an abrupt 90° trench corner, i.e., the worst scenario.  

As mentioned previously in Section 4.3.4, a good starting point of the drift region 

design is the 1-D-SBD limit [Fig. 4.1(a)]. Here, we aim at a BV of 1.2-1.4 kV and a 

target average 𝐸y[z of 5 MV/cm for a sufficient design margin in the case of Ga2O3. 

Under a non-punch-through condition at BV, the BV and 𝐸y[z will determine the net 

doping concentration and thickness (𝑑5ç67\) of the drift region, according to the familiar 

expressions: BV = 𝑒𝑁|𝑑5ç67\H /2𝜀2 and 𝐸y[z = 𝑒𝑁|𝑑5ç67\/𝜀2. For simplicity, we have 

designed the drift region with 𝑁|	= 5×1016 cm-3 and 𝑑5ç67\	= 5.5 𝜇m, corresponding to 

a BV of 1375 V under a 𝐸y[z of 5 MV/cm. The dielectric layer has a minor influence 
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on the overall field profile. We have chosen a 𝑑@z of 100 nm, similar to what was used 

in the trench SBDs. The dielectric constant (𝜀@z) is taken to be 8.2 𝜀�, corresponding to 

the measured value of Al2O3 [18]. Due to the 2-D nature of the electric-field profile, it 

is difficult to obtain analytical solutions, thus we simulate the profile using TCAD 

Sentaurus.  

Figures 4.45(a) and (b) shows the influence of 𝑊76A  on the electric-field profile 

along the horizontal cutline-1 below a trench bottom surface and the vertical cutline-2 

at the center of the fin channel, respectively. The definition of the cutlines are the same 

as in Fig. 4.26(a). Similar to the previous simulation results on the Gen-3 trench SBDs 

(Fig. 4.19), a smaller 𝑊76A is beneficial for both a smaller electric-field peak at the 

trench bottom corners as well as a more pronounced RESURF effect. In practice, there 

is a lower limit of 𝑊76A due to both manufacturability and the likely existence of a 

certain sidewall depletion width due to the built-in potential. A 𝑊76A  around 1 𝜇m 

may be a sweet spot with all the factors considered, and also with the feasibility verified 

experimentally. 
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Fig. 4.45 Simulated electric-field profile along (a) horizontal cutline-1 under the trench 

bottom surface and (b) vertical cutline-2 at the center of the fin channel, under different 

values of Wfin and a reverse bias of -1375 V. The definitions of the cutlines are identical 

with the ones shown in Fig. 4.26(a). Reprinted from Li et al. [14] © 2020 IEEE. 

Figure 4.46 shows the influence of 𝑑\ç on the electric-field profile. Here, a tradeoff 

is observed between the surface electric field and the electric field near the trench 

bottom: a larger 𝑑\ç will reduce 𝐸2êç7 but at a cost of an increase in the electric field 

near the trench bottom with respect to the 1-D limit. Therefore, 𝑑\ç should be made as 

small as possible, as long as a sufficient RESURF effect is maintained, i.e., the RESURF 

effect should not be over-designed. A smaller 𝑑\ç also benefits the 𝑅@A,24. 
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Fig. 4.46 Simulated electric-field profile along (a) horizontal cutline-1 under the trench 

bottom surface and (b) vertical cutline-2 at the center of the fin channel, under different 

values of dtr and a reverse bias of -1375 V. Reprinted from Li et al. [14] © 2020 IEEE. 

Figure 4.47 shows the influence of 𝑊\ç on the electric-field profile. As can be seen 

in Fig. 4.47 (b), under the same fin geometry, the RESURF effect is nearly independent 

of 𝑊\ç. To minimize 𝑅@A,24, 𝑊\ç should be made as small as possible for the largest 

A.R.. However, as shown in Fig. 4.47(a), the electric field near the trench bottom 

increases rapidly with reducing 𝑊\ç . Therefore, a reasonably large 𝑊\ç  should be 

maintained.  

Finally, it is worth noting that the aforementioned influences of the trench-geometry 

parameters are not specific to one drift-layer design and Ga2O3 only. Rather, the 
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qualitative trends are universal, as governed inherently by the Poisson’s equation in 2-

D.  

 

 

Fig. 4.47 Simulated electric-field profile along (a) horizontal cutline-1 under the trench 

bottom surface and (b) vertical cutline-2 at the center of the fin channel, under different 

values of Wtr and a reverse bias of -1375 V. Reprinted from Li et al. [14] © 2020 IEEE. 

4.4.6    Design flow and examples 

Based on the effect of the fin/trench geometry on the electric-field profile, we 

discuss a design example of a 1375-V Ga2O3 trench SBD with a Schottky barrier height 

of 1.1 eV. A universal design flow is summarized in Fig. 4.48. We target at a 𝐽©,y[z  of 

~1 mA/cm2 at 150 °C, ensuring an even lower 𝐽©,y[z  at lower temperature. Regarding 

the constraints on the electric field, we adopt the same average 𝐸y[z of 5 MV/cm as 

used in the previous subsection, and limit the peak 𝐸y[z  to below 7 MV/cm, which is 
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around the 𝐸? of β-Ga2O3. Consequently, the drift layer design remains the same as 

discussed in Section 4.4.5.  

The design of the fin/trench geometry needs to satisfy the requirements on the 

leakage current and the peak 𝐸y[z. From the calculation of the reverse leakage current 

as discussed in Chapter 3, we found that with 𝜙w	= 1.1 V, a 𝐽© of 2.5 mA/cm2 can be 

maintained at 150 °C with an 𝐸2êç7 of 1.51 MV/cm, corresponding to a RESURF factor 

of 3.3 with respect to the average 𝐸y[z. With a fin area ratio of ~50%, this will lead to 

a 𝐽©,y[z  of ~1.3 mA/cm2, close to our design target. 

We first chose 𝑊76A to be 1 𝜇m. 𝑊\ç is designed to be 1 𝜇m for an A.R. of 50%, 

with a moderate increase in the electric field near the trench bottom, as shown in Fig. 

4.47(a). The design of 𝑑\ç depends on the requirement on the 𝐸2êç7 or the RESURF 

factor. From simulation, a 𝑑\ç of 0.85 𝜇m is found to be sufficient. Note that along 

the top Schottky contact surface in trench SBDs, the surface electric field is nonuniform. 

However, it has a highest value at the center of the fin channels. Thus, as long as the 

𝐸2êç7 at the center for the fin channel satisfies the requirement on 𝐽©,y[z , the overall 

leakage current will certainly do. With this design, the peak electric field in Ga2O3 at 

1375 V is extracted to be 6.5 MV/cm from simulation [also can be seen from Fig. 

4.46(a)]. This value complies with our requirement on the peak 𝐸y[z. Note that the 

peak electric field can be reduced with a rounded trench bottom corner, which has been 

shown recently in a TCAD simulation study [42].  
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Fig. 4.48 Device performance target-oriented design flowchart for trench SBDs. Note 

that steps 4-7 can be performed iteratively to determine the optimum barrier height for 

the lowest possible Von. Reprinted from Li et al. [14] © 2020 IEEE. 

The calculated reverse and forward I-V characteristics of the designed 1375-V 

Ga2O3 trench SBD is shown in Figs. 4.49(a) and (b), respectively. At the designed BV 

of 1375 V and 150 °C, 𝐽© is calculated to be 1.3 mA/cm2. The differential 𝑅@A,24 of 

the trench SBD is calculated from the 𝑅2,24 model using Eq. 4.11. To obtain the same 

𝐽© in a regular SBD with the same barrier height, the required drift layer thickness and 

doping under a non-punch-through condition is 19.5 𝜇m and 4×1015 cm-3, respectively. 

The reverse and forward I-V characteristics of such a regular SBD are also shown in Fig. 
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4.49 as a comparison. It can be seen from Fig. 4.49(b) that the regular SBD has a much 

higher 𝑅@A,24 than the trench SBD due to the much higher resistance in the drift layer. 

 

 

Fig. 4.49 Calculated (a) reverse I-V and (b) forward I-V characteristics of the design 

example of a 1375-V Ga2O3 trench SBD, in comparison with a regular SBD counterpart. 

The designs target at the same leakage current at 150 °C at the same BV of 1375 V for 

both the trench and regular SBDs, followed by the determination of the drift layer 

parameters and SBD forward characteristics in the two types of SBDs (see Fig. 4.48). 

Detailed design parameters and DC performance metrics are summarized in Table III. 

Reprinted from Li et al. [14] © 2020 IEEE. 

The design parameters and detailed DC performance metrics of these two SBDs are 

summarized in Table III. Notably, the differential 𝑅@A,24 of the trench SBD is >30× 

smaller than the regular SBD. The drastic reduction 𝑉ÛÍ  in the trench SBD is 

consistent with the calculated 𝑉ÛÍ  results shown in Fig. 4.30(b), barring the exact 
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values of 𝑉ÛÍ due to the approximations we made in Eq. 4.5 (𝑉Ù6 ≈ 𝜙w and 𝑅H ≪

𝑅� ≈ 𝑅@A,24). This example highlights the importance of RESURF effect in the design 

of kilovolt-class high-efficiency power rectifiers based on UWBG semiconductors.  

 

TABLE III. Summary of the calculated DC characteristics of the designed 1375-V b-Ga2O3 
trench and regular SBDs. (The fin/trench geometry in the trench SBD is designed with Wfin = 1 
𝜇m, Wtr = 1 𝜇m and dtr = 0.85 𝜇m. For the dielectric layer, dox = 100 nm and eox = 8.2 e0.) 

 

 

4.5    Conclusions 

In this chapter, we have shown that for kilovolt-class operation, the trench SBD 

structure is not only preferred, but arguably necessary for high-efficiency rectifiers 

based on β-Ga2O3. In fact, this is true for all UWBG semiconductors. The RESURF 

effect in trench SBDs decouples the reverse leakage current 𝐽©  from the maximum 

electric field 𝐸y[z in the device structure, allowing for a higher average 𝐸y[z to be 

reached away from the Schottky contact interface without incurring excessive 𝐽©, which 

leads to a lower differential 𝑅@A,24 and 𝑉@A. 

!"
(V)

#$
(cm-3)

%&'()*
(+m)

-
(°C)

./
@ 1375 V

(mA/cm2)

012
@ 100 A/cm2

(V)

Differential

312,56
(mW·cm2)

Trench SBD 1.1 5×1016 5.5
25 1.3×10-2 0.90 0.54

150 1.3 0.82 1.0

Regular SBD 1.1 4×1015 19.5
25 5.9×10-3 2.7 18

150 1.3 4.2 35

TABLE III. Summary of the calculated DC characteristics of the designed 1375-V b-Ga2O3 trench and regular SBDs.
(The fin/trench geometry in the trench SBD is designed with 78(2=1 +m, 7*'=1 +m and %*' =0.85 +m. For the
dielectric layer, %19=100 nm and :19=8.2 :;.)
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Experimental demonstrations of four-generations of Ga2O3 trench SBDs show 

progressive improvements in the power figure-of-merit. We have confirmed the 

presence of the RESURF effect, which leads to a generally higher BV and lower 𝐽© 

than regular SBDs. To date, the Gen-4 trench SBDs achieve a highest a power FOM of 

0.95 GW/cm2, the highest among all Ga2O3 power devices reported thus far. 

An analytical model for 𝑉@A is derived for trench SBDs, revealing the importance 

of the RESURF effect quantitatively. Analytical models for both the specific series 

resistance 𝑅2,24 and its differential value 𝑅2,24,5677 are developed, and experimentally 

verified via the measured fresh differential 𝑅@A,24  and dynamic differential 𝑅@A,24 , 

respectively. The effects of sidewall interface trapping on the forward conduction of 

Ga2O3 trench SBDs are investigated. The negative interface-charge density is found to 

increase with increasing stress voltage, induce sidewall depletion in the fin channels and 

reduce the on-current of the trench SBDs under repeated measurements. Moreover, the 

interface-charge density is found to be dependent on the sidewall orientation, with the 

(100)-like sidewalls having the lowest value. 

Through a simulation study, the effect of fin/trench geometry on the electric-field 

profile is identified, which is important for the design optimization. A design example 

of a kilovolt-class Ga2O3 trench SBD is presented, which show a 𝑉@A lower than 1 V 

at an on-current of 100 A/cm2.  

Finally, it is worth pointing out that the dielectric layer in trench SBDs plays an 

important role in supporting the high electric field in UWBG semiconductors. Due to 

the continuity of the electric displacement field across the MOS interface, the electric 

field in the dielectric layer can also be very high, leading to reliability concerns. This is 
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a universal challenge among all UWBG power devices using MOS structures and is out 

of the scope of this article. However, without going into details, we mention three 

potential solutions to this issue for UWBG trench SBDs: i) development of 

breakthrough high-𝜅 dielectric materials with high breakdown field and reliability; ii) 

development of p-type shield regions under the trench bottom surface through p-n 

heterojunctions; and iii) design of a safe operating margin at a cost of a reduced 

performance but with the reliability preserved. Clearly, these solutions require 

innovations from both fundamental material science as well as device design. With 

further advancements on the edge termination and the robustness of the dielectric layer, 

trench SBDs could effectively harness the high electric-field capability of UWBG 

semiconductors for efficient power rectification. 
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CHAPTER 5 BURIED P-LAYER IN GAN: ACTIVATION AND POLARIZATION 

DOPING 

5.1    Introduction 

5.1.1    Overview 

This chapter marks the beginning of the second half of this dissertation, which will 

be centered around the topic of p-type doping for wide-bandgap vertical power 

transistors. As introduced in Chapter 1, one of the major challenges on GaN and Ga2O3 

vertical power devices is the lack of reliable techniques for selective-area p-doping. This 

leads to difficulties in effective engineering of the electrostatics within the devices.  

In fact, even on p-type doping alone in a number of WBG materials, there exist a 

variety of challenges. Particularly, in the case of GaN, the p-type layer grown by 

MOCVD requires thermal activation to show p-type conductivity. While this is readily 

achievable with an exposed p-type top surface, it gets significantly more difficult in 

structures with buried p-layers, where the p-type surface is not exposed. It happens that 

structures with buried p-layer, i.e., n-p-n structures, are quite ubiquitous, and can be 

found in vertical transistors with key functionalities. In this chapter, we investigate two 

methods to address the challenge of dopant activation in buried p-layers in GaN. 

 

5.1.2    Importance of buried p-layer in vertical power transistors 

In Fig. 5.1, three major types of vertical power transistors are schematically drawn, 

including vertical diffused MOS (VDMOS), trench MOSFETs and vertical fin 

transistors. Among them, VDMOS and trench MOSFET both require the presence of a 
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p-type base/body, as indicated in Figs. 5.1(a) and (b). Particularly, there exists a region 

with buried p-layer underneath the n+ source, i.e., a vertical n-p-n structure. 

Functionally, the p-base first allows for a normally-off, or enhancement-mode 

channel, similar with the case of a planar n-MOSFET. In addition, the bottom p-n 

junction supports most of the voltage under reverse bias, enabling the voltage-blocking 

capability of the vertical power transistors. Particularly, in the n-p-n region, the buried 

p-layer prevents the initiation of punch-through, which happens when the p-layer is 

completely depleted, therefore unable to provide the potential barrier required to avoid 

shorting of the n+ source and the n- drift region. Therefore, effective doping of the p-

base, including the buried p-region, is essential for the operation of the VDMOS and 

trench MOSFETs. 

Although vertical power transistors can be realized with a vertical fin structure, 

without needing for p-type doping, as shown in Fig. 5.1(c), the presence of a p-body has 

a key advantage, i.e., it can provide a robust avalanche capability. When avalanche 

occurs, a large number of holes are generated by impact ionization. They need to be 

withdrawn from the device to enable stable and repeatable device operation. The 

presence of a p-type region with an external p-contact allows for easy access of the holes 

due to the direct access to the valance band. The same is not true for vertical fin 

transistors in the absences of an active p-body. As a result, VDMOS and trench 

MOSFETs are preferred for applications requiring robust avalanche breakdown, 

necessitating the study of effective doping of the buried p-layer. 
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Fig. 5.1 Schematic cross sections of three major types of vertical transistors: (a) vertical 

diffused MOS (VDMOS), (b) trench MOSFET and (c) vertical fin transistors. The gate 

structure for the vertical fin transistors could be p-n junctions (as in JFETs), Schottky 

junctions, or MOS structures. P-type regions are colored in blue. (Courtesy of Mingda 

Zhu.) 

5.1.3    Punch-through of a buried p-layer 

As mentioned previously, punch-through of the buried p-layer happens when the p-

layer is fully-depleted, at which point a punch-through voltage (𝑉æX) can be defined. 

Based on full-depletion of the p-layer, it can be easily shown that 𝑉æX is closely related 

to the net acceptor concentration (𝑁û) of the buried p-layer, as will be discussed in 

Section 5.3. Thus, measurement of 𝑉æX serves as an effective characterization method 

on the effectiveness of the p-doping. In this chapter, we will explore this novel method 

for the study of buried p-layer in GaN. 

In an n-p-n structures, the buried p-layer forms p-n junctions with both the top n-

layer and bottom n-layer, thus the structure is essentially back-to-back connected p-n 

diodes. Therefore, punch-through of the p-layer could happen both under forward bias 

and reverse bias conditions. Since the corresponding 𝑉æX  values could be different, 

06/16/20 B-Exam    Wenshen Li   wl552@cornell.edu 0

(a) VDMOS (b) Trench-MOSFET (c) Fin transistor

Importance of selective-area doping

Figures courtesy of M. Zhu
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depending on the doping and thickness of the n-layers, measurements of punch-through 

voltages under both conditions can provide a confidence check on the extraction of the 

net acceptor concentration, as will be shown in Section 5.3. 

 

5.1.4    Issue with the passivation of buried p-layer in GaN 

Mg-doped p-type GaN using metal-organic chemical vapor deposition (MOCVD) 

requires a post-growth activation of the acceptors to release mobile holes [1][2]. It is 

found that the Mg dopant is passivated due to the incorporation of atomic hydrogen 

during growth [3], which exists in H+ and forms Mg-H complex [4-8]. Successful 

activation of p-GaN consists of two steps: breaking the Mg-H bonds and driving away 

the H+ out of the material. At elevated temperature above 700 °C, the Mg-H bonds can 

be broken, and hydrogen can diffuse out from exposed p-GaN surfaces. Improved 

thermal activation has been achieved by using O2 gas mixture [9-11] and hydrogen-

storage metals [12], thanks to augmented hydrogen diffusion by faster exhaust of the 

out-diffused hydrogen. 

In GaN, buried p-layer can be found in varies vertical transistors structures. Aside 

from the aforementioned trench MOSFETs [13-15] and VDMOS-like transistors 

[16][17], buried p-layer is also present in alternative implementations of power 

transistors such as HBTs [18-20], CAVETs [21-23], and trench MOSFETs with 

regrown channel [24-28]. In addition, structures with buried p-GaN structures are also 

essential in tunnel-injection LEDs [29][30]. 

The buried p-layer in these device structures can be either passivated during 

uninterrupted MOCVD growth [31], or re-passivated by the MOCVD regrowth of a 
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capping layer [32]. It turns out that the activation of buried p-GaN is much more difficult 

than that of the p-GaN with exposed top surface. This leads to tremendous challenge in 

recovering the effective p-doping in buried p-GaN layers. To tackle the issue, we 

explore the method of activation through the exposed sidewall, i.e., sidewall activation, 

in Section 5.2. In addition, the use of polarization-induced (PI) doping in buried p-layer 

in GaN will be explored in Section 5.3 as an effective way to avoid the H-passivation 

in the first place. 

5.2    Activation of buried p-GaN in MOCVD-regrown vertical structures  

5.2.1    Motivation 

The activation of buried p-GaN is much more difficult than that of the p-GaN with 

exposed top surface mainly due to two reasons: i) hydrogen has a much higher diffusion 

barrier [5] and thus a much lower diffusivity in n-type GaN compared with p-type GaN 

[6, 33], thus it cannot diffuse through the n-type layer on top; ii) the built-in electric 

field in the top p-n junction prevents H+ in the buried p-GaN from moving towards the 

top surface. One possible way of activating the buried p-GaN is by exposing the p-GaN 

through etched mesa sidewalls and/or via holes [15, 22, 23, 25, 26, 34]. Effective 

activation of the p-GaN has been tested by reverse breakdown measurements on the 

body p-n diode [22]. It has been also demonstrated that hydrogen can diffuse laterally 

out of the mesa sidewalls, and activation of the buried p-type layer is confirmed by light 

emission and reduced turn-on voltage in a tunnel-junction LED structure [34]. 

Compared with tunnel-junction LEDs, where insufficient activation of buried p-

GaN leads to an effectively “open” circuit, power devices have a more stringent 
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requirement on the activation. Any buried p-GaN region with insufficient activation of 

the Mg-dopants leads to reduced Gummel number (i.e. the net negative charges in p-

GaN), which directly leads to premature punch-through breakdown, i.e. an effective 

“short” path of the device [31]. In this section, we investigate activation of buried p-

GaN passivated by hydrogen via etched mesa sidewalls in vertical diode structures using 

the reverse breakdown measurement as a sensitive probe pertinent to power electronic 

applications. A critical lateral dimension is identified under which sufficient activation 

of the buried p-GaN is achieved. This work was published elsewhere [32]. 

5.2.2    Experiments 

The as-grown epitaxial structure [Fig. 5.2(a)] is of a p-n diode grown by MOCVD 

on a bulk GaN substrate similar to Refs. 35 and 36, designed to support >1200 V reverse 

bias. The top 400 nm p-GaN layer has a Mg doping concentration of 1×1018 cm-3, 

capped with a thin p++ layer for p-type ohmic contacts, which is activated in-situ in the 

MOCVD reactor. Underneath the p-GaN layer is an 8 𝜇m  drift layer with a Si 

concentration of 1-2×1016 cm-3. The net carrier concentration of the drift layer is 

~1×1016 cm-3 as determined from C-V measurements. The resultant contact resistant 𝑅? 

and Hall measurement data on the p-layer in these as-prepared p-n diodes are among 

the best in the literature [35][36]: 𝑅? of 4×10-5 W·cm2, hole concentration ~7% of Mg 

concentration and hole mobility of 24 cm2/V·s. These observations confirm that the as-

prepared p-layer is well behaved and sufficiently activated to start with. 

Two samples with buried p-GaN structures were prepared [Fig. 5.2(b)]: an MOCVD 

sample, and an MBE (molecular beam epitaxy) control sample. In the MOCVD sample, 

a buried and H-passivated p-GaN structure was first created by a blanket MOCVD 
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regrowth of a 30-nm unintentionally doped (UID)-GaN capping layer on top of the p-n 

structure described above. Before loading into the MOCVD chamber, the sample 

received a 30-min UV-Ozone treatment followed by a HF cleaning to reduce the residue 

Si concentration at the surface [25][26]. 

 

 

Fig. 5.2 (a) Schematic layer structure of the as-grown in-situ activated p-n diode structure 

and the two regrown layers. (b) Information of the two regrown layers on the MOCVD 

and MBE control sample. (c) Schematic cross sections of three types of the circular 

diodes: p-n, i/p-n and n+/i/p-n diodes fabricated on both samples, with diameters of 200, 

100, 70, 30, 20 𝜇m. (d) Schematic cross section of the n+/i/p-n diodes with stripe-

geometry. The widths of the stripes are designed to be 10, 8, 6, 5 𝜇m. The stripes all 

have a finger length of 50 𝜇m and are separated by a small i/p-n region (2 or 5 𝜇m) 
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between the two fingers. Adapted from Li et al. [32], with the permission from AIP 

Publishing. 

To ensure a full passivation of the p-GaN [3], prior to the UID-GaN regrowth, the 

MOCVD sample also received a 900 °C/30 min in-situ anneal inside the MOCVD 

growth chamber with NH3 carrier gas. In the MBE control sample, a buried but un-

passivated p-GaN structure was created by a blanket regrowth of a UID-GaN capping 

layer of the similar thickness using MBE at a substrate thermocouple temperature of 

800 °C. To investigate the effect of different n-type doping levels in the capping layer, 

a 40-nm n+-GaN layer was subsequently regrown by MBE on selected areas on both 

samples. A lift-off process was used with SiO2 as the hard mask. As a result, 4 types of 

buried p-GaN structures were created: MOCVD-i/p-n, MOCVD-n+/i/p-n, MBE-i/p-n, 

and MBE-n+/i/p-n, with “/” signifying a regrowth interface while “-“ for an interface 

without growth interruption.  

Subsequently, three types of vertical diodes were fabricated on both samples: i/p-n 

diodes, n+/i/p-n and p-n diodes. All three types of diodes have a circular geometry with 

the diameter ranging from 200 𝜇m to 20 𝜇m, as shown in Fig. 5.2(c). In addition, the 

n+/i/p-n diodes are also available in a stripe-geometry with the stripe width ranging from 

10 𝜇m to 5 𝜇m [Fig. 5.2(d)]. The fabrication steps are as follows. The p-GaN top 

surface was first exposed by etching away the regrown UID-layer using a Cl-based dry 

etch for the fabrication of p-n diodes. Then, the device mesa isolation was formed in all 

device types by dry etch; consequentially, the buried p-GaN was exposed via the mesa 

sidewalls. After the mesa isolation, a 725 °C/30 min furnace anneal in dry air was 
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performed on the MOCVD sample aiming to activate the buried p-GaN via the mesa 

sidewall. Finally, the Ti/Au stack and the Pd/Au metal stack were deposited for n-type 

and p-type ohmic contacts, respectively. 

 

5.2.3    Results and discussion 

To quickly confirm the re-passivation of p-GaN by hydrogen during the MOCVD 

regrowth process, diodes on the MOCVD sample were probed without metallization 

before and after the activation anneal. Figure 5.3 shows the leakage current comparison 

under reverse bias. Both the p-n diodes and the n+/i/p-n diodes show high leakage 

current before the activation anneal; no high leakage is observed for the i/p-n diodes, 

possibly due to the Schottky barrier formed between the probe tip and the sample surface, 

which limits the leakage current within the bias range. These observations indicate the 

p-GaN layer being re-passivated inside the MOCVD chamber. 
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Fig. 5.3 Reverse I-V measurements of the circular diodes without metal contacts on the 

MOCVD sample: (a) before and (b) after the activation annealing at 725 °C for 30 

minutes. The observed high leakage before annealing indicates the p-GaN layer was re-

passivated inside the MOCVD chamber. Reprinted from Li et al. [32], with the 

permission from AIP Publishing. 

The conductivity of the regrown layers was investigated by the transfer length 

measurement (TLM). Figure 5.4 shows the gated-TLM I-V curves obtained on the UID-

layer of the MOCVD-i/p-n structure at 𝑉>	= 25 V. The schematic cross section of the 

gated-TLM test structure is shown in the inset. The gate dielectric is 30 nm of Al2O3 

deposited by atomic layer deposition (ALD). The gated-TLM is required since the thin 

UID-GaN layer should be fully depleted by the p-GaN underneath. At 𝑉>	= 25 V, the 

regrown layer shows high sheet resistance (𝑅2`) of ~0.1 MW/sq., indicating that the 

UID-GaN is strongly compensated, likely due to Mg-diffusion from the p-GaN 

underneath during the MOCVD regrowth [37]. Figure 5.4(b) shows the TLM I-V curves 

of the MBE-regrown n+-GaN layer. Excellent contact resistivity (𝜌?) of 4.5×10-6 W·cm2 

and a reasonably low sheet resistance of 121 W/sq. is extracted. The 𝑅2`  value is 

typical of the MBE-regrown n+-GaN of such a thickness. 
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Fig. 5.4 TLM measurements on the MOCVD sample. (a) Gated-TLM I-V curves of the 

MOCVD-regrown UID GaN layer, measured at Vg = 25 V. (b) TLM I-V curves of the 

MBE-regrown n+-GaN layer. Insets show the schematic cross sections of the TLM 

structures. The gate dielectric in the gated-TLM structure is 30 nm of ALD Al2O3. 

Adapted from Li et al. [32], with the permission from AIP Publishing. 

The reverse breakdown measurements were performed on the diodes from both 

sample. Figures 5.5(a) and (b) show the reverse I-V characteristics of the circular diodes. 

On the MOCVD sample [Fig. 5.5(a)], the p-n and i/p-n diodes show similar behavior: 

the leakage current level is reasonably low and comparable with the p-n diodes in the 

MBE control sample [Fig. 5.5(b)]. The breakdown voltage (BV) is around 1100-1200 

V. There is no obvious diode-size dependence in either the leakage current or the BV. 

The device breakdown is limited by mesa edge breakdown as indicated by the burnt 

area after breakdown tests. Such behavior is expected due to the absence of effective 
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edge termination techniques such as field plate. These data suggest a decent reverse 

blocking capability thus sufficient activation of the p-GaN in the p-n and i/p-n diodes 

of all the sizes (200-20 𝜇m). With the highest BV of ~1200 V, ≥28% of the Mg atoms 

are activated as effective acceptors by calculating the field distribution at punch-through. 

If lower than 28%, the device would suffer from punch-through breakdown under 1200 

V due to full-depletion of the p-layer. It is worth emphasizing that 28% is the lower 

bound of activation since the breakdown is limited by electric-field crowding at the 

device edge. 

On the other hand, the MOCVD-n+/i/p-n diodes show much higher leakage currents 

than the p-n and i/p-n diodes. The soft breakdown determined by the measurement 

compliance is less than 300 V for all device sizes. No clear size dependence is observed. 

In comparison, the MBE-n+/i/p-n diodes show much lower leakage currents and much 

higher BVs thanks to the absence of hydrogen during MBE regrowth, similar to the 

result in Ref. 27. These data indicate insufficient activation of the buried p-GaN in the 

MOCVD-n+/i/p-n diodes of all diameters from 200 𝜇m to 20 𝜇m. 

Activation of p-GaN in the p-n diodes is expected since the top surface of the p-GaN 

is exposed during the activation anneal, allowing hydrogen to diffuse out. On the other 

hand, activation of buried p-GaN in the MOCVD-i/p-n diodes is not readily expected. 

As observed from the high reverse leakage current in the circular MOCVD-n+/i/p-n 

diodes, the sidewall activation alone is not sufficient for the buried p-GaN in diodes 

with diameters of 20 𝜇m and above. Consequently, the observed activation of buried 

p-GaN in the MOCVD-i/p-n diodes does not primarily come from sidewall activation. 

Instead, the activation should be attributed mostly to diffusion of hydrogen upward 



 

271 

toward the top surface. From the gated-TLM measurements and previous studies [37], 

a substantial Mg incorporation due to Mg-diffusion in the MOCVD-regrown thin UID 

capping layer is expected. As a result, the UID capping layer behaves like a thin layer 

of Mg-doped GaN, thus allowing diffusion of hydrogen upward. In the MOCVD-n+/i/p-

n diodes, however, the hydrogen up-diffusion is blocked by the additional n+-GaN layer. 

The stark difference in the activation behavior of buried p-GaN in the MOCVD-i/p-n 

diodes and MOCVD-n+/i/p-n diodes suggest a strong influence of the net doping in the 

capping layer on hydrogen diffusion. For circular diodes with sizes down to 20 𝜇m, the 

sidewall activation alone cannot achieve sufficient activation of the buried p-GaN under 

the annealing condition. 
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Fig. 5.5 Reverse and forward I-V characteristics of the three types of diodes. (a) Reverse 

I-V characteristics of circular diodes on the MOCVD sample. (b) Reverse I-V 

characteristics of circular diodes on the MBE control sample. (c) Reverse I-V 

characteristics of the n+/i/p-n diodes with stripe-geometry on the MOCVD sample. (d) 

Forward I-V characteristics of the diodes on the MOCVD sample. Reprinted from Li et 

al. [32], with the permission from AIP Publishing. 
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For the n+/i/p-n diodes with a lateral dimension of <20 𝜇m, the stripe-geometry 

with widths of 10, 8, 6, 5 𝜇m are designed instead of the circular geometry for easy 

probing. As shown in Fig. 4.2(d), each diode consists of two 50-𝜇m-long fingers 

separated by a narrow i/p-n region in between (2-5 𝜇m). Figure 5.5(c) shows the reverse 

breakdown results of the stripe-shaped MOCVD-n+/i/p-n diodes: all measured diodes 

show low leakage currents and decent BV values, comparable to the activated circular 

p-n diodes. No clear dependence on the stripe width is observed.  

Figure 5.6 shows the reverse leakage current at -200 V for all types of diodes on the 

MOCVD sample with respect to the lateral structure width. At least 3 devices are 

measured for each diode type and size. The error bars are generated based on the 

scattering in measured data. A dramatic change in leakage current for the MOCVD-

n+/i/p-n diodes is observed at ~10-20 𝜇m. These data indicate a sufficient activation of 

the buried p-GaN thus a lateral hydrogen diffusion length of >5 𝜇m (half of the stripe 

width) under the annealing condition used in this work. The observed activation should 

be attributed to the lateral diffusion of hydrogen out of the etched mesa sidewall as well 

as the exposed UID-GaN surface between fingers. To further confirm the critical 

structure width, it would be valuable to design structures with widths in between 10-20 

𝜇m and repeat the experiments, such that more data points can be obtained. 

 



 

274 

 

Fig. 5.6 Reverse leakage current at -200 V vs. structure width for three types of diodes in 

the MOCVD sample. The error-bars are generated based on the measurements of at least 

3 devices with identical geometries. The sharp change in leakage near a width of 10-20 

µm of the n+/i/p-n diodes suggests that the buried p-GaN is sufficiently activated in small 

diodes (£ 10 𝜇m) but not in large diodes (³ 20 𝜇m). Reprinted from Li et al. [32], with 

the permission from AIP Publishing. 

The forward I-V characteristics of the diodes is also measured on the MOCVD 

samples before the reverse breakdown measurements, as shown in Fig. 5.5(d). The i/p-

n diodes and p-n diodes behave similarly, which supports the argument that the i-layer 

is converted to p-type due to Mg diffusion. The higher-than-ideal turn-on voltage and 

the low on-current is due to the poor ohmic contact on the p-layer. The large circular 

n+/i/p-n diodes show high leakage current at low bias, characteristic of a forward punch-

through behavior. In contrast, the ones with stripe-geometry and smaller width (£10 

𝜇m ) have much lower leakage current, suggesting a much higher forward punch-

through voltage. These results are consistent with the reverse I-V characteristics. 
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From the above observations, it can be concluded that the critical lateral dimension 

of a buried p-GaN layer is between 10-20 𝜇m to achieve “effective” activation (³28% 

in the structure and annealing conditions used in this work) via exposed p-GaN surfaces, 

corresponding to a Mg activation length or a H diffusion length of 5-10 𝜇m. This value 

is about 10× smaller than the reported Mg activation length of ~85 𝜇m in tunnel-

junction LEDs [34], and the origins of this difference are worthy of further 

investigations. Presently, we speculate that the much higher Mg concentration in the p-

GaN used in Ref. 34 may lead to different activation behavior. More importantly, the 

reverse breakdown measurement is a much stricter test of the acceptor activation of 

buried p-GaN than light emission. Any insufficient activation of the buried p-GaN leads 

to drastically higher leakage current due to premature punch-through. 

In order to extend the Mg activation length further into the center of a device, a 

longer activation time or a higher temperature may be required. At the initial stage of 

the buried p-GaN activation via mesa sidewall, the concentration gradient of hydrogen 

is the highest near the sidewall surface. With the activation of the p-GaN near the 

exposed surface, an electric field is established pointing from the un-activated region 

toward the activated p-GaN, which also promotes the out-drift of hydrogen by exerting 

electric force to the H+ toward the surface. As the activation length increases laterally, 

both the concentration gradient and the built-in electric field reduces, thus the activation 

activity slows down. If the electric field is neglected, the hydrogen concentration 𝑁ýþ 

as functions of time 𝑡 and space coordinate 𝑥 is determined by a lateral diffusion 

process in 1-D as described by Fick’s second law 
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𝜕𝑁ýþ
𝜕𝑡 = 𝐷

𝜕H𝑁ýþ
𝜕𝑥H , (5.1) 

where 𝐷 is the diffusivity of hydrogen. We assume the initial distribution of hydrogen 

concentration is uniform with a value of 𝑁�. As an approximation, we assume the 

length of the structure is semi-infinite, which is reasonable at the initial stage of the 

sidewall activation. We further assume the extraction efficiency of H out of the structure 

is high, such that at the sidewall (𝑥 = 0), the hydrogen concentration is near zero. With 

these assumptions, the boundary conditions can be expressed with 

𝑁ýþ(𝑥, 0) = 𝑁�, (5.2) 

𝑁ýþ(+∞, 𝑡) = 𝑁�, (5.3) 

𝑁ýþ(0, 𝑡) = 0. (5.4) 

Under these boundary conditions, Eq. 5.1 can be solved with 

𝑁ýþ(𝑥, 𝑡) = 𝑁� erf ²
𝑥

2√𝐷𝑡
³ , (5.5) 

where erf is the error function. As suggested by this expression, the characteristic 

diffusion length is 2√𝐷𝑡. Thus, the buried p-GaN should eventually be all activated 

under sufficiently long annealing times and high annealing temperatures regardless of 

the dimension. But that is not practical given the high thermal budget required and 

possible material degradation under long-duration high-temperature anneals. The 

critical lateral dimension found in this study under a typical annealing condition 

provides valuable insights on the design of devices that incorporate buried p-GaN 

structures, especially for those used in power electronic applications. 

From Eq. 5.5, the diffusivity of hydrogen at 725 °C in p-GaN can also be estimated. 

The hydrogen diffusion length is taken to be 5-10 𝜇m , over which the hydrogen 
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concentration is assumed to decrease from ~80% to 0, similar with the criterion used in 

Ref. 34. The diffusivity 𝐷 is calculated to be between 0.4-1.7×10-10 cm2/s. This value 

is similar with an estimated hydrogen diffusivity of ~0.4×10-10 cm2/s at ~700 °C from 

Ref. 2, where the hydrogen diffuses vertically out of the p-GaN surface. 

 

5.2.4    Summary 

In summary, sidewall activation of buried p-GaN in MOCVD-regrown vertical 

structures is investigated and the effectiveness of the activation is probed by reverse 

breakdown measurements. The buried p-GaN with a MOCVD-regrown UID layer on 

top can be activated from the top surface due to the Mg incorporation in the regrown 

UID film. In the n+/i/p-n diodes, hydrogen up-diffusion is blocked by the additional n+-

GaN layer, but sidewall activation is found to be an effective alternative by utilizing 

lateral diffusion of hydrogen out of the p-GaN. A critical lateral dimension of 10-20 

𝜇m is found for the buried p-GaN structure, under which sufficient sidewall activation 

of the p-GaN (the lower bound estimate is 28% activation of Mg) is obtained under a 

725 °C/30 min anneal in dry air. The diffusivity of hydrogen in the p-GaN at 725 °C is 

estimated to be ~1×10-10 cm2/s. 

5.3    Enhancement of punch-through voltage in p-GaN using polarization doping 

5.3.1    Motivation 

Polarization-induced (PI) doping is a unique doping scheme in the III-nitride 

material system, offering advantages such as fully activated dopants independent of 
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temperature [38] and increased breakdown field with the introduction of Al. Different 

from the p-type doping technique using Mg impurities, PI-doping technique introduces 

fixed polarization charge to induce mobile holes, thus is immune to hydrogen 

passivation. PI-doped p-type layer in GaN material system has been demonstrated 

previously in the p-n diode platform using both molecular beam epitaxy (MBE) [38-40] 

and MOCVD [41] with decent reverse blocking capability. To our knowledge, no study 

on PI-doping in buried p-type structure has been reported. The utilization of PI-doped 

p-AlGaN buried body in vertical power transistors was proposed by our group [17] 

taking advantage of the higher critical field in AlGaN, but the advantage of the PI-

doping regarding hydrogen passivation in MOCVD growth was not highlighted. In this 

section, we discuss the first study on the effect of PI-doping in buried p-type layer on 

reverse blocking. Much higher punch-though voltage is achieved with PI-doped buried 

p-type layer compared with the impurity-doped counterpart. This work was published 

elsewhere [31]. 

 
5.3.2    Experiments 

Two similar structures are designed without or with PI-doping in the buried p-type 

layer, as shown in Fig. 5.7. The epitaxial layers were grown by MOCVD at about 

1050°C on two-inch Ga-polar bulk n-GaN substrates. On the impurity-doped sample A, 

the epitaxial structure has an 8-𝜇m GaN: Si (Si: 1-2×1016 cm-3) drift layer, followed by 

a 250-nm p-type GaN: Mg (Mg: 1×1018 cm-3) layer, and then topped by a 150 nm 

unintentionally-doped GaN layer with a thin n-type cap. In the PI-doped sample B, the 

buried p-type AlGaN layer has a linearly graded Al content from 7% to 0% and the same 
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Mg concentration as the impurity-doped sample. In order to avoid the formation of an 

abrupt heterojunction, the Al content is first graded linearly from 0% to 7% in the top 1 

𝜇m of the drift layer. The rest of the layers are the same as sample A. Thus, the main 

different in sample B is the addition of the PI-doping in the buried p-layer. 

 

 

Fig. 5.7 Epitaxial structures of the buried p-GaN samples grown by MOCVD on bulk 

GaN substrate. (a) sample A: impurity-doped p-GaN (b) sample B: graded p-AlGaN with 

polarization-induced (PI) doping. Reprinted from Li et al. [31] © 2018 IEEE. 

After growth, secondary ion mass spectroscopy (SIMS) were performed on sample 

A, with results shown in Fig. 5.8. Low background impurity level is observed alongside 

with a high H concentration in the buried p-GaN layer, which suggests the passivation 

of the Mg dopants. Although no SIMS was obtained on sample B, we have confirmed 

from SIMS measurements that the graded Al concentration profile is as designed from 
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a similar sample with near-identical growth conditions. Thus, the same should be true 

also for sample B. 

 

 

Fig. 5.8 SIMS profile of the various types of impurities in sample A. High level of H is 

present in the p-GaN layer, indicative of the passivation of Mg dopants. Reprinted from 

Li et al. [31] © 2018 IEEE. 

Figures 5.9(a) and (b) show the surface morphology images of the as-grown sample 

A and sample B, respectively, taken by atomic force microscopy (AFM). A very smooth 

surface with clear atomic steps is observed on sample A, indicating a very high growth 

quality. On sample B, the surface is much rougher with no clear signs of atomic steps. 

We speculate the rough surface may be due to the strain introduced by the graded AlGaN 

layers.  
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Fig. 5.9 AFM images of the surface morphology of (a) sample A, and (b) sample B. 

To access the voltage blocking capabilities of the buried p-type layer electrically, 

vertical n-p-n diodes are fabricated on both samples. The schematic cross section of the 

diodes and the fabrication process flow is shown in Fig. 5.10. The fabrication process 

starts with mesa isolation by dry etch, followed by anode ohmic contact formation on 

the thin n-type capping layer and cathode ohmic contact formation on the back side of 

the substrate. 

 

 

AFM

Sample A Sample B(a) (b)

R4582GaN01 R4593GaN01
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Fig. 5.10 Schematic cross section of n-p-n diodes fabricated on both sample A and sample 

B. The process flow is indicated on the right. Reprinted from Li et al. [31] © 2018 IEEE. 

5.3.3    Simulation and analytical modeling of punch-through voltages 

To better understand the I-V characteristics of the n-p-n diodes at punch-through, 

the I-V characteristics is first simulated in TCAD Sentaurus, as shown in Fig. 5.11. The 

active acceptor concentration (𝑁û) in the buried p-GaN is set to be 4×1016 cm-3. Since 

the i-GaN thickness is much thinner in the top p-i-n junction than the n--GaN thickness 

in the bottom p-n junction, the forward and reverse punch-through behavior of the diode 

is different. At the beginning of punch-through, the current increase exponentially, as 

can be seen in Fig. 5.11(a). After punch-through, the I-V characteristics is linear, 

indicating a resistive behavior of the device, as shown in Fig. 5.11(b). This is expected, 

since the total resistance would be dominated by the series resistance after punch-

through. The punch-through voltages can be extracted at the onset of the resistive 

behavior, where the buried p-GaN is fully depleted. 
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Fig. 5.11 Simulated I-V characteristics of the n-p-n diode using TCAD Sentaurus. The 

active NA in the p-type layer is set to be 4×1016 cm-3. Punch-through behavior under 

forward and backward bias is clearly observed. Adapted from Li et al. [31] © 2018 IEEE. 

Analytically, both the forward and reverse punch-through voltages can be calculated 

by the 1-D Poisson’s equation. Under both forward and reverse punch-through, the 

maximum electric field (𝐸y[z) is located at the junction interface in the reverse-bias p-

n or p-i-n junction. Since, the p-layer is completely depleted at the onset of punch-

though, the 𝐸y[z can be obtained with 

𝐸y[z =
𝑒𝑁û𝑊�
𝜀2

, (5.6) 

where 𝑁û is the net accepter concentration in the buried p-layer, 𝑊�  is the width or 

thickness of the buried p-layer and 𝜀2 is the dielectric constant of the semiconductor, 

which is taken to be 9 𝜀� for GaN and low-Al-concentration AlGaN in this study.  

For the bottom p-n junction, if the n- drift layer is not fully depleted, it can be easily 

shown that the reverse punch-though voltage (𝑉æX,©) is related to 𝐸y[z via 

𝑉æX,© + 𝑉Ù6 =
1
2𝐸y[z𝑊� ²1 +

𝑁û
𝑁|
³ , (5.7) 

where 𝑁|  is the net donor concentration of the n- drift layer (assuming a uniform 

doping concentration), 𝑉Ù6 is the built-in potential of the p-n junction (~3 V in GaN). 

Combining Eqs. 5.6 and 5.7, we have 

𝑉æX,© =
𝑒𝑁û𝑊�H

2𝜀2
²1 +

𝑁û
𝑁|
³ − 𝑉Ù6. (5.8) 
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If the n- drift layer is fully depleted, the corresponding expression for 𝑉æX,© can 

also be easily obtained. For the analysis of the structures in this work, since 𝑁|	~ 1×1016 

cm-3, the n- drift layer will not be fully depleted unless the punch-through breakdown 

voltage exceeds 640 V.  

For the top p-i-n junction, assuming that the net donor concentration in the i-layer 

can be neglected, the forward punch-though voltage (𝑉æX,�) is related to 𝐸y[z via 

				𝑉æX,� + 𝑉Ù6 =
1
2𝐸y[z𝑊� + 𝐸y[z ⋅ 𝑊!â|, (5.9) 

where 𝑊!â| is the width or thickness of the UID layer. Together with Eq. 5.6, we have	

				𝑉æX,� =
𝑒𝑁û𝑊�H

2𝜀2
¢1 +

2𝑊!â|

𝑊�
£ − 𝑉Ù6. (5.10) 

To verify the analytical model (Eqs. 5.8 and 5.10), we compared the calculated 

forward and reverse punch-through voltages from extracted values from TCAD 

simulation. As shown from the comparison in Fig. 5.12, excellent match is observed 

between the analytical model and simulation, confirming that our analytical model is 

sufficiently accurate. 
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Fig. 5.12 Calculated punch-through voltage as a function of the effect net acceptor 

concentration (NA) in the p-layer, as well as extracted values from TCAD Sentaurus 

simulation. Excellent match between the model and the simulation is observed. 

5.3.4    Measurement and extraction of punch-through voltages 

The measured forward and reverse I-V characteristics of the n-p-n diodes on sample 

A and sample B are shown in Figs. 5.13 and 5.14, respectively. On each plot, the I-V 

curves of three typical devices are shown. From Fig. 5.13, the reverse and forward 

punch-through voltages from the diodes on sample A are extracted to be ~30 V and ~4.5 

V, respectively. These values are much lower than the expected values if the Mg 

acceptors were all active, indicating that the buried p-GaN is largely passivated. In fact, 

with the design Mg concentration of 1×1018 cm-3, the n-p-n diodes will not undergo 

punch-through before the critical electric field of GaN (~2.8 MV/cm) is reached. 
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Fig. 5.13 Measured I-V characteristics of sample A (a) in semi-log scale, (b) and (c) in 

linear scale. (b) and (c) shows the forward and reverse I-V characteristics, respectively. 

I-V curves of three typical devices are shown. Reprinted from Li et al. [31] © 2018 IEEE. 

As comparisons, the reverse and forward punch-through voltages from the diodes 

on sample B are extracted to be ~240 V and ~26 V, respectively, both of which are much 

larger than the corresponding values on sample A. This suggests that PI-doping is 

effective in boosting the punch-through voltage. Note that the reverse leakage current 

of the diodes on sample B does not show a tight distribution, likely due to the leakage 

through dislocation and process non-uniformity. 
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Fig. 5.14 Measured I-V characteristics of sample A (a) in semi-log scale, (b) and (c) in 

linear scale. Inset in (a) shows the zoom-in view of the forward I-V characteristics in 

semi-log scale; (b) and (c) shows the forward and reverse I-V characteristics, respectively. 

I-V curves of three typical devices are shown. Reprinted from Li et al. [31] © 2018 IEEE. 

5.3.5    Extraction of effective net acceptor concentration 

The extracted punch-through voltages at forward and reverse bias are extracted on 

multiple devices and compared with the analytical model, as shown in Fig. 5.15. By 

adjusting the effective 𝑁û of both samples, the effective acceptor concentration, i.e. 

the total negative charge in the p-type layer at punch-through, is extracted from both 

samples by overlaying the extracted punch-through voltages on top of the analytical 

calculations, with the effective 𝑁û as the parameter for adjustment. From the impurity-

doped sample A, the active acceptor concentration is extracted to be ~6×1016 cm-3. Since 

the total Mg concentration is 1×1018 cm-3 as determined from SIMS, most of the Mg 
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dopants (~94%) is inactive, indicating a presence of strong hydrogen passivation in the 

buried p-GaN layer grown by MOCVD. In comparison, the total negative charge in the 

PI-doped sample B is extracted to be ~1.9×1017 cm-3, which is ~1.3×1017 cm-3 higher 

than the sample A. The ideal polarization charge density (𝑁æâ) in PI-doped p-AlGaN 

layer can be calculated with [38]: 

𝑁æâ ≈ 5.0 × 10�K ×
𝑥û"
𝑊�

	cm�K, (5.11) 

where 𝑥û" is the Al concentration, 𝑊�  is in cm. Using the peak Al concentration of 

7%, 𝑁æâ  is calculated to be ~1.4×1017 cm-3. This number is very close with the 

extracted net negative charge difference (~1.3×1017 cm-3) between the two samples. 

Thus, it is reasonable to attribute the extra negative charge in the PI-doped sample to be 

the polarization fixed charge, assuming that similar percentage of the Mg dopants in the 

PI-doped sample B are passivated by hydrogen as in sample A (~94%). To our 

knowledge, this is the first time the polarization charge is extracted from punch-through 

measurements in GaN. 
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Fig. 5.15 Measured forward and reverse punch-through voltages of the n-p-n diodes, from 

which the effective NA in the buried p-layer is extracted by comparison with the analytical 

model. Multiple devices on sample A and B are measured. Extracted NA in sample A: 

6×1016 cm-3. Extracted effective NA in sample B: 1.9×1017 cm-3. Adapted from Li et al. 

[31] © 2018 IEEE. 

5.3.6    Summary 

The effect of polarization induced (PI)-doping in GaN buried p-type layer on reverse 

blocking is studied. N-p-n diodes are fabricated on MOCVD-grown buried p-type 

epitaxial structures with or without PI-doping in the p-type layer. The n-p-n diodes with 

only impurity doping in the buried p-GaN have a reverse punch-through voltage of ~30 

V, correspond to only ~6% active Mg acceptors due to hydrogen passivation. In 

comparison, the n-p-n diodes with PI-doping have a much higher reverse punch-through 

voltage of 240 V. Aided by simulation and analytical calculation, an extra negative 
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charge density of ~1.3×1017 cm-3 is extracted in the PI-doped p-type layer, which is 

attributed to the polarization fixed charge.  

5.4    Conclusions 

In this chapter, we investigated two novel methods to address the challenge of 

passivation and activation in buried GaN p-layers, which is essential for a wide variety 

of vertical GaN power transistors. The first method is sidewall activation of buried p-

layer, and the second method is the incorporation of polarization-induced bulk doping 

in the buried p-layer.  

In structure with buried p-layers, i.e., n-p-n structure, the effectiveness of the p-

doping is sensitively related to the achievable punch-through voltages. We have 

developed and verified an analytical model for the forward and reverse punch-through 

voltages. Experimentally, the forward and reverse I-V measurements for the punch-

through voltages are used for indirect measurements of the effective accepter doping 

concentration. This method is shown to be very effective, and is also pertinent to power 

device applications, where the breakdown voltage is an importance metric.  

With these methods, we confirmed that the sidewall activation is effective in driving 

out the hydrogen, and that high breakdown voltage can be achieved with this method. 

Alongside with the quantitative extraction of the critical structure width, these findings 

providing important guidelines on design of the required device geometries in GaN 

vertical transistors and the like. 

On the other hand, we have shown that PI-bulk doping is just as effective as impurity 

doping in voltage blocking. In addition, there are unique advantage of utilizing PI-
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doping technique in GaN buried p-type layer: respectable enhancement in punch- 

through voltage can be achieved irrespective of Mg passivation due to hydrogen, which 

could benefit the design of a wide variety of GaN vertical power devices. 
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CHAPTER 6 GAN TRENCH MOSFET WITH MBE REGROWN CHANNEL 

6.1    Introduction 

In Chapter 5, we have already listed three major types of vertical transistors, 

including VDMOS, trench MOSFETs and vertical fin transistors, as shown in Fig. 5.1. 

In the case of GaN, despite the difficulties in selective-area p-doping, all three types of 

vertical transistors have been demonstrated.  

Alternatively, vertical GaN power transistors reported so far can be characterized 

into two categories based on the location of the gate: gate-on-epi-surface (GoE) and 

gate-on-sidewall (GoS). In GoE devices, the gate is planar and parallel with the epitaxial 

surface, whereas in GoS devices, the gate conformally covers the trench sidewall where 

the channel is located. The GoE devices include current aperture vertical electron 

transistors (CAVETs) [1][2] and VDMOS-like transistors [3][4]. The GoS devices 

include trench MOSFETs with inversion channel [5-9] or regrown channel [10-14], as 

well as vertical fin MISFETs [15-17].  

As previous mentioned in Chapter 5, the vertical fin transistors have an advantage 

of not requiring p-type doping. However, it does not have avalanche capabilities 

inherently due to the lack of a p-type GaN body. Besides, it is difficult to achieve 

sufficiently large threshold voltage (𝑉\`). It is easier for trench MOSFETs to achieve 

normally-off operation, high breakdown voltage (BV), and small footprint without the 

need for selective-area doping. However, it is challenging to achieve high mobility in 

the inversion channel. In contrast, CAVETs, VDMOS-like GaN transistors, and Polar-

MOS [1-4] utilize high mobility AlGaN/GaN channel to achieve low on-resistance (𝑅@A) 



 

296 

despite having an additional junction-gate-FET (JFET)-like drift region. However, these 

device structure require selective-area doping techniques, which are not yet mature 

enough in GaN, as discussed in Chapter 1. Particularly, the commonly-used selective-

area regrowth technique posts challenges in achieving low off-state leakage from the 

ungated regrowth junction interface, where donor-like interface charge is typically 

present [12, 18, 19], as will be discussed later in this chapter and also in Chapter 7. The 

absence of a body contact as in CAVETs may avoid interface leakage but may also 

hamper the avalanche capability and 𝑉\` stability.  

In recent years, a novel design based on the trench MOSFET is realized by metal-

organic chemical vapor deposition (MOCVD) regrowth of an AlGaN/GaN or 

unintentionally doped (UID)-GaN channel conformally over the trench sidewall [10-

13]. This concept promises higher channel mobility than traditional trench MOSFETs 

due to less impurity scattering and smoother channel surface. Moreover, the GoS 

topology allows gate control of the regrowth interface, where high density of sheet 

charge ∼1×1013 cm-2 is typically found [7, 9, 12], likely due to etching damage and 

impurity gettering. One major issue with MOCVD-regrown channel is that the buried 

p-GaN will be re-passivated during the regrowth and needs to be reactivated; 

furthermore, in order to achieve an acceptable activation percentage of the acceptors, 

the buried p-GaN in the device active region needs to be exposed to the surface or at 

least within microns of an exposed surface during the high-temperature anneal, as 

discussed in Chapter 5. This leads to a high thermal budget and limitations on device 

geometry. Furthermore, any incomplete activation of the buried p-GaN body leads to 

reduced BV.  



 

297 

Alternatively, if the channel is regrown by molecular beam epitaxy (MBE), no re-

passivation of buried p-GaN will happen in the absence of hydrogen-containing 

reactants, as confirm by our prior experiments in Chapter 5. The lower growth 

temperature by MBE may also suppress Mg diffusion, which is observed in MOCVD 

regrown films [20]. In this work, we employ MBE channel regrowth in the trench 

MOSFETs for the first time. We designed two structures, with or without an n+-GaN 

buried layer under the lateral regrown channel. Without the n+ buried layer, a 

respectable breakdown voltage of 600 V is achieved, however, the on-current is much 

lower than expected. The incorporation of the n+ buried layer resulting in >100× 

improvement in 𝐼@A . However, drain-induced barrier lowering (DIBL) effect is 

observed due to the presence of donor-like interface charge at the regrowth sidewall 

interface. This finding offers important insights on the requirements of a good regrowth 

interface for selective-area doping. The work under discussion in this chapter was 

published elsewhere [14][21]. 

6.2    Device fabrication  

The starting epitaxial wafer is grown by MOCVD on a 2-in bulk n-type GaN 

substrate (SCIOCS COMPANY Ltd.,). It has a high-voltage p-n diode structure similar 

to our previous report [22], instead of an n-p-n structure to make sure the p-GaN can be 

readily activated. The p-GaN layer has a thickness of 400 nm and a Mg-doping 

concentration of 1×1018 cm-3, capped with a thin p++ layer for p-type ohmic contact 

purpose. The 8-𝜇m n--GaN drift layer has a Si concentration of ~1-2×1016 cm-3 and a 



 

298 

net carrier concentration of ∼1×1016 cm-3 as determined from C-V measurements. The 

p-GaN layer is activated in situ in the MOCVD chamber prior to device fabrication.  

The schematic device cross sections are shown in Fig. 6.1. Two different designs of 

the lateral part of the channel with varying lengths 𝐿?`,"[\ëç["	= 1-4 𝜇m are depicted: 

without [Fig. 6.1(a)] or with [Fig. 6.1(b)] an n+-GaN buried layer underneath the UID 

regrown channel. The lateral channel portion exists due to the need to align the top 

ohmic contacts to the regrown channel, and should be ideally eliminated to minimize 

the on-resistance of the device. In this study, the lateral portion of the channel is also 

designed to enable the investigation on possible differences between regrowth on the c-

plane in the lateral channel and regrowth on the etched semi-polar plane in the vertical 

sidewall channel. 
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Fig. 6.1 Schematic cross section of two designs of the vertical GaN trench MOSFETs 

incorporating MBE regrown UID-GaN channel. (a) Without and (b) with an n+-GaN 

buried layer between the lateral part of the regrown UID-GaN channel and the p-GaN 

body. Reprinted from Li et al. [21] © 2018 IEEE. 

The process flow for the two designs without or with the n+ buried layer differs only 

in the first step, where a 30-nm n+-GaN is regrown by MBE on top of the p-GaN surface 

as the n+ buried layer. The remaining processes are the same for both designs, as shown 

in Fig. 6.2. The V-shaped trenches with designed widths of 2, 4, 6, and 8 𝜇m are 

formed by our low damage inductively coupled plasma dry etch recipe [23] using a gas 

combination of Ar(10 sccm)/BCl3(10 sccm)/Cl2(20 sccm) and SiO2 as mask. The 

etching depth is 250 nm into the drift layer and the sidewall angle is ~47° from the 

vertical as measured by atomic force microscopy (AFM). In order to reduce impurity 

concentration at the etched surface, a combination of UV-ozone cleaning and HF+HCl 

wet etch is performed before loading into the MBE chamber, where the UID-GaN 

channel layer with a nominal thickness of 50 nm is regrown. The V-shaped trench 

profile helps reduce shadowing effect during the channel regrowth, thus resulting in a 

rather uniform UID-GaN regrowth for both the lateral portion and the vertical portion 

of the device channel. As shown in Fig. 6.3, the MBE channel regrowth achieved 

smooth surface morphology with clear atomic steps on top of the epi surface as well as 

at the trench bottom. A patterned n+-GaN regrowth is then performed for source ohmic 

contact purpose, using SiO2 as the mask for liftoff. In order to form body contacts to the 

p-GaN, the regrown layers on top of the p-GaN are etched way, followed by device 

mesa isolation, all by the same trench etching recipe. After that, metallization of non-
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alloyed Pd/Au (50/50 nm) body contact and Ti/Au (50/100 nm) source ohmic contact is 

realized by lift-off processes. The Al2O3 gate dielectric is deposited by atomic layer 

deposition, followed by depositions of Ni/Au (50/100 nm) gate electrode and non-

alloyed Ti/Au (50/100 nm) drain electrode. 

 

 

Fig. 6.2 Fabrication process for the GaN trench MOSFETs with MBE regrown channel. 

In the design with an n+ buried layer, a 30-nm-thick n+-GaN is regrown by MBE on top 

of the p-GaN surface as the n+ buried layer at the very first step (not shown). The rest of 

the process are the same for the two design: (a) tapered trench etch; (b) MBE channel 

regrowth; (c) patterned regrowth of n+-GaN for the source ohmic contact; (d) dry etch for 

the p-GaN body contact and device isolation; (e) metallization for the source ohmic 

contact (Ti/Au) and the body contact (Pd/Au); (f) ALD of 30-nm Al2O3 gate dielectric, 

followed by metallization of gate (Ni/Au) and drain (Ti/Au) electrodes. Reprinted from 

Li et al. [14] © 2017 IEEE. 
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Fig. 6.3 AFM surface morphology of the MBE regrown UID-GaN channel on top of (left) 

epi surface (right) trench-bottom surface. Reprinted from Li et al. [21] © 2018 IEEE. 

6.3    Experimental results and discussion  

The transfer I-V characteristics and output I-V characteristics of single gate-finger 

devices without or with the n+ buried layer are shown in Figs. 6.4 and 6.5. The current 

is normalized by the finger/trench length, which is designed to be 50 𝜇m. The device 

without the n+ buried layer shows a decent on-off ratio of 109 at 𝑉52	= 10 V and low 

source-drain and gate leakage currents. A normally-off operation is observed with a 

threshold voltage of ~18 V defined at 𝐼5	= 1 𝜇A/mm. No shift of the threshold voltage 

(Δ𝑉\`) with the increase of 𝑉52 is observed, indicating the absence of DIBL effect. The 

dispersion of low-level current below 3×10-5 mA/mm is likely due to trapping effect in 

the channel. As shown in Fig. 6.5(a), a good saturation behavior is observed in the 

output characteristics. However, the on-current (𝐼@A) is lower than 1 mA/mm and the 

𝑅@A is extracted from the linear region to be 7 kW·mm, corresponding to a specific on-

Fig. 2 Surface morphology

RMS: 0.24 nm
2X2 µm

RMS: 0.25 nm
2X2 µm

On epi surface On trench bottom
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resistance (𝑅@A,24) of 0.3 W·cm2 when normalized by the trench area (4 𝜇m×50 𝜇m). 

Both the 𝐼@A  and 𝑅@A  values are around two orders of magnitude inferior than the 

state-of-the-art performance. 

 

 

Fig. 6.4 Measured transfer I-V characteristics of the trench MOSFETs. (a) Without and 

(b) with the n+ buried layer. The representative device in (a) has a trench width of 4 𝜇m 

and Lch,lateral = 3 𝜇m. The representative device in (b) has a trench width of 8 𝜇m and 

Lch,lateral = 1 𝜇m. Reprinted from Li et al. [21] © 2018 IEEE. 

The relatively poor 𝑅@A and 𝐼@A is determined to be limited by the lateral portion 

of the regrown channel from gated-TLM measurements [14]. We found the sheet 

resistance of the lateral regrown channel to be ~2 MΩ/sq. at 𝑉>	= 25 V. Since the lateral 
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channel length 𝐿?`,"[\ëç[" is 3-4 𝜇m in the measured device, 𝑅@A is dominated by the 

lateral channel. The high resistivity of the lateral regrown channel is likely due to the 

carrier compensation by Mg diffusion from the p-GaN underneath [20].  

The insertion of an n+ buried layer underneath the lateral portion of the UID channel 

should help reduce the resistivity due to two reasons: i) the added distance from the p-

GaN to the regrown UID channel reduces the Mg incorporation into the UID film, due 

to the exponential decay of the Mg incorporation profile [20] and ii) the 30-nm n+-GaN 

buried layer prevents the depletion of the UID channel due to the body p-GaN. 

Indeed, as shown in the transfer curves in Fig. 6.4(b), the device with the n+ buried 

layer shows ~100× increase in the on-current, resulting in an excellent on-off ratio 

of >1011 at 𝑉52	= 10 V. A clockwise hysteresis of less than 2 V is observed. As shown 

in the family curves in Fig. 6.5(b), 𝐼@A  is 130 mA/mm at 𝑉52	= 10 V and 𝑅@A  is 

extracted to be 6.4 mW·cm2 as normalized by the trench area, which are on par with the 

state-of-the-art performance. The nonlinearity at low 𝑉52  indicates that the source 

ohmic behavior is non-ideal, although an excellent source metal contact resistance of 

0.05 W·mm is extracted from transmission line measurements. Detailed investigation of 

the nonlinearity is beyond the scope of this study, but preliminary results from 

simulation show that the nonlinearity is due to a combination of Mg incorporation in 

the UID channel and the interface charge at the regrowth interface on the sidewall.  
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Fig. 6.5 Measured output I-V characteristics of the trench MOSFETs, (a) Without and (b) 

with the n+ buried layer. The device dimensions are the same, as described in Fig. 6.4. 

Reprinted from Li et al. [21] © 2018 IEEE. 

To verify that the lateral portion of the channel is indeed not limiting the on-current, 

a planar test transistor with the same lateral channel design is measured on the same 

sample, as shown in Fig. 6.6. Although also limited by the imperfect source ohmic 

characteristics, the planar transistor shows much higher current than the trench 

MOSFET, indicating that the lateral channel is not limiting the current of the trench 

MOSFET. The planar transistor also shows an always-on behavior with no clear gate 

modulation under the tested bias range. This is due to the high sheet charge density of 

the n+ buried layer. It is estimated that the lateral channel and the source contact 

combined only contribute to ~5% of the total 𝑅@A  of the device, while the vertical 

channel contributes to ~90%. 
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Fig. 6.6 Measured transfer and output I-V characteristics of a planar test transistor 

fabricated on the same sample as the trench MOSFETs with the n+ buried layer. Inset: 

schematic device cross section. Reprinted from Li et al. [21] © 2018 IEEE. 

In both designs, the lateral regrown channel is connected in series with the vertical 

regrown channel, and thus the overall 𝑉\` is determined by the channel with higher 

𝑉\`. In the device with the n+ buried layer, the lateral channel is always on, and thus 𝑉\` 

is determined by the vertical channel. At 𝑉52	= 1 V, 𝑉\`	~	 -5 V is extracted for the 

vertical channel. In the device without the n+ buried layer, the vertical channel should 

be the same as the other design, and thus 𝑉\` of ~18 V must be determined by the 

lateral channel.  
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The negative 𝑉\` of the vertical regrown channel indicates the presence of extra 

donor-like states, most likely at the regrowth interface [18], since the ideal 𝑉\` of the 

UID channel is ~3 V according to TCAD simulation [see Fig. 6.9(b)]. The higher than 

ideal 𝑉\` in the lateral regrown channel means the presence of extra acceptors in the 

UID-GaN. Assuming no interface charge at the lateral regrowth interface on the c-plane, 

the acceptor concentration in the lateral regrown channel is estimated to be ~1×1019 cm-

3 from the analytical calculation of 𝑉\`. This is likely due to a high number of Mg atoms 

incorporated into the lateral channel during the regrowth on the top of the p++-GaN layer 

[20], which has a Mg concentration of >1×1020 cm-3, as determined by secondary ion 

mass spectroscopy. If the p++ layer is etched off before the channel regrowth, much 

lower Mg incorporation can be expected, which should allow a more reasonable 𝑉\` 

and improved on-current without using the n+ buried layer design.  

Two major issues are observed in the on-state characteristics of the device with the 

n+ buried layer. First, a pronounced DIBL effect is shown in the transfer I-V 

characteristics. The DIBL can be calculated by: DIBL = Δ𝑉\`/Δ𝑉52	= 0.8 V/V. Second, 

there is no clear saturation behavior in the output characteristics, which is attributed to 

the combination of the nonlinear source ohmic characteristics and the DIBL effect. 

Since the hysteresis is much smaller than the observed 𝑉\` , the charging and 

discharging of trap states should not be the main cause of the DIBL. In Section 6.4, 

TCAD simulation is performed in order to investigate the causes of the DIBL effect.  

The three-terminal breakdown characteristics are shown in Fig. 6.7. A respectable 

BV of ~600 V and low drain leakage are measured in the device without the n+ buried 

layer, indicating good critical electrical field strength of the regrown channel (>1.6 
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MV/cm from 1-D calculation) and the effective gate control over the interface charge at 

the vertical regrowth channel, thanks to the GoS design. During the measurement, 𝑉>2	= 

-15 V is applied to completely pinch off the vertical portion of the regrown channel, 

which has a lower threshold voltage than the lateral channel due to the presence of 

interface charge. In the device with the n+ buried layer, soft breakdown behavior is 

observed due to the fast-increasing drain leakage current, resulting in the limited BV of 

~130 V. The inset shows the dependence of the drain leakage on 𝑉>2. As the gate bias 

becomes more negative, the drain leakage reduces, and the current profile shifts to the 

right. This is another indication of DIBL effect. The extracted DIBL is ~0.4 V/V at 𝐼5	= 

1 𝜇A/mm, which is similar with the extraction from the transfer characteristics. 

 

 

Fig. 6.7 Measured three-terminal breakdown characteristics of the regrown channel 

trench MOSFETs; ∼600-V BV and low drain leakage current are measured on the device 
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without the n+ buried layer at Vgs = -15 V. Soft breakdown behavior at ∼130 V limited 

by drain leakage current is observed for the device with the n+ buried layer. Inset: Vgs - 

dependence of the drain leakage current in the device with the n+ buried layer. Reprinted 

from Li et al. [21] © 2018 IEEE. 

6.4    Impact of donor-like interface charge 

In order to understand the causes of the DIBL effect observed in the device with the 

n+ buried layer, simulation of the devices with or without the n+ buried layer is 

performed in TCAD Sentaurus. Similar geometry along the critical current path as the 

fabricated devices is used in the simulator. The MBE-regrown UID channel is modeled 

as an ideal n--GaN film with a donor concentration of 1×1016 cm-3. The incorporation 

of Mg is not considered, since it will not contribute to the DIBL effect. The interface 

charge in the vertical channel is modeled as a thin sheet of interface donor [18], as shown 

in Figs. 6.8(a) and 6.9(a). The interface charge in the lateral channel on c-plane is not 

considered in this work, since there is no clear evidence of its presence from the 

experimental results, and the concentration should be reasonably low [18]. Electron 

mobility of 30 cm2/V·s is assigned to the UID channel considering the carrier scattering 

augmented by Mg incorporation in the regrown UID channel. This value is also 

consistent with the reported lower limit of the electron mobility in a similar regrown 

channel by Gupta et al. [24]. Electron mobility of 1500 cm2/V·s is used in other n-type 

GaN regions, as extracted from a similar sample [22]. 
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Fig. 6.8 (a) Simulation structure and net doping concentration of the device without the 

n+ buried layer in the presence of interface donor sheet density. (b) Simulated transfer I-

V characteristics with Nint = 1×1013 cm-2. Three different thicknesses of the interface 

donor region (dint) are simulated: dint = 2,10, and 20 nm. Trench width = 4 𝜇m. Lch,lateral = 

1 𝜇m. Dielectric thickness = 40 nm. UID-GaN channel thickness: dch = 50 nm. Reprinted 

from Li et al. [21] © 2018 IEEE. 

Figure 6.8(b) shows the simulated transfer I-V characteristics of the device without 

the n+ buried layer assuming a typical interface donor sheet density (𝑁6A\) of 1×1013 cm-

2. As the depth of the crystal damage due to dry etch can extend to tens of nanometers, 

three different thicknesses of the interface donor region (𝑑6A\) are simulated: 𝑑6A\	= 2, 

10, 20 nm. In comparison with the device with no interface charge, the inclusion of 

1×1013 cm-2 interface donor does not change 𝑉\`, regardless of 𝑑6A\. The “local” 𝑉\` 

of the vertical sidewall channel should be lowered by the interface charge; however, the 

observed 𝑉\` of the whole device does not change. This means the threshold voltage 

of the whole device is determined by the lateral part of the channel, irrespective of the 

interface charge in the vertical channel. As a result, no DIBL effect is observed, in 
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agreement with experimental measurements on the device without the n+ buried layer. 

The lower 𝑉\` in the simulation compared with experimental value is attributed to the 

absence of Mg incorporation into the UID channel in the simulated device. 

Figure 6.9(b) shows the simulated transfer I-V characteristics of the device with the 

n+ buried layer under 𝑁6A\	= 1×1013 cm-2. In comparison with the device with no 

interface charge, the inclusion of 1×1013 cm-2 interface donor shifts 𝑉\` to lower values 

and increases the on-current significantly. The DIBL effect is clearly noticeable and 

increases with 𝑑6A\. For 𝑑6A\	= 2 nm,	Δ𝑉\` of 1.5 V under Δ𝑉52	= 9 V is extracted, 

corresponding to DIBL = 0.2 V/V. Since DIBL is absent when no interface charge 

density is present and increases with increasing 𝑁6A\, the interface charge is identified 

as the major cause of the DIBL effect in the simulated devices with the n+ buried layer.  

 

 

Fig. 6.9 (a) Simulation structure and net doping concentration of the device with the n+ 

buried layer in the presence of interface donor sheet density. (b) Simulated transfer I-V 

characteristics with Nint = 1×1013 cm-2. Three different thicknesses of the interface donor 
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region (dint) are simulated: dint = 2,10, and 20 nm. (n+ buried layer thickness = 30 nm; 

other dimensions are the same as the structure without n+ buried layer.) Reprinted from 

Li et al. [21] © 2018 IEEE.  

Figure 6.10(a) shows the simulated transfer I-V characteristics of the device with the 

n+ buried layer under different 𝑁6A\  values. The extracted DIBL values are plotted 

against 𝑁6A\ in Fig. 6.10(b). The onset of DIBL is observed at 𝑁6A\  ~ 6×1012 cm-2, 

where a sharp increase of DIBL is observed. Note that the active acceptor concentration 

(𝑁û) in Fig. 6.10(a) is set to be 1×1018 cm-3. If 𝑁û is lowered to 2×1017 cm-3, the DIBL 

increases from 0.17 to 0.41 V/V under 𝑁6A\ = 1×1013 cm-2. On the other hand, if 𝑁û is 

increased to 1×1019 cm-3, the DIBL is no longer present. Alternatively, if the regrown 

channel thickness (𝑑?`) is reduced to 5 nm while keeping 𝑁û to be 1×1018 cm-3, the 

DIBL also decreases by more than 50%. 

Physically, the interface charge weakens the channel back barrier provided by the 

p-GaN and introduces a parasitic channel under the UID channel, making the device 

more prone to DIBL effect especially when the channel length is not long enough in 

comparison with the channel-to-gate distance. If the back barrier is made stronger by 

higher 𝑁û  in the p-GaN or the channel-to-gate distance is reduced by a thinner 

channel/gate dielectric, the DIBL effect due to the interface charge can be effectively 

suppressed, as shown in Fig. 6.10(b). 
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Fig. 6.10 (a) Simulated transfer I-V characteristics in device with the n+ buried layer under 

different Nint values. dint = 2 nm. UID-GaN channel thickness: dch = 50 nm. Acceptor 

concentration in p-GaN: NA = 1×1018 cm-3. (b) Extracted DIBL versus Nint under different 

dch and NA values in p-GaN. Reprinted from Li et al. [21] © 2018 IEEE. 

Based on the simulation results, the DIBL effect in the fabricated device 

incorporating the n+ buried layer can be attributed to the presence of interface charge 

beyond a critical value (~6×1012 cm-2) at the regrowth interface on the vertical sidewall. 

The interface charge density is estimated to be (1±0.3)×1013 cm-2 based on the 

simulation results in Fig. 6.10(b) and the 𝑉>2 swing required to completely pinch off 

the vertical channel [see Fig. 6.4(b)]. The simulated DIBL effect in the device with the 
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n+ buried layer is not as pronounced as observed in the experiments. One of the possible 

reasons is a lower active acceptor concentration than the apparent Mg concentration in 

MOCVD grown p-type GaN due to incomplete activation of the p-GaN or other 

compensation mechanisms. Another possible reason is a deeper and more extended 

interface charge region in the fabricated device than considered in the simulation (𝑑6A\	= 

2-20 nm). Other factors, such as trapping effect and body potential instability due to 

poor ohmic contact to the p-GaN [25], may also enhance the apparent measured DIBL.  

The experiments and simulations suggest that the key to realizing normally-off and 

DIBL-free vertical regrown channel in trench MOSFETs is the reduction of interface 

charge density at the regrowth interface. 𝑁6A\  could potentially be reduced by the 

removal of surface damage due to dry etching by a hot tetramethylammonium hydroxide 

treatment [15, 26, 27]. High temperature annealing in N2/NH3 could also help reduce 

the interface donor density [12]. Even with a moderate amount of interface charge 

present, it is still possible to achieve normally-off regrown channel without DIBL effect, 

as shown in Fig. 6.10. A thinner regrown channel and higher Mg concentration in the 

p-GaN could also mitigate the effect of the interface charge and increase 𝑉\`  [28]. 

Gupta et al. [12] employed a Mg concentration of 3×1019 cm-3 in the p-GaN and a 

channel thickness of ~5 nm in their MOCVD-regrown trench MOSFETs, in which 𝑉\` 

of 3 V is achieved with no DIBL effect, even with an estimated 𝑁6A\ around 8.5×1012 

cm-2. In the absence of DIBL, much better breakdown characteristics are expected in 

the devices with the n+ buried layer, since decent critical field strength of the MBE 

regrown channel has already been demonstrated in the device without the n+ buried 

layer.  
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6.5    Conclusions 

In this chapter, we discussed our initial efforts on the development and investigation 

of GaN vertical trench MOSFETs with MBE regrown UID-GaN channel. The MBE 

regrowth avoids the need to reactivate the buried body p-GaN as is the case for MOCVD 

regrowth, while promises the same benefit on channel mobility. From a respectable BV 

of 600 V, decent critical field strength (>1.6 MV/cm) of the regrown channel is 

demonstrated. Mg incorporation in the lateral channel is identified as the limiting factor 

for 𝐼@A and 𝑅@A and could be much reduced if the p++ capping layer is removed before 

the channel regrowth, or alternatively with an n+ buried layer under the lateral channel. 

Excellent 𝐼@A of 130 mA/mm and 𝑅@A of 6.4 mW·cm2 are demonstrated in the device 

incorporating the n+ buried layer. However, prominent DIBL effect is observed and the 

BV is limited as a result. Device simulations help identify the major cause of the DIBL 

effect: the presence of interface charge beyond a critical value (~6×1012 cm-2) at the 

vertical regrowth interface. These findings provide valuable insights on how normally-

off and DIBL-free vertical regrown channel can be achieved in MBE-regrown trench 

MOSFETs, where simultaneous achievement of low on-resistivity and high BV is 

expected.  

In addition, although the regrowth of the thin UID GaN layer in this work does not 

strictly form a lateral p-n junction, especially under the presence of Mg incorporation, 

it still serves as an important pioneer study for the realization of lateral p-n junctions by 

the use of selective-area regrowth. The presence of donor-like interface charge at non-

polar regrowth interfaces identified in this study has been repeated observed and widely 

recognized as the key issue in selective-area regrowth of GaN. To our best knowledge, 
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it has not yet been fully resolved, thus remains as a main technological barrier to the 

realization of a wide range of GaN vertical power devices, including VDMOS, CAVET 

and JFETs, as well as edge termination methods such as JTEs and floating guard rings. 

In the next chapter, we will continue discussing the work related to regrowth, in 

particular, selective-area regrowth, for the realization of GaN PolarMOS. 
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CHAPTER 7 FIRST DEMONSTRATION OF GAN POLARMOS 

7.1    Introduction 

So far, various types of GaN vertical transistors have been demonstrated in literature, 

as discussed in Chapter 6. Despite the promising progress, the figure-of-merit of the 

currently reported devices have yet reached the GaN limit, as previously benchmarked 

Fig. 1.10(b). One of the major reasons is the difficulty in realizing high-quality lateral 

p-n junctions due to the immature selective-area doping technology. 

 

7.1.1    Importance of lateral p-n junctions in vertical transistors 

As discussed in Section 1.8, lateral p-n junctions form by selective-area doping offer 

irreplaceable advantages in a number of charge-coupling designs for vertical power 

devices. Among them, the RESURF effect as in JFETs and JBSDs is crucial for 

protecting the gate dielectric from high electric-field stress in VDMOS structures, which 

features an inherent JFET region, as shown in Fig. 7.1(a). Even though the basic 

structures of trench MOSFETs and vertical fin transistors does not require lateral p-n 

junctions, it is beneficial to incorporate p-type shielding underneath the gate dielectric 

at the trench bottom as shown in Figs. 7.1(b) and (c), such that the high electric field in 

the WBG semiconductors will not penetrate into the dielectric, thereby causing 

reliability issues. In addition, the p-shields also help prevent premature breakdown due 

to electric-field crowding at trench corners. With the p-shields introduced, lateral p-n 

junctions will again appear, as shown in Fig. 7.1. As a result, lateral p-n junctions are 

crucial for most vertical transistors and may not be avoided. 
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Fig. 7.1 Schematic cross sections of (a) vertical diffused MOS (VDMOS), (b) trench 

MOSFET with p-shield and (c) vertical fin transistors with p-shield. P-type regions are 

colored in blue, while lateral p-n junctions are indicated by diode symbols (Courtesy of 

Mingda Zhu.) 

7.1.2    On channel mobility 

Another important reason why the GaN limit has yet been reached is the limited 

channel mobility generally found in trench-based devices with inversion channels, 

which adversely affects the overall on-resistance (𝑅@A ) of the transistor. While the 

channel mobility will no longer be the limit factor for vertical MOS transistors when 

the blocking voltage is over a few kV, as illustrate in Ref. 1 for SiC, it is crucial for 

transistors with a voltage rating lower than 1 kV.  

One of the major advantage of GaN is the availability of high-quality polarization-

doped heterojunctions on the c-plane, where a 2-dimensional electron gas (2DEG) 

channel with very high room-temperature mobility can be realized as results of the 

absence of ionized-impurity scattering as well as a good carrier confinement. It is partly 
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due to this reason that low cost and high performance lateral GaN high-electron-

mobility transistors (HEMTs) have been commercialized for power applications [2]. To 

fully exploit this benefit, it is preferable to incorporate the high-mobility lateral 

heterojunction channel in vertical power devices as well. 

 

7.1.3    PolarMOS 

A device structure that incorporates both the aforementioned benefit of lateral p-n 

junctions as well as a high-mobility lateral channel is the GaN PolarMOS [3]. The basic 

structure of the PolarMOS is similar to a VDMOS, thus the RESURF effect from the 

JFET region is preserved. One major different is the incorporation of polarization-

induced (PI) bulk doping unique in III-nitride materials. Specifically, the body p-n diode 

in the PolarMOS is doped completely or partially by PI bulk doping [4, 5-9], which 

offers an ideally 100% hole activation ratio independent of temperature [6] and 

frequency of the electric signal [10]; furthermore, AlGaN with a higher critical 

breakdown field than GaN is placed in the high field region of the body p-n diode 

alongside with the PI bulk doping. The other main difference is that a high-mobility PI-

doped lateral channel is incorporated in place of the inversion channel in a conventional 

VDMOS [see Fig. 7.1(a)], thus promising a much higher channel mobility. 

In this chapter, we discuss the first experimental demonstration of the GaN 

PolarMOS. Selective-area epitaxial regrowth by MBE is employed for the realization 

of the lateral p-n junction region. The quality of the lateral p-n junction interface is 

examined by both structural and electrical characterizations of the PolarMOS. The work 

being discussed in this chapter was published elsewhere [11].  
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7.2    Device design and fabrication 

Figure 7.2(a) shows the design of the epitaxial layer structure. As an initial step of 

the device development, the polarization-induced bulk doping with a moderate 

concentration is adopted in only the buried p-layer in this study. The epitaxial structure 

consists of a 7-𝜇m Si-doped n-GaN drift layer with a net doping concentration of 

1×1016 cm-3 designed to support more than 1200 V, similar with our previous studies 

[12][13]. The drift layer is followed by a PI-doped p-AlxGaN layer with the Al 

concentration (x) linearly graded from 14% to 0% over a thickness of 100 nm. On top 

of the p-type doping provided by the polarization charge, Mg concentration of 1×1019 

cm-3 is also designed in to prevent compensation by residue donors and to ensure the 

depletion region extends primarily into the drift region at reverse bias. On top of the 

graded p-type layer is a 200-nm unintentionally-doped (UID) GaN layer. This layer is 

designed to accommodate the memory effect of Mg in GaN layers grown by metal-

organic CVD (MOCVD) [14] thus allowing for the Mg concentration to drop to a low 

enough level in the subsequent GaN lateral channel layer under the Al0.25GaN top barrier. 

The Al composition in the top AlGaN barrier is chosen to be sufficiently high such that 

a 2DEG is present in the as-grown PolarMOS structure. 
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Fig. 7.2 Epitaxial layer structure and device cross section of the PolarMOS. (a) designed 

epitaxial structure for growth by MOCVD. The calculated band diagram and electron 

concentration along the vertical direction are shown in (b) if Mg acceptors are all active 

and in (c) if Mg acceptors are inactive. The Mg profile and Al concentration used in the 

calculations are taken from the actual values measured by SIMS (see Fig. 7.3). (d) 
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schematic device cross section of the PolarMOS. Reprinted from Li et al. [11] © 2019 

IOP Publishing. 

The epitaxial layers are grown by MOCVD without interruption. Figure 7.3 shows 

the secondary ion mass spectrometry (SIMS) profile of the layers after growth. The peak 

Al concentration in the graded AlxGaN layer is found to be 14% as designed and the Mg 

concentration is ~5×1018 cm-3. The linear grading of the Al concentration is achieved. 

With the UID GaN “tail” layer, the Mg concentration reduced to ~1×1017 cm-3 before 

reaching the AlGaN/GaN lateral channel. Using the actual Al and Mg concentration, 

the band diagram and electron concentration at zero bias along the vertical direction are 

calculated. Figure 7.2(b) shows the calculated results assuming all the Mg acceptors are 

active, whereas Fig. 7.2(c) shows the results with all the Mg acceptors inactive. As can 

be seen from Fig. 7.2(c), the depletion region does not extend into the n-GaN drift layer 

if no Mg acceptors are active. 
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Fig. 7.3 SIMS measurement results of the impurity concentrations and the Al content 

along the depth of the epitaxial structure grown by MOCVD. Reprinted from Li et al. [11] 

© 2019 IOP Publishing. 

The device structure of the PolarMOS based on the designed epitaxial layers is 

shown in Fig. 7.2(d). As a first step into the device development, a simple metal-

insulator-semiconductor (MIS)-gate structure without gate recession is adopted. The 

vertical n-GaN channel region is designed to be realized by regrowth. The vertical 

channel forms lateral p-n junctions with the buried p-layer on both sides, resulting in 

the desired charge-coupling effect thus reduced surface field for the protection of the 

gate dielectric. 

The fabrication process flow is illustrated in Fig. 7.4. First, the vertical channel 

region was defined by a BCl3/Ar-based dry-etching using SiO2 as the mask. The SiO2 

mask was patterned by a wet etch process using buffered oxide etchant (BOE), resulting 

in a slanted sidewall profile, which was then transferred into the sidewall profile of the 

vertical channel. The slanted sidewall profile is found to have less shadowing effect 

during the MBE regrowth. After the dry etching, the sample underwent an HCl 

treatment, before being loaded into the MBE system, where the n-GaN vertical channel 

was selectively regrown using the same SiO2 mask. Subsequently, the SiO2 mask was 

removed, leaving only the regrown n-GaN in the etched trench. Similarly, the n+-GaN 

region for the source contact and p+-GaN region for the body contact were also formed 

by MBE regrowth following similar procedures. After the three regrowth steps, the 

device was mesa-isolated by dry etching. Non-alloyed source ohmic contacts was then 
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formed by a deposition of Pd/Au on the p+-GaN region followed by a deposition of 

Ti/Au on the n+-GaN region. A SiNx/SiO2 (10 nm/48 nm) gate dielectric layer was 

deposited by atomic layer deposition (ALD), followed by a deposition of Ni/Au as the 

gate metal. The gate dielectric also serves as a passivation layer in un-gated regions. 

Finally, a non-alloyed drain ohmic contact was formed by a deposition of Ti/Al/Au on 

the back side of the GaN substrate and contact holes were formed on the source contacts 

by wet etching using BOE. 

 

 

Fig. 7.4 Fabrication process flow of the PolarMOS. (a) trench formation by dry-etching. 

(b) vertical n-GaN channel regrowth by MBE. (c) n+-GaN regrowth by MBE for source 

contact. (d) p+-GaN regrowth by MBE for body contact to the buried p-layer. (e) 

metallization for the body ohmic contact (Pd/Au) and the source ohmic contact (Ti/Au). 

(f) deposition of SiNx/SiO2 (10 nm/48 nm) gate dielectric by ALD, followed by 

metallization for the gate (Ni/Au) and drain (Ti/Al/Au) electrode. Reprinted from Li et 

al. [11] © 2019 IOP Publishing. 
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7.3    Structural characterization 

The cross-sectional profile of the vertical regrown channel is examined on a test 

sample. Figure 7.5(a) shows a scanning electron microscopy (SEM) image of the profile 

of a vertical channel before the MBE regrowth with a designed width of 3 𝜇m. The 

sidewall angle is around 45°. Figure 7.5(b) shows the profile of a vertical channel after 

the regrowth with the same designed width, taken by high-resolution transmission 

electron microscopy (HRTEM). Both the horizontal and the sidewall regrowth interface 

are indistinguishable under this magnification. The top surface of the regrown channel 

is flat, but there exist two bumps at each side of the regrown channel. The bumps are 

due to the undesired growth near the edges of the SiO2 mask, and are found to be largely 

poly-crystalline. There is also a shallow valley on the left-hand side of the right bump. 

We believe it is due to the shadowing effect of the SiO2 mask and the bump, leading to 

a reduced atomic flux at the valley during the MBE growth. Figures 7.5(c)-(e) show the 

magnified view of the sidewall regrowth interface on the right-hand side. As can be seen 

in Fig. 7.5(c), the regrowth interface can be only vaguely identified near the bottom of 

the trench, largely from the color contrast between AlGaN and GaN under the TEM 

imaging. Note that in this particular test sample, the dry etching did not etch through the 

PI-doped p-AlGaN layer completely. Above the bottom of the trench, the sidewall 

regrowth interface cannot be identified even with higher magnification, as shown in 

Figs. 7.5(d)-(e). At the highest magnification [Fig. 7.5(e)], the sidewall regrowth 

interface appears to have ideal atomic arrangements without visible crystal defects. 
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Fig. 7.5 (a) Cross-sectional SEM imaging of the trench sidewall profile after dry etching. 

The trench has a designed width of 3 𝜇m. (b) HRTEM imaging of the vertical channel 

after MBE regrowth. Edge bumps due to the undesired growth on the mask sidewall are 

observed. (c-e) HRTEM images with increasing magnifications on the regrowth sidewall 

interface. Red box in (c) indicates the location of the region shown in (d). Adapted from 

Li et al. [11] © 2019 IOP Publishing. 

Figure 7.6 shows an SEM image of the cross section of a fabricated PolarMOS with 

a viewing angle of 53° from the c-axis after adjusting the etching depth of the trench 
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channel based on the aforementioned test sample. Despite the presence of bumps from 

the regrowth steps, the device has a near planar surface as designed. The surface 

morphology of each regrown region is characterized by atomic force microscopy (AFM), 

as shown in Fig. 7.7. The regrowth surfaces are decently smooth, all having an rms 

roughness of below 0.7 nm.  

 

 

Fig. 7.6 SEM image of the cross section of a fabricated PolarMOS with a viewing angle 

of 53° from the c-axis. Reprinted from Li et al. [11] © 2019 IOP Publishing. 
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Fig. 7.7 AFM imaging of the surface morphology of (a) the as-grown MOCVD epitaxial 

structure, (b) the regrown n-GaN vertical channel, (c) the regrown n+-GaN source contact 

region, and (d) the regrown p+-GaN body contact region. Reprinted from Li et al. [11] © 

2019 IOP Publishing. 

7.4    Electrical characterization 

From Hall effect measurements, a 2DEG sheet concentration of 6.7×1012 cm-2 and 

an electron mobility of 1490 cm2/V·s are extracted, indicating that the 2DEG channel 

can indeed be successfully achieved under a Mg background concentration of ~1×1017 

cm-3 (see Fig. 7.3). The contact resistance to the 2DEG is extracted to be 0.19 W·mm 

from transfer length measurements (TLM), which is similar with the typical value we 

achieved using the same n+-GaN regrowth process by MBE [15][16]. The contact 
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resistivity to the regrown p+-GaN is measured to be ~10-4 W·cm2. We are unable to 

measure to the contact resistance to the underlying buried p-layer due to the lack of 

appropriate test structure in this study. 

The transfer 𝐼5-𝑉>2 characteristics of the PolarMOS under different 𝑉52 is shown 

in Fig. 7.8. The dimensions of the tested device are shown in Fig. 7.2(d). Under 𝑉52	= 

1 V, the PolarMOS has an excellent on-off ratio of ~109. However, the on-off ratio 

reduces to less than 102 under 𝑉52	= 10 V due to a dramatically increased drain leakage 

current. Since the gate current remains less than 10-7 mA/mm, the leakage path is 

between the source and drain. A significant hysteresis is also observed between different 

sweeping directions, indicating the presence of trap states in the device structure. The 

trapping effect will affect the dynamic performance of the present devices. The origin 

of the trapping requires further investigation and is beyond the scope of this work. 
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Fig. 7.8 Transfer I-V characteristics of the PolarMOS (a) under Vds = 1 V and (b) under 

Vds = 10 V. Reprinted from Li et al. [11] © 2019 IOP Publishing. 

Figure 7.9 shows the 𝐼5-𝑉52 output characteristics of the PolarMOS. Decent output 

current of >500 mA/mm is measured under 𝑉52	= 10 V. The 𝑅@A extracted from the 

linear region near 𝑉52	= 0 V is 11 W·mm, corresponding to a 𝑅@A,24 of 0.66 mW·cm2 

as normalized by the active pitch width of 6 𝜇m. This value is on-par with the best 

reported 𝑅@A,24 of 1-kV class vertical GaN transistors [17-22]. However, there is an 

increase of drain leakage current beyond a 𝑉52  of ~6 V, and the device cannot be 

completely turned-off at 𝑉52	= 10 V, in agreement with the observations from the 

transfer I-V measurements. 

 

 

Fig. 7.9 Output I-V characteristics of the PolarMOS. Reprinted from Li et al. [11] © 2019 

IOP Publishing. 

 Vds (V)
0 2 4 6 8 10

 I d (m
A/

m
m

)

0

100

200

300

400

500

600
 Vgs: 0 V to -28 V, 4.7 V step

Family I-V



 

332 

Figure 7.10(a) shows the 3-terminal breakdown measurement of the PolarMOS 

under 𝑉>2	= -30 V. The drain leakage is found to increase rapidly beyond ~5 V, while 

the gate leakage remains at a low level until a hard breakdown behavior at 38 V. This 

again indicates that the leakage path is between the source and drain. The vertical 

leakage test through the buried p-layer is performed on a test structure on the same wafer. 

The test structure does not have the vertical channel and only has the regrown n+-GaN 

region for the source ohmic contact. Thus, the vertical current measured in this test 

structure reflects the leakage current through the buried p-layer. As shown in Fig. 

7.10(a), the measured vertical leakage current closely match with the drain leakage, 

indicating that the source-drain leakage is primarily through the buried p-layer. It leads 

to the speculation that the Mg dopants in the buried p-layer is passivated by the 

hydrogen present during the MOCVD growth, which is a well-known issue [23], as 

discussed in Chapter 5. Indeed, there is a high concentration of H whose profile follows 

closely with that of the Mg in the buried p-layer, as revealed by the SIMS results (Fig. 

7.3). Upon closer examination of drain current from Fig. 7.10(a), a punch-through 

behavior can be identified at 5±1 V, where a sharp exponential increase of the current 

transitions into a gradual linear increase. 
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Fig. 7.10 Three-terminal breakdown measurements of the PolarMOS (a) without 

activation of the buried p-layer and (b) with sidewall activation of the buried p-layer. 

Dotted line in (a) is the measured vertical leakage current through the buried p-layer using 

a vertical test structure on the same wafer. Reprinted from Li et al. [11] © 2019 IOP 

Publishing. 

It is shown in our previous study that similar punch-through behaviors can be 

verified from simulation and are well-explained quantitively with an analytical model 

considering the complete depletion of the buried p-layer [9], as discussed in Section 5.3. 
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In the present epitaxial structure, if the Mg acceptors are completely inactive [see Fig. 

7.2(c)], the negative polarization charge (𝑁æâ) in the buried PI-doped p-AlGaN layer is 

balanced with the positive polarization sheet charge at the p-n junction interface arising 

from the abrupt change of the Al concentration. Using the measured peak Al 

concentration (𝑥û") of 14% and the graded AlGaN layer thickness (𝑊�) of 100 nm, 𝑁æâ 

is be calculated to be 7×1017 cm-3 by using Eq. 5.11. When the punch-through happens, 

the applied voltage is supported entirely by the polarization charge in the depleted p-

AlGaN layer, since the depletion does not extend into the drift layer when the Mg 

acceptors are inactive. Thus, the punch-through voltage (𝑉æX) can be calculated with 

𝑉æX =
𝑒𝑁æâ𝑊�H

2𝜀2
− 𝑉Ù6, (7.1)	 

where 𝜀2 is the dielectric constant of the buried p-layer, and 𝑉Ù6	~ 3 V is the built-in 

potential. The calculated 𝑉æX  value is ~4 V, which is very close with the observed 

punch-through voltage of 5±1 V, indicating that the Mg acceptors in the buried p-layer 

are indeed mostly inactive. 

As discussed in Chapter 5, the buried p-layer can be thermally-activated effectively 

if exposed with etched sidewall [24][25]. Therefore, in another PolarMOS sample, two 

steps of activation annealing at 725 °C was performed in a N2 ambient for 20 minutes 

in an RTA system: one after the trench etch and the other after the device isolation etch.  

In addition, the sample was annealed in-situ in the MBE chamber at 725 °C for 20 

minutes in vacuum before the p+-GaN regrowth, during which the buried p-layer was 

exposed from the top side as a result of the dry etching before the p+-GaN regrowth. 

Figure 7.10(b) shows the 3-terminal breakdown measurement of the PolarMOS that 
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underwent the aforementioned activation steps. The drain leakage current is much 

reduced within the tested voltage range in comparison with the device without the 

activation, and the leakage current remains low until an abrupt hard breakdown at 

around 58 V. This suggests that 𝑉æX is improved from ~5 V to at least 58 V by the 

activation steps. The increase of 𝑉æX should be attributed to the increase of the active 

Mg acceptor concentration in the buried p-layer. The exact 𝑉æX  value should depend 

on the width of the mesa structure under a certain annealing condition [25]. A 

comprehensive determination of the 𝑉æX is beyond the scope of this work. The fact that 

the breakdown voltage is still lower than 60 V suggests the existence of other breakdown 

mechanisms other than the premature punch-through of the buried p-layer. 

To further investigate the breakdown mechanism, the conductive AFM technique 

was employed for a current mapping of the region near the vertical regrown channel. A 

test sample was fabricated with only the vertical channel regrowth and the drain ohmic 

contact, similar to the structure in Fig. 7.4(b) but with the addition of the drain ohmic 

contact. A solid conductive tip was used, which stays in contact with top surface of the 

sample under a constant applied force. Electrically, the tip is grounded. With a bias 

applied to the sample through the drain ohmic contact at the backside of the substrate, 

the system measures the local current that passes through the grounded AFM tip and 

flows vertically through the sample.  

Figure 7.11 shows the measurement results. As expected, the topography line scan 

reveals the bumps at the edge of the regrown channels as a result of the MBE regrowth 

[Fig. 7.11(b)]. The current maps are shown in Figs. 7.11(c) and (d) with two different 

current scales under the same sample bias of 1 V. Referring to the topography map in 
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Fig. 7.11(a), the current maps allow for identifying highly conductive paths located at 

the regrowth bumps. Since the bumps are in contact with the sidewall regrowth interface, 

the results suggest that the material near the sidewall regrowth interface is much more 

conductive than at other regions, allowing for a localized vertical leakage path. This 

path acts like a short in the PolarMOS at reverse bias, resulting in most of the voltage 

being supported by the gate dielectric alone, thus the limited breakdown voltage. The 

high conductivity of the regrowth interface is likely due to the presence of donor-like 

impurities and/or point defects, which is suggested and partially identified in previous 

studies on the regrowth of GaN on metal-polar c-plane [26][27], as well as on semi-

polar planes as in the case of the trench MOSFETs with regrown channel (see Chapter 

6). Previous studies have shown that donor-like impurities such as O may have a higher 

tendency to get incorporated on semi-polar planes or non-polar planes, compared with 

on metal-polar c-plane [28]. Perhaps due to this reason, not excluding others, the 

regrown p-n junctions on non-c-plane surfaces typically shows higher leakage current 

and lower breakdown voltage than on c-plane surfaces [29, 30]. High concentration of 

interface charge is also typically found on the etched sidewalls [12, 17, 31, 32]. Our 

results show that the interface donors are present even though apparent structural defects 

at the sidewall regrowth interface are not visible. Further studies with in-situ cleaning 

and further optimized regrowth processes are required to improve the interface quality 

for truly functional lateral regrown p-n junctions. 
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Fig. 7.11 (a) AFM topography of the vertical regrown channels. (b) Line-scans of the 

topography along the dash-dotted lines in (a). (c) Current map in nA scale. (d) Current 

map in 𝜇A scale. The current maps are measured by a grounded conductive AFM tip in 

contact-mode under a constant applied force, with the sample biased at 1 V through the 

drain ohmic contact on the back of the wafer (i.e. the tip/n-GaN Schottky barrier diode is 

under reverse bias). Reprinted from Li et al. [11] © 2019 IOP Publishing. 

Donor-like interface states may also exist at the regrowth interface of the regrown 

n+-GaN and p+-GaN regions [26][27]. In the PolarMOS, the high electric field will not 

reach to the n+-GaN and p+-GaN region unless the buried p-layer becomes fully-

depleted or the gate loses gate control over the lateral channel. Thus, the breakdown 
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voltage will not be affected directly by the interface quality of regrown n+ and p+ regions. 

However, the donor-like interface states between the regrown p+-GaN and the buried p-

layer could severely compromise the ohmic behavior of the body contact, causing 

instability of the threshold voltage and reduced breakdown voltage due to open-base 

transistor breakdown. These potential effects, while not observable in the present 

PolarMOS devices, are worthy of future study. 

7.5    Conclusions 

With three steps of selective area regrowth by MBE, GaN PolarMOS is successfully 

realized with a near-planar surface profile. In the PolarMOS, a lateral heterojunction 

channel with high-mobility 2DEG is achieved on top of the PI-doped p-AlGaN body 

layer without growth interruption by MOCVD. The PolarMOS exhibits excellent on-

current of >500 mA/mm and a specific on-resistance of 0.66 mW·cm2. However, the 

device suffers from a high source-to-drain leakage current due to the early punch-

through of the buried p-layer due to the passivation of the Mg acceptors. Through 

sidewall activations of the buried p-layer, the vertical leakage is significantly suppressed. 

Subsequently, the breakdown mechanism of the PolarMOS is unveiled from the current 

maps using the conductive AFM technique, which reveals a highly conductive vertical 

path along the sidewall interface of the regrown channel, despite the absence of apparent 

structural defects. Although high-quality lateral p-n junctions are not successfully 

realized yet, these findings still provide important reference towards future 

developments of selective-area doping technology in GaN – the key for high-

performance GaN vertical power transistors. 
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CHAPTER 8 GA2O3 VERTICAL FIN TRANSISTORS 

8.1    Introduction 

8.1.1    Overview 

In this chapter, we discuss the realization and analysis of Ga2O3 vertical fin 

transistors. As shown in Fig. 5.1 previously, vertical fin transistors is one of the feasible 

structures for realizing vertical transistors. It is distinctly different from other structures 

in that it does not necessarily require p-type doping, an attractive feature for a number 

of WBG materials, which cannot be effectively p-type doped with good p-type 

conductivity, such as Ga2O3 and AlN. 

 

8.1.2    Basic requirements for vertical power transistors 

Before we delve into the technical details on the realization of Ga2O3 vertical fin 

transistors, it is helpful to summarize the basic requirements for vertical power 

transistors, as they point to whether p-type doping is really required.  

First, a main junction is required for voltage blocking. From the basic device 

building blocks listed in Fig. 1.4, all three structures: p-n junction, Schottky junction 

and MOS structures can be employed as the main junction, with the pros and cons 

already discussed in Chapter 1. Without p-type doping, obviously, the latter two 

structures can be chosen. In terms of reverse leakage current, the MOS structure is 

typically superior to a Schottky junction, thus may be a preferred choice. 

Second, to enable gate control in a transistor, the carrier needs to be well-confined 

in a channel. This can be realized by three means: i) confinement by geometry defined 
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by etching or other patterning techniques; ii) confinement of the carriers by potential 

barriers, as in the case of abrupt heterojunction interfaces or inversion channels; as well 

as iii) confinement of carriers by the difference in conductivity, as utilized in lateral 

transistors made on semi-insulating substrates. None of these three methods absolutely 

require p-type doping. In practice, AlGaN/GaN HEMTs are examples using the second 

method, while the majority of Ga2O3 lateral transistors utilize the third method (see Ref. 

1). For the first method, an etched fin channel is one of the manifestation, as in the 

vertical fin transistors.  

Third, effective gate control is required from the gate structures. Again, all three 

main device building blocks as in Fig. 1.4 can be implemented as the gate structure, 

based on which different device names have been assigned to, including junction-gate 

FETs (JFETs) (with p-n junction gates), metal-semiconductor FETs (MESFETs) (with 

Schottky-junction gates) and MOSFETs (with MOS structure as gates). In the absence 

of p-doping, the latter two building blocks can still be effective choices. Particularly, 

for normally-off operations, MOS-gate is generally the preferred option, as it has the 

lowest gate leakage currents. 

Finally, effective ohmic contacts are required for the source and drain in most cases. 

In a typical vertical power transistors, excluding insulated-gate bipolar transistors 

(IGBTs), only n-type ohmic contacts are involved. The p-body contacts are also 

important, however, is out of the scope of our simple discussions here.  

From the above discussions, it can be seen that a vertical transistor can be realized 

with MOS structures alone, without needing for p-type doping. The vertical fin 

transistor with a MOS-gate structure is essentially such an implementation. 
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8.1.3    Achieving normally-off operation 

For power transistors, normally-off (or enhancement-mode) operation is much 

preferred for fail-safe operations. To realize a normally-off conduction channel, again, 

the carriers inside the channel need to be well-confined, plus being fully-depleted at 

zero gate bias as an addition requirement. If effective p-type doping is not available as 

in the case of b-Ga2O3, it is not viable to use inversion channels. Alternatively, the 

aforementioned methods of using geometry confinement or conductivity difference can 

be adopted.  

Vertical fin transistors use the former approach. As shown in Fig. 5.1(c), they feature 

lightly doped n-type channels, which are etched into fins or nanowires. With a proper 

design of the fin aspect ratio, excellent electrostatic control can be obtained, similar with 

the FinFETs. The operating principle of vertical fin transistors is schematically shown 

in Fig. 8.1, using Ga2O3 as an example material. With a sufficiently narrow fin channel 

width, the carriers in the vertical fin channel can be fully-depleted at zero bias due to 

the work function difference between the gate metal and Ga2O3 [see Fig. 8.1(b)]; 

therefore, normally-off operation can be achieved. Although a Schottky gate can be used 

in principle, a MOS gate structure is preferred for a lower gate leakage current and a 

higher gate voltage limit. 



 

345 

 

Fig. 8.1 Schematic cross section of vertical fin transistors for illustration of the operation 

principle, using Ga2O3 as an example. (a) At on-state. (b) At off-state with Vds = 0 V. (c) 

At off-state with Vds > 0 V. 

In this chapter, we first present a brief review of the history of vertical fin transistors 

in both Ga2O3 and other materials as well. Afterward, we discuss the development of 

our latest generation of Ga2O3 vertical fin transistors, which showed over 2.6 kV 

breakdown voltage, enhancement-mode operation, as well as the first implementation 

of multi-cell or multi-fin structure – a proof-of-concept for the realization of large-area 

devices. In addition, the impact of sidewall interface-trapped charge, the unique 

orientation dependence as well as the breakdown mechanism will also be covered. The 

work presented in this chapter was partially published elsewhere [2]. 
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8.2    History of vertical fin transistors 

The vertical fin transistors have a device structure similar with that of a static 

induction transistor (SIT). SITs were first proposed in 1950s [3] and experimentally 

realized in 1972 in Si [4]. Later, GaAs SITs [5][6] and SiC SITs [7] were also 

demonstrated. A distinct feature of an SIT is the non-saturating output characters as a 

result of the drain-induced barrier lowering (DIBL) effect. For power transistors, DIBL 

is not desired, thus the design principle for the gate length and channel aspect ratio is 

different.  

In recent years, GaN vertical fin transistors for power applications were 

demonstrated [8-10]. With deeply-submicron fin channel widths and appropriate design 

of the fin channel geometry, normally-off operation with saturating output 

characteristics free of appreciable DIBL is realized in these devices [8][9]. The choice 

of the vertical fin transistor structure for GaN avoids the issues with the immature 

selective-area p-doping as required in VDMOS or CAVETs, and helps obtain a higher 

bulk channel mobility than the trench MOSFETs [11], a “hidden” advantage of the 

vertical fin transistors.  

Following GaN, Ga2O3 vertical fin transistors are also realized. The first 

demonstration of Ga2O3 vertical fin transistors are reported from our lab [12]. These 

first-generation devices are fabricated on n-type substrates with a relatively-high doping 

concentration of ~1×1017 cm-3, which results in some added difficulties in achieving a 

normally-off operation [12]. Although transistor operation and a high on-off ratio 

of >109 are achieved, the devices suffer from significant DIBL effect, which partly 

limits the breakdown voltage (~185 V). Upon close inspection of the device, we found 
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that the gate length is much shorter than expected due to the un-optimized fabrication 

process, thus the DIBL effect is induced. With the presence of DIBL, the device 

characteristics is basically similar with that of SITs. 

Afterwards, Ga2O3 vertical fin transistors are demonstrated on HVPE epitaxial 

wafers with an n- drift layer [13]. However, the on-off ratio of the devices (~103) is 

limited by gate leakage, which also prevents a reasonably high breakdown voltage to be 

reached. 

Our Gen-2 devices mark the first demonstration of over 1-kV breakdown voltage 

and normally-off operation simultaneously [14]. The improved performance is partly 

due to the switch to an HVPE epitaxial wafer, and partly due to the improved fabrication 

process, which yields a well-defined gate-length and fin-channel geometry [14]. The 

extracted 𝑅@A,24 when normalized to the n+ source contact area is between 7 and 18 

cm2/V·s [14][15]. Although the value appears to be decent for a kV-class transistor, the 

effective channel mobility is found to be only around 30 cm2/V·s, as hampered by etch 

damage and sidewall depletion due to interface-trapped charge. 

The breakdown voltage is further improved from 1 kV to 1.6 kV with an 

incorporation of a source-connected field plate structure in our Gen-3 devices [16]. As 

discussed in Chapter 4, the field plate helps alleviate the electric-field crowding, which 

is identified to be the breakdown mechanism [16].  

The development progress of our Ga2O3 vertical fin transistors is summarized in Fig. 

8.2. From Gen-1 to Gen-3, the device performance has seen progressive improvements, 

thanks to the efforts lead by Dr. Hu. However, these devices all have a single vertical 

fin channel. As will be explained later, the current spreading in the drift layer leads to 
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ambiguity in the calculation of 𝑅@A,24 . In addition, a practical device will require 

multiple cells/fins for a reasonable on-current. Thus, in the Gen-4 device, we seek to 

develop multi-fin devices. In the meantime, the single-fin device characteristics is also 

improved, thanks to the improvement of the sidewall interface quality through a post-

deposition annealing (PDA) process. In the next section, the development and analysis 

of the Gen-4 vertical fin transistors will be discussed. 

 

 

Fig. 8.2 Overview of the development progress of our Ga2O3 vertical fin transistors. 

8.3    Development of single-cell and multi-cell vertical fin transistors 

8.3.1    Device design and fabrication 

Similar with the development of Ga2O3 trench SBDs, we adopt an epitaxial wafer 

with a 10-𝜇m n--Ga2O3 drift layer grown by halide vapor phase epitaxy on a (001) n+-

Ga2O3 substrate. The schematic cross section of the Gen-4 devices is shown in Fig. 8.3. 

These devices have fin-channel widths ranging from ~0.15 𝜇m to ~0.45 𝜇m, and pitch 
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sizes ranging from 1.2 𝜇m to over 2 𝜇m. They also feature a source-connected field 

plate (FP) with a length of 10 𝜇m. The total dielectric thickness for the FP is a sum of 

the thicknesses of the gate dielectric (35 nm) and the spacer (120 nm). Both single-fin 

and multi-fin devices are designed on the same wafer. 

 

 

Fig. 8.3 Schematic cross section of the Ga2O3 vertical fin transistors with multiple fins. 

Fin channel widths of 0.15-0.45 𝜇m and pitch sizes ranging from 1.2 𝜇m to over 2 𝜇m 

were designed. A source-connected field plate was implemented. Reprinted from Li et al. 

[2] © 2019 IEEE. 

The fabrication process flow is schematically presented in Fig. 8.4. As a first step, 

an n+ layer was formed on the top surface by Si-implantation at Hosei University for 

the source ohmic contact. A 40-nm SiO2 layer was used as the implantation mask. A 

box profile with a Si concentration of ~5×1019 cm-3 is designed. Based on the simulation 

results from SRIM and the SIMS results on a similar design [17], the effective n+ layer 
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activated at 1000 °C for 30 min with the SiO2 mask on. Subsequently, the SiO2 mask 

was removed by HF. 

 

 

Fig. 8.4 Fabrication process flow of the Ga2O3 single- and multi-cell vertical fin 

transistors. 

Submicron fin channels were defined by electron-beam lithography and formed by 

dry etching – the same etching process we used for the trench SBDs as discussed in 
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Chapter 4. After dry etching, the Cr/Pt (40/60 nm) etch mask was removed by Cr etchant 

and the wafer was treated with HF for 23 min to remove plasma damage. The resulted 

fin channels are shown in the SEM image in Fig. 8.5(a). 

Next, the Ti/Au (75/150 nm) drain contact was deposited by electron-beam 

evaporation before the deposition of the gate stack, which consists of a 35-nm Al2O3 

gate dielectric by atomic layer deposition (ALD) and a 50-nm Cr gate deposited by 

sputtering. The gate stack and thick ALD Al2O3 spacer were patterned by photoresist 

(PR) planarization and self-aligned etching processes detailed in our previous reports 

[14-16]. SEM images of the devices during the PR-planarization process are shown in 

Figs. 8.5 (b) to (d). 
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Fig. 8.5 SEM images of the Gen-4 fin transistors during the fabrication process (a) after 

step-2: dry etch for fin channels, (b) after step-4: 1st PR-planarization, (c) after step-5: 

gate etch, and (d) after step-8: 2nd PR-planarization and Al2O3 etch. The viewing angle is 

~70° with respect to the norm of the sample top surface.  

The Ti/Al/Pt (40/50/20 nm) source electrode was deposited by sputtering after the 

spacer formation, simultaneously forming the source-connected field plate. Note that 

the above process flow for the Gen-4 devices is different from the previous generation 

in that the ohmic contact was formed near the last step (ohmic-last), while previously 

the ohmic contact was formed in the beginning by the Cr/Pt etch mask and was not 
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removed after the dry etching (ohmic-first). The advantage of the ohmic-last process is 

that it could help avoid the metal-assisted chemical (MAC) etching [18] during the HF 

treatment, which was believed to have resulted in a narrowed n+ source region in our 

Gen-3 devices [16]. However, the ohmic-last process may require an additional 

annealing process to improve the ohmic contact properties, a non-trivial issue given the 

thermal budget may be limited. 

Lastly a PDA process at 350 °C was performed for 1 min under N2 to improve the 

interface quality, based on the effect shown in Ref. 19. The PDA is also expected to 

improve the source ohmic contact. To test the its effect, the devices were tested before 

and after the PDA. 

The cross sections of the fabricated devices are examined by SEM. Figure 8.6 shows 

the SEM cross-sectional image of a single-fin transistor. It can be seen that fin channels 

have a near vertical sidewall profile. The sidewall profile appears to be very smooth, 

likely due to the effect of the HF treatment. The fin channel height is measured to be 

1.39 𝜇m from profilometer and confirmed by SEM. 
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Fig. 8.6 Scanning electron microscopy (SEM) cross-sectional image of a fin channel in a 

single-fin transistor, with a measured fin channel width (Wfin) of 0.25 𝜇m. The viewing 

angle of the SEM is 52° from the norm of the sample top surface. Reprinted from Li et 

al. [2] © 2019 IEEE. 

On the other hand, the sidewall profile of the fin channels in multi-fin transistors is 

found to be much rougher, as shown Fig. 8.7. The inclined sidewall profile is similar 

with what was observed in the Gen-2 trench SBDs (Fig. 4.6). We attribute the difference 

between the single-fin and the multi-fin devices to a presence of plasma-loading effects 

during the dry etch process. These effects arise only in the case of closely-spaced fin 

channels, and fins with larger spacings are less affected. The detailed mechanisms of 

the plasma-loading effects as well as means to avoid them are worthy of future study. 
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Fig. 8.7 Scanning electron microscopy (SEM) cross-sectional image of a fin channel in 

the middle region of a multi-fin transistor, with a measured fin channel width (Wfin) of 

~0.15 𝜇m, and a pitch size of 1.7 𝜇m. The viewing angle of the SEM is 52° from the 

norm of the sample top surface. 

Figures 8.8(a) and (b) shows top-view optical images of the fabricated single-fin 

and multi-fin devices, respectively. It is worth noting that the default orientation of all 

fin channels is along the [010] direction length-wise with (100)-like sidewalls, and the 

device characteristics discussed are all after PDA, unless otherwise specified. 
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Fig. 8.8 Optical image of (a) a single-fin and (b) a multi-fin device. The multi-fin devices 

have an active region area of 50 𝜇m×50 𝜇m, which is used for calculation of the current 

density. Reprinted from Li et al. [2] © 2019 IEEE. 

As shown in Fig. 8.9, the net doping concentration in the drift layer below the fin 

region was determined to be ~2.1×1015 cm-3 from capacitance-voltage measurements on 

co-fabricated MOS-capacitors. Due to the presence of the n+ region, it is not possible to 

measure the net doping concentration near the fin region via C-V measurements. 

Alternatively, we will extract the value from the modeling of the threshold voltage, as 

will be discussed later. 
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Fig. 8.9 Extracted net doping concentration in the drift region from C-V measurements 

on co-fabricated MOS-capacitors. Inset shows the schematic cross section of the MOS-

capacitor. 

8.3.2    Single-fin transistor characteristics 

Before the discussion of the multi-fin devices, we first investigate the device 

characteristics of single-fin transistors.  

8.3.2.1    Effect of PDA 

The effect of PDA on the output characteristics of single-fin transistors is revealed 

by the comparison of the output characteristics before and after the PDA, as shown in 

Figs. 8.10 and 8.11, respectively. For now, the 𝑅@A,24 is normalized to the n+ source 

contact area. Before PDA, the single-fin devices with 𝑊76A	= 0.15 𝜇m have very low 

on-current. The current increases as the fin width increases, with a reasonable current 

level reached when 𝑊76A is larger than 0.25 𝜇m. However, some non-linear behavior 
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is observed near 𝑉52	= 0 V, indicating that the ohmic contact is not ideal. This is due to 

the lack of an annealing process. Other than the issue with the ohmic contact, the trend 

of the on-current and 𝑅@A,24 with the fin width is similar with the observations from 

our previous-generations of devices [14][15]. 

 

 

Fig. 8.10 Output I-V characteristics of single-fin transistors before post-deposition 

annealing (PDA) with Wfin values of (a) 0.15 𝜇m, (b) 0.25 𝜇m, (c) 0.35 𝜇m, and (d) 

0.45 𝜇m. 

  

Fig. 8.11 Output I-V characteristics of single-fin transistors after post-deposition 

annealing (PDA) with Wfin values of (a) 0.15 𝜇m, (b) 0.25 𝜇m, (c) 0.35 𝜇m, and (d) 

0.45 𝜇m. 
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To our surprise, a significant increase in current density is observed after PDA, as 

shown in Fig. 8.11. The source ohmic contact properties is clearly improved, as 

expected from the effect of annealing [20]. In addition, the on-currents are significantly 

increased by PDA, with the largest different in the smallest fin width. More importantly, 

the 𝑅@A,24 normalized to the n+ source contact area actually decrease with decreasing 

fin width, a trend we never observed before. As will be discussed in more detail later, 

this behavior suggests a reduction of the sidewall depletion width, which arises from 

the presence of interface trapped charge. 

To better visualize the difference in 𝑅@A,24, we have plotted the extracted 𝑅@A,24 

values before and after PDA in Fig. 8.12. As a comparison, the 𝑅@A,24 from Gen-2 and 

Gen-3 devices are also included. It can be seen that the 𝑅@A,24 generally follow a same 

trend without PDA. With PDA, not only is 𝑅@A,24 much reduced (~10×), the trend with 

𝑊76A is also opposite, indicating a significant improvement of the conductivity in the 

fin channel. 
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Fig. 8.12 Extracted Ron,sp from Gen-2, Gen-3 and Gen-4 single-fin transistors, as a 

function of the fin-channel width (Wfin). Ron,sp is normalized to the n+ source-contact area. 

The effect of post-deposition annealing (PDA) is clearly observed. 

8.3.2.2    Transfer I-V characteristics and modeling of Vth 

The transfer characteristics of single-fin transistors with different fin widths are 

shown in Fig. 8.13. For the measurements, dual DC sweeps were performed with 𝑉>2 

swept from -2 V to 3 V and back to -2 V. Figure 8.13(a) shows the results form fresh 

sweeps. A pronounced clock-wise hysteresis is observed for all fin widths, with a 

corresponding increase of 𝑉\`. This is characteristic of the interface-trapping effect. As 

expected, 𝑉\`  increases with decreasing fin width, due to the associated less total 

charge in the fin channel. Figure 8.13(b) shows the measurement results from the second 

dual sweeps, which show a much smaller clock-wise hysteresis of ~120 mV. It is worth 

noting that second dual sweeps closely follows the curves from the downward portion 

of the fresh sweeps, similar with the observation from the MOS-capacitors and trench 

SBDs in Chapter 4. This feature indicates that the trapping levels are deep such that de-

trapping is a slow process. In addition, the interface trapping is primarily a function of 

the stress voltage, i.e., the upper limit of the forward voltage bias (in this case the 𝑉>2). 
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Fig. 8.13 Transfer I-V characteristics of the single-fin transistors with different fin 

channel widths, under (a) fresh dual sweeps, and (b) the 2nd dual sweeps (reprinted from 

Li et al. [2] © 2019 IEEE; only the upward-sweep portion is shown in semi-log scale for 

clarity). The Vgs range is from -2 V to 3 V for all sweeps and the current is normalized to 

the n+ source area. A pronounced clock-wise hysteresis is observed from the fresh dual 

sweeps. The clock-wise hysteresis reduces to ~120 mV in the 2nd dual sweeps. 

The threshold voltages are extracted from the transfer I-V curves at 𝐼5	= 1 A/cm2. 

Figure 8.14 shows the extracted values as a function of the fin width. In the presence of 

interface-trapped charge, 𝑉\`  can be analytically modeled with a simple expression  

by considering the voltage drops in the gate dielectric and in the fin channel [21]: 

𝑉\` = 𝑉7Ù −
𝑞𝑊76A

H 𝑁|
8𝜀2

−
𝑞𝑊76A𝑁|𝑑@z

2𝜀@z
−
𝑞𝑁6\𝑑@z
𝜀@z

, (8.1) 

where 𝑉7Ù is the flat-band voltage of the MOS-gate structure and 𝑁| is the net doping 

concentration in the fin channel. As suggested by the last term on the right-hand side of 

Eq. 8.1, a negative 𝑁6\ would lead to an increase of 𝑉\`, as what is observed upon 

repeated sweeps. By fitting to the experimentally extracted threshold voltages, the net 
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doping concentration in the fin channel is determined to be ~1.9×1016 cm-3. In addition, 

the values of |𝑁6\| corresponding to the fresh and second upward sweeps are also 

extracted, with values of ~9×1011 cm-2 and ~1.5×1012 cm-2, respectively. These results 

suggest that even under fresh conditions, there exist a certain amount of negative 

interface charge, and that extra charge trapping is induced by the positive sweeps of 𝑉>2. 

These observations are consistent with the interface behavior in trench SBDs. Although 

the charge trapping helps increase the 𝑉\`, so that normally-off operation is ensured, it 

is not desired for a stable device operation and should be eliminated via an improvement 

of the MOS-interface quality. As the model suggests, 𝑉\`  can be increased by 

decreasing the fin channel width, increasing the work-function of the gate metal, 

increasing the dielectric constant of the gate dielectric, and/or decrease the doping 

concentration of the fin channel. 
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Fig. 8.14 Extraction and modeling of the threshold voltage (Vth) as a function of the fin 

width at Id = 1 A/cm2. The fresh Vth values were extracted from the 1st upward transfer I-

V sweeps [Fig. 8.13(a)], while the “stabilized” Vth values from the 2nd upward transfer I-

V sweeps [Fig. 8.13(b)]. Vth stabilized after the 1st sweep. Interfacial fixed charge density 

(Nit) values for both cases are extracted. Reprinted from Li et al. [2] © 2019 IEEE. 

8.3.2.3    Estimation of the channel mobility 

Figure 8.15(a) shows the major components of the 𝑅@A , which includes the 

contributions from the fin channel (𝑅76A), the drift region (𝑅5ç67\ ) and the substrate 

(𝑅2êÙ ). The source contact resistance is lumped into 𝑅76A , and the drain contact 

resistance is neglected. Figure 8.15(b) shows the extracted 𝑅@A at a fixed gate voltage 

of 3 V as a function of 𝑊76A. Here, 𝑅@A is not normalized. It is important to recognize 

the presence of current spreading in the drift layer and in the substrate. It has been shown 

that the current spreads laterally up to 50 𝜇m in the n+ substrate [22], thus 𝑅2êÙ can 

be neglected. To the zeroth order, 𝑅5ç67\ can be assumed to be independent of the fin 

width. This has been confirmed to be a reasonable approximation by TCAD simulation. 

Thus, the increase of 𝑅@A  with decreasing 𝑊76A  is primarily due to the increase of 

𝑅76A. 

To estimate the channel mobility more accurately, we employed the simulated 

𝑅5ç67\ values using a drift mobility of 150 cm2/V·s for the drift region (𝜇5ç67\), which 

taken from the measured Hall mobility on a similar epitaxial layer [23]. 𝑅76A is then 

extracted by fitting to the measured 𝑅@A , from which the channel mobility (𝜇?`) is 

estimated by using 
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𝑅76A =
𝐿?`

𝑒𝑁|𝜇?`𝑍𝑊76A
, (8.2) 

where 𝑍	= 50 𝜇m is the finger length of the fin channel, and 𝐿?` is the channel length 

(~1 𝜇m) excluding the thickness of the n+ source region. As shown in Fig. 8.15(b), 𝜇?` 

is estimated to be around ~130 cm2/V·s with an uncertain of ~40 cm2/V·s. It is worth 

noting that by using Eq. 8.2, we neglected the sidewall depletion by assuming a near 

flat-band condition. In addition, electron accumulation at the fin channel sidewall is not 

considered, based on the observation from the modeling of the differential 𝑅@A,24 in 

trench SBDs (see Section 4.4.3). 

 

 

Fig. 8.15 (a) Schematic cross section of the single-fin transistor, including the parameters 

used in the simulation and breakdown of the Ron components. (b) Measured and simulated 

on-resistance (Ron) of the single-fin transistors. The substrate resistance (Rsub) and the 

contact resistance are neglected. Electron accumulation at the fin channel sidewall is not 

considered. Adapted from Li et al. [2] © 2019 IEEE. 
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From simulation, we have identified that the current spreading has an effective 

spreading angle of ~45° and an effective conduction width of ~10 𝜇m in the drift 

region, as illustrated in Fig. 8.16(a). Due to the current spreading, the specific drift 

resistance (𝑅5ç67\,24) will be severely underestimated if 𝑅@A,24 is normalized to the n+ 

source area. To illustrate this, we have plotted the 𝑅@A,24 normalized to the n+ source 

area as a function of 𝑊76A in Fig. 8.16(b). Indeed, 𝑅5ç67\,24 decreased with decreasing 

𝑊76A, although 𝑅5ç67\ itself is nearly constant with 𝑊76A as shown in Fig. 8.15(b).  

While this normalization scheme does not reflect the proper value of 𝑅5ç67\,24, it 

does help with the identification of the specific fin channel resistance (𝑅76A,24). Based 

on the difference between the measured 𝑅@A,24 and the simulated 𝑅5ç67\,24, it can be 

seen that 𝑅76A,24 is nearly constant with 𝑊76A, indicating that near flat-band condition 

at 𝑉>2	= 3 V is achieved – a significant improvement over the Gen-2 and Gen-3 devices. 

It also validates our previous assumption for the estimation of 𝜇?` that the sidewall 

depletion can be neglected. 
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Fig. 8.16 (a) Schematic cross section of the single-fin transistor, illustrating the presence 

of current spreading in the drift region and the normalization method using the n+ source 

area. An effective spreading angle of ~45° and an effective conduction width of ~10 𝜇m 

in the drift region were determined from simulation. (b) Measured and simulated specific 

on-resistance (Ron,sp) of the single-fin transistors, normalized to the n+ source area. The 

reduction of specific drift region resistance (Rdrift,sp) with decreasing Wfin indicates that 

this normalization method underestimates the Rdrift as a result of the current spreading, 

especially for small Wfin values. Adapted from Li et al. [2] © 2019 IEEE. 

It should be noted that the extracted mobility is our best estimation based on the 

available measurement data and the simulation results. Uncertainties in the channeling 

doping concentration, drift mobility in the drift layer all affect the extracted mobility 

value. To further verify if the drift mobility of 150 cm2/V·s is a reasonable value in the 

drift region, we simulated the 𝑅5ç67\,24 using other mobility values, as shown in Fig. 

8.17. If the drift-region mobility is 110 cm2/V·s, the channel mobility would be 

unreasonably large. If the drift-region mobility is 200 cm2/V·s, 𝑅76A,24 would decrease 

with decreasing 𝑊76A. This is only possible in the presence of sidewall accumulation, 

which is not expected to be present with our present interface quality as evidenced in 

the trench SBDs (see Section 4.4.3). Plus, a drift mobility of 200 cm2/V·s is simply too 

optimistic since the highest-reported room-temperature Hall mobility is only ~190 

cm2/V·s [24]. On the other hand, a 𝜇5ç67\  value of ~150 cm2/V·s results the most 

plausible 𝑅5ç67\,24  values relative the measured 𝑅@A,24 of the single-fin transistors. 
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Fig. 8.17 Simulated specific drift region resistance Rdrift,sp using different drift region 

mobility (𝜇drift). 𝜇drift of ~150 cm2/V·s results the most plausible Rdrift,sp values relative 

the measured Ron,sp of the single-fin transistors.  

It would be of great value to analyze the field-effect mobility of the fin channel. 

However, the drift region resistance contributes significantly to the series resistance, 

rendering the analysis of the field-effect mobility complicated and unreliable. A better 

choice would be to use a test structure without the drift region, an important future study 

to be carried out. 

The extracted 𝜇?` of ~130 cm2/V·s is reasonable, considering the expected channel 

mobility should be similar to that of the drift layer. This is a unique feature of the fin 

transistors, superior to transistor structures based on inversion channels, in which the 

channel mobility is severely limited by the background doping and interface scattering. 

When normalized to the n+ source area, 𝑅@A,24 is found to be 0.52 mW·cm2 with 

𝑊76A	= 0.15 𝜇m. The breakdown voltage is measured to be around 2460 V under 𝑉>2	= 
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0 V, as shown in Fig. 8.18. Together with a measured BV, the power figure-of-merit is 

calculated to be 11.6 GW/cm2. This number is clearly a severe overestimation, since the 

expected BFOM is only 1.2 GW/cm2 based on a mobility value of 200 cm2/V·s and a 

1-D parallel-plane electric field of ~3 MV/cm, which is calculated from the MOS-

capacitor at 2460 V. A more realistic normalization method for 𝑅@A,24 would be to use 

the effective conduction width of ~10 𝜇m, considering the current spreading in the drift 

region. With this normalization method, the 𝑅@A,24 value with 𝑊76A	= 0.15 𝜇m is re-

normalized to be 35.2 mW·cm2, yielding a power figure-of-merit of 172 MV/cm2. Note 

that this method would overestimate the 𝑅@A,24, since the correct area for 𝑅76A,24 is 

much smaller. Nevertheless, it is still a more reasonable approach compared with using 

the n+ source contact area. 

 

 

Fig. 8.18 Three-terminal breakdown test on a single-fin transistor with a fin width of 0.15 

𝜇m. The current was normalized to the n+ source contact area, thus the noise floor appears 

to be high. 
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8.3.2.4    Orientation dependence 

Fin-channel orientation dependence have already been observed previously in our 

trench SBDs. In the case of fin transistor, the sidewall interface charge can be readily 

extracted from Eq. 8.1, which facilitates a more quantitative analysis of the orientation 

dependence. 

Figure 8.19 shows the optical top-view image of the single-fin transistors designed 

with different fin orientations. As mentioned previously, the default orientation of the 

fin channels is along the [010] direction, same with the definition for trench SBDs. Other 

orientation are designed to be rotated clock-wise within the (001) plane with respect to 

the default orientation. The rotation angle (𝜃) is designed to be ranging from 0° to 180°, 

with a 30° interval. 
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Fig. 8.19 Optical image of single-fin transistors with different channel orientations and a 

same fin width of 0.25 𝜇m. 

The transfer I-V characteristics of the single-fin transistors with different fin-channel 

orientations and an identical fin width are shown in Fig. 8.20. Specifically, Fig. 8.20(a) 

shows the fresh dual sweeps and Fig. 8.20(b) shows the second dual sweeps. The overall 

hysteresis is similar with what has been discussed before, so will not be repeated here. 

The dependence on the fin-channel orientations is distinctly observable: 𝑉\` 

monotonically decreases as the channel is aligned toward the [010] direction, together 

with a decrease of the on-current at 𝑉>2	= 3 V. This indicates that |𝑁6\| is lowest on the 

(100)-like sidewalls, and highest on the (001)-like sidewalls, as confirmed from the 
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extracted values of |𝑁6\| using Eq. 8.1 (Fig. 8.21). These results are consistent with the 

observations from the study on trench SBDs, confirming the superiority of (100)-like 

sidewalls. 

 

 

Fig. 8.20 Transfer I-V characteristics of the single-fin vertical transistors with different 

channel orientations and a same fin width of 0.25 𝜇m under (a) Fresh dual sweeps, and 

(b) 2nd dual sweeps (reprinted from Li et al. [2] © 2019 IEEE). The Vgs range is from -2 

V to 3 V for all sweeps. 
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Fig. 8.21 Dependence of the Vth on the fin channel orientation in single-fin devices with 

the same fin width of 0.25 𝜇m, as well as the corresponding Nit values calculated from 

the Vth model. The Vth values are extracted at a current level of 0.1 A/cm2 from the fresh 

and 2nd forward sweeps from -2 V to 3 V (see Fig. 8.20). Inset shows the definition of the 

rotation angle for the fin channel orientation. The lowest Vth is found in fin channels along 

[010] direction with (100)-like sidewall, indicating a lowest |Nit|. Reprinted from Li et al. 

[2] © 2019 IEEE. 

Figure 8.22 shows the off-state characteristics of single-fin devices with 𝑊76A	= 0.35 

𝜇m. When the fin channel is oriented along the default [010] direction, i.e., with (100)-

like sidewalls, the devices exhibit drain-induced barrier lowering (DIBL) effects, thus 

the 𝑉>2 required to pinch-off the channel decreases as 𝑉52 increases, as shown in Fig. 

8.22(a). On the other hand, the high |𝑁6\|  in devices with (010)-like sidewalls 

eliminates the DIBL effect, leading to a much higher BV of 2370 V, as shown in Fig. 

8.22(b). Note that in devices with 𝑊76A	= 0.15 𝜇m, DIBL is not observed even with 
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(100)-like sidewalls due to the higher channel aspect ratio as discussed in Ref. 15, as a 

result, a BV of ~2460 V can be measured at 𝑉>2	= 0 V. 

 

 

Fig. 8.22 Three-terminal breakdown test on single-fin transistors with (a) (100)-like 

sidewall and (b) (010)-like sidewall. The fin width is 0.35 𝜇m. The current is normalized 

to the source contact area. Reprinted from Li et al. [2] © 2019 IEEE. 
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slope (SS) of ~100 mV/dec was extracted from the stabilized transfer I-V curves, 

corresponding to an interface-trap density (𝐷6\) of 9.1×1011 cm-2·eV-1 via [25] 

SS =
𝑘B𝑇
𝑒 ln 10 ⋅ ¢1 +

𝐶d + 𝑒H𝐷it
𝐶ox

£ , (8.3) 

where 𝐶ox is the oxide capacitance, and 𝐶d is the depletion capacitance, which can be 

neglected in the subthreshold region in fin transistors. The extracted 𝐷6\ is similar with 

the value extracted from Gen-2 fin transistors using the same method [15], as well as 

the value extracted from Gen-3 trench SBDs from the dynamic on-resistance (see 

Section 4.4.3). The device has an on-off ratio of >108 and a 𝑉\` of ~1.8 V at 0.1 A/cm2, 

with no sign of DIBL effect, as shown in Fig. 8.23(b). 

 

 

Fig. 8.23 Transfer I-V characteristics of a multi-fin transistor with a fin width of ~0.15 

𝜇m and a pitch size of 1.7 𝜇m. (a) Comparison between the fresh dual sweep and the 

2nd dual sweep under Vds = 1 V. (b) Dual-sweep characteristics when the device is 

stabilized after the fresh dual sweep. The current was normalized to the total active region 

area (50 𝜇m × 50 𝜇m). The Vgs range is from -2 V to 3 V for all sweeps. 
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8.3.3.2    Output characteristics and modeling of Ron,sp 

The output characteristics of multi-fin transistors are shown in Figs. 8.24, 8.25 and 

8.26, corresponding to fin widths of ~0.15 𝜇m, ~0.25 𝜇m and ~0.35 𝜇m, respectively. 

The trench width for these multi-fin transistors are identical, with a value of ~1.55 𝜇m. 

With the multi-fin design, the area for normalization of 𝑅@A,24 is un-ambiguous. As 

shown in Fig. 8.8(b), the active region with an area of 50 𝜇m by 50 𝜇m is used for 

normalization of the 𝑅@A,24. Under DC measurements, the 𝑅@A,24 is determined to be 

25.2 mW·cm2 from DC measurements for 𝑊76A~0.15	𝜇m [Fig. 8.24(a)]. From pulsed 

I-V measurements, a smaller 𝑅@A,24 of 23.2 mW·cm2 is extracted, likely due to reduced 

self-heating and charge trapping effects under pulsed conditions [26][27]. 

 

 

Fig. 8.24 Output I-V characteristics of the same multi-fin transistor as in Fig. 4.23 with 

Wfin ~ 0.15 𝜇m and Wtr ~ 1.55 𝜇m, from (a) DC and (b) Pulsed I-V measurements. In 

the pulsed measurements, the gate-to-source quiescent voltage (Vgs,q) and the drain-to-
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source quiescent voltage (Vds,q) are both 0 V. A pulse width of 6 𝜇s and a duty cycle of 

0.06% were used. 

In multi-fin transistors with larger fin widths, smaller 𝑅@A,24 and higher on-currents 

are observed, as shown in Figs. 8.25 and 8.26. This is likely due to the higher fin area 

ratio (A.R.), as defined by 𝑊76A/Pitch size, following the same with the definition in 

trench SBDs. However, the saturation behavior is worse with larger fin widths. In 

particular, the devices with 𝑊76A~0.35	𝜇m does not show a clear saturation behavior, 

suggesting a presence of DIBL, as shown in Fig. 8.26. 

 

 

Fig. 8.25 Output I-V characteristics of a multi-fin transistor with Wfin ~ 0.25 𝜇m and Wtr 

~ 1.55 𝜇m from (a) DC and (b) Pulsed I-V measurements. The conditions for pulsed I-

V measurements were the same as in Fig. 8.24. 
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Fig. 8.26 Output I-V characteristics of a multi-fin transistor with Wfin ~ 0.35 𝜇m and Wtr 

~ 1.55 𝜇m from (a) DC and (b) Pulsed I-V measurements. The conditions for pulsed I-

V measurements were the same as in Fig. 8.24. 

The statistics of the extracted 𝑅@A,24 as a function of the fin area ratio is shown in 

Fig. 8.27. As expected, 𝑅@A,24 reduces with increasing fin area ratio. We attempt to use 

the 𝑅2,24 model as developed for trench SBDs (Eq. 4.11), since the current conduction 

path is near identical. Here, due to the absence of the turn-on voltage, 𝑅@A,24  is 

identical to 𝑅2,24, thus 

𝑅@A,24 = 𝑅� +
𝑅H
𝐴. 𝑅. ,

(8.4) 

where 𝑅H is the specific fin channel resistance (𝑅76A,24), which is expressed by 

𝑅76A,24 =
𝐿?`

𝑒𝑁|𝜇?`
, (8.5) 

and 𝑅� is the sum of the specific drift region resistance (𝑅5ç67\,24 ) and the specific 

substrate resistance 𝑅2êÙ,24. Thus,  
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𝑅@A,24 = 𝑅5ç67\,24 + 𝑅2êÙ,24 +
𝑅76A,24
𝐴. 𝑅. .

(8.6) 

Assuming a drift region mobility of 150 cm2/V·s, and a current spreading width of 

~5 𝜇m  at each side, 𝑅5ç67\,24  is estimated to be 14.1 mW·cm2. Using a substrate 

mobility of ~100 cm2/V·s, and a current spreading width of ~25 𝜇m at each side [22], 

the 𝑅2êÙ,24 is estimated to be 0.14 mW·cm2. Using these values in the simple model, 

the specific fin channel resistance is determined to be ~0.9 mW·cm2 from best fitting, 

corresponding to an effective channel mobility of ~40 cm2/V·s. The lower channel 

mobility than single-fin devices is attributed to rougher sidewalls, which is expected to 

not only induce more significant sidewall depletion, but also result in a narrower actual 

fin width than the expected, as shown in Fig. 8.7. 

 

 
Fin area ratio (Wfin/Pitch size)
0 0.1 0.2 0.3

R
on

,s
p (m

+
"c

m
2 )

0
5

10
15
20
25
30
35
40 Multi-fin, 50 7m#50 7m 

Wfin90.15 7m
Wfin90.25 7m
Wfin90.35 7m

Rdrift,sp+Rsub,sp

Rsub,sp
(~0.14 mW·cm2)

Model:
Rdrift,sp+Rsub,sp+

!"#$ %&
'.!.

(14.3 mW·cm2)

(Rfin,sp~0.9mW·cm2)



 

379 

Fig. 8.27 Statistics of the extracted Ron,sp of the multi-fin transistors. Ron,sp vs. the fin area 

ratio can be roughly fitted by the simple model, from which an effective specific fin 

channel resistance of ~0.9 mW·cm2 is extracted. Adapted from Li et al. [2] © 2019 IEEE. 

8.3.3.3    Breakdown mechanisms 

Figure 8.28(a) shows the off-state I-V characteristics of a representative multi-fin 

transistor with 𝑊76A~0.15	𝜇m and a pitch size of 1.7 𝜇m. True normally-off operation 

is achieved with a highest BV of 2655 V measured at 𝑉>2	= 0 V. However, if without 

the field plate, the BV would reduce drastically to around 1000 V, indicating the 

effectiveness of the FP for edge termination.  

To verified the breakdown mechanism, the reverse breakdown voltage is measured 

on MOS-capacitors with or without a field plate fabricated on the same wafer as the fin 

transistors, as shown in Fig. 8.28(b). The MOS-capacitors with FP show a breakdown 

voltage of 2640 V, similar with the highest BV of the fin-transistors; on the other hand, 

the MOS-capacitors without FP show a breakdown voltage of 1100 V, similar with the 

BV of the fin-transistors without FP. These results confirm that the device breakdown 

is indeed limited by the device edge termination. Based on the highest breakdown 

voltage of around 2.65 kV in these devices, the parallel-plane maximum electric field 

(𝐸y[z) is calculated to be 3.2 MV/cm, which is higher than the values from previous 

generations of devices [see Fig. 8.2]. However, this is still much lower than the 

breakdown electric field of Ga2O3, and even lower than the 𝐸y[z  of 4.2 MV/cm 

achieved in our Gen-4 trench SBDs, suggesting that there is still plenty of room for 

improvements. 
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Fig. 8.28 Off-state breakdown measurements of (a) MOS-capacitors and (b) multi-fin 

transistors with a fin width of 0.15 𝜇m. BV is much higher in the presence of the field 

plate. Adapted from Li et al. [2] © 2019 IEEE. 

Figures 8.29(a) and (b) show the statistics of the BV. In devices with DIBL effects 

(𝑊76A ≥ 0.25	𝜇m), a negative 𝑉>2  was applied to evaluate the hard breakdown. As 

expected, the BV is limited by the edge termination and does not show dependence on 

either the pitch size [Fig. 8.29(a)] or 𝑊76A  [Fig. 8.29(b)] if the DIBL was successfully 

suppressed, as in the case of 𝑊76A	= 0.25 𝜇m under 𝑉>2	= -5 V. 
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Fig. 8.29 Breakdown voltage statistics vs. the pitch size in multi-fin transistors with Wfin 

= 0.15 𝜇m. The BVs are all measured at Vgs = 0 V. (b) Breakdown voltage statistics vs. 

fin channel width for both single-fin and multi-fin transistors. In devices with DIBL 

effects (Wfin ≥ 0.25 𝜇m), a negative Vgs was applied to evaluate the hard breakdown. 

The transistor BV with Wfin = 0.35 𝜇m is limited by DIBL. The edge termination limits 

in both (a) and (b) are taken from the BV of the MOS-capacitor test structure with a field 

plate [see Fig. 8.28(b)]. Reprinted from Li et al. [2] © 2019 IEEE. 

8.3.4    Benchmarking 

Figure 8.30 shows the benchmark plot of Ga2O3 power transistors as of the time of 

this work [2]. For a fair comparison, the 𝑅@A,24 of single-fin transistors is calculated 

using the effective conduction width of ~10 𝜇m considering current spreading in the 

drift region [see Fig. 8.16(a)]. Compared with our previous generations of fin transistors, 

the Gen-4 devices show improvements in both the 𝑅@A,24 as well as the breakdown 

voltage. The multi-fin transistors in this work reaches a power figure-of-merit of 280 

MW/cm2, among the highest ever reported from Ga2O3 power transistors. Particularly, 
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these devices are among very few reports that show normally-off operation, which is 

highly desired for fail-safe operation. 

 

 

Fig. 8.30 Benchmark plot of Ga2O3 transistors as of the time of this work. Both the single 

and multi-fin devices from this work have a fin width of 0.15 𝜇m. The pitch size of multi-

fin device is 1.7 𝜇m. For a fair comparison, the Ron,sp of single-fin vertical transistors 

(including our prior results) is normalized using the effective conduction width of ~10 

𝜇m  [see Fig. 8.16(a)], since Ron,sp normalized to the n+ source contact area grossly 

overestimates the figure-of-merit of these vertical devices. Reprinted from Li et al. [2] © 

2019 IEEE. 

To further improve the device FOM, it would be straightforward to employ a non-

punch-through design for the drift layer. On the other hand, improving the sidewall 

interface quality, particular in the multi-fin fin transistor, would be beneficial. This can 
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maintain a high fin area ratio, thus a robust device process with high device yield is 

highly desired. 

However, these methods would still have limited effects if the parallel-plane 𝐸y[z 

is limited by the edge termination, or even worse, intrinsically limit by the dielectric 

layer in the vertical MOS-capacitor structure – the main junction for voltage blocking. 

In the current device structure, these are indeed limiting factors, since dielectric layer is 

not much stronger compared with Ga2O3, which is already a strong material itself with 

an ultra-high breakdown field. In fact, this is a universal challenge in WBG power 

devices, requiring the development of breakthrough dielectric materials with 

unprecedent breakdown field and reliability.  

Without strong dielectric materials, it would be important to design the device 

structure such that the dielectric materials are protected against high electric-field. Next, 

we discuss along this line the additional benefits of p-type doping. 

8.4    Additional benefits of p-type doping  

Although the basic device structure of vertical fin transistors does not require p-type 

doping, the use of p-doping can still provide several desirable functionalities for the 

vertical fin transistors.  

First, the use of p-type can greatly benefit the design of effective edge termination 

structures. As shown previously, the current devices still suffer from edge breakdown 

even with the presence of a field plate. This is because the cylindrical junction cannot 

be fully eliminated with a single FP. Multiple FPs could potentially alleviate the field 

crowding more effectively, but they come at a price of increased processing complexity. 
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Plus, the stress on the dielectric layer in FP design is a series issue. Alternatively, if p-

type doping is available, effective edge termination designs such as JTEs or floating 

guarding rings can be implemented. These methods are already well-established in Si 

and SiC power devices, and are proven to be effective. 

Second, the dielectric layer in the MOS structure, particularly the dielectric at the 

trench bottom, can be shielded if a p-type region is designed underneath, as shown 

previous in Fig. 7.1(c). This would greatly benefit the reliability of the dielectric layer, 

and in turn the reliability of the entire device. 

Third, for robust avalanche capability to be reached, an externally connected p-type 

region may be required as in VDMOS, trench MOSFETs and JFETs, since the holes 

generated by the avalanche process need to be evacuated. This would of course, require 

a modification to the basic MOS-based fin transistor structure, thus future studies are 

needed to confirm the feasibility. 

8.5    Conclusions 

In this chapter, we have discussed the development of our latest single-fin and multi-

fin Ga2O3 normally-off vertical power transistors. Compared with our previous works, 

the on-resistance of the single-fin transistors is significantly improved, thanks to a post-

deposition annealing (PDA) at 350°C. The effective fin channel mobility is estimated 

to be ~130 cm2/V·s. The fin-orientation dependence in the fin transistors is revealed for 

the first time, suggesting that the (100)-like sidewalls have the lowest interface-trapped 

charge density, thus the highest interface quality. An 𝑅@A,24 of 25.2 mW·cm2 and a BV 

of 2.66 kV are achieved in multi-fin devices, marking a significant step forward in the 
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development of high performance Ga2O3 power transistors. However, the device FOM 

is still far from the projected Ga2O3 limit, requiring a combination of improved device 

design, fabrication, as well as breakthroughs in doping and materials science to fully 

realize the potential of Ga2O3. 

 

References 

[1] M. H. Wong, K. Sasaki, A. Kuramata, S. Yamakoshi, and M. Higashiwaki, IEEE 
Electron Device Lett. 37, 212 (2015). 

[2] W. Li, K. Nomoto, Z. Hu, T. Nakamura, D. Jena, and H. G. Xing, in 2019 IEEE 
International Electron Devices Meeting (2019), pp. 12-4. 

[3] Y. Watanabe, J. Nishizawa, Japanese Patent 205,068, 1950. 

[4] J. Nishizawa, and T. Terasaki, in 1972 IEEE International Electron Devices 
Meeting (1972), pp. 144-144. 

[5] P. Hadizad, J. Hur, H. Zhao, K. Kaviani, M. Gundersen, H. Fetterman, IEEE 
Electron Device Lett. 14, 190 (1983). 

[6] J. Nishizawa, P. Plotka, T. Kurabayashi, IEE Proc. Circ. Devices Syst. 146, 27 
(1999). 

[7] G. C. DeSalvo, Int. J. High Speed Electron. Syst. 15, 997 (2005). 

[8] M. Sun, Y. Zhang, X. Gao, and T. Palacios, IEEE Electron Device Lett. 38, 509 
(2016).  

[9] Y. Zhang, M. Sun, D. Piedra, J. Hu, Z. Liu, Y. Lin, X. Gao, K. Shepard, and T. 
Palacios, in IEDM Tech. Dig. (2017), pp. 9.2.1-9.2.4.  



 

386 

[10] Z. Hu, W. Li, K. Nomoto, M. Zhu, X. Gao, M. Pilla, D. Jena, and H. G. Xing, in 
Proc. 75th Annu. IEEE Device Res. Conf. (DRC) (2017), pp. 1-2.  

[11] M. Xiao, T. Palacios, and Y. Zhang, IEEE Trans. Electron Devices 66, 3903 
(2019). 

[12] Z. Hu, K. Nomoto, W. Li, L. J. Zhang, J. H. Shin, N. Tanen, T. Nakamura, D. 
Jena, and H. G. Xing, in 2017 75th Annual Device Research Conference (DRC) 
(2017), pp. 1-2. 

[13] K. Sasaki, Q. T. Thieu, D. Wakimoto, Y. Koishikawa, A. Kuramata, and S. 
Yamakoshi, Appl. Phys. Express 10, 124201 (2017). 

[14] Z. Hu, K. Nomoto, W. Li, N. Tanen, K. Sasaki, A. Kuramata, T. Nakamura, D. 
Jena, and H. G. Xing, IEEE Electron Device Lett. 39, 869 (2018). 

[15] Z. Hu, K. Nomoto, W. Li, Z. Zhang, N. Tanen, Q. T. Thieu, K. Sasaki, A. 
Kuramata, T. Nakamura, D. Jena, and H. G. Xing, Appl. Phys. Lett. 113, 122103 
(2018).  

[16] Z. Hu, K. Nomoto, W. Li, R. Jinno, T. Nakamura, D. Jena, and H. Xing, in 2019 
31st International Symposium on Power Semiconductor Devices and ICs (2019), 
pp. 483-486. 

[17] K. Sasaki, M. Higashiwaki, A. Kuramata, T. Masui, and S. Yamakoshi, Appl. 
Phys. Express 6, 086502 (2013). 

[18] H. C. Huang, M. Kim, X. Zhan, K. Chabak, J. D. Kim, A. Kvit, D. Liu, Z. Ma, J. 
M. Zuo, and X. Li, ACS Nano 13, 8784 (2019). 

[19] H. Zhou, S. Alghmadi, M. Si, G. Qiu, and P. D. Ye, IEEE Electron Device Lett. 
37, 1411 (2016).  

[20] M. Higashiwaki, K. Sasaki, T. Kamimura, M. H. Wong, D. Krishnamurthy, A. 
Kuramata, T. Masui, and S. Yamakoshi, Appl. Phys. Lett. 103, 123511 (2013). 



 

387 

[21] W. Li, Z. Hu, Z. Zhang, K. Nomoto, N. Tanen, K. Sasaki, A. Kuramata, T. 
Nakamura, D. Jena and H. G. Xing, in Proceedings of Compound Semiconductor 
Week 2018 (2018), pp. 727-728. 

[22] C. H. Lin, N. Hatta, K. Konishi, S. Watanabe, A. Kuramata, K. Yagi, and M. 
Higashiwaki, Appl. Phys. Lett. 114, 032103 (2019). 

[23] K. Goto, K. Konishi, H. Murakami, Y. Kumagai, B. Monemar, M. Higashiwaki, 
A. Kuramata, and S. Yamakoshi, Thin Solid Films 666, 182 (2018). 

[24] Z. Feng, A. A. U. Bhuiyan, Z. Xia, W. Moore, Z. Chen, J. F. McGlone, D. R. 
Daughton, A. R. Arehart, S. A. Ringel, S. Rajan, H. Zhao, Phys. Status Solidi RRL 
14, 2000145 (2020). 

[25] S. M. Sze and K. K. Ng, Physics of Semiconductor Devices, (Wiley, New York, 
2007), p. 315. 

[26] W. Li, Z. Hu, K. Nomoto, R. Jinno, Z. Zhang, T. Q. Tu, K. Sasaki, A. Kuramata, 
D. Jena and H. Xing, in 2018 IEEE International Electron Devices Meeting 
(2018), pp. 8-5. 

[27] M. A. Bhuiyan, H. Zhou, R. Jiang, E. X. Zhang, D. M. Fleetwood, P. D. Ye, and 
T. P. Ma, IEEE Electron Device Lett. 39, 1022 (2018).



 

388 

CHAPTER 9 CONLUSIONS AND FUTURE WORK 

9.1    Conclusions 

9.1.1    Epilogue 

In the first half of this dissertation, we discussed the design, realization, and analysis 

of two novel Schottky barrier diode (SBD) structures that utilize the reduced surface 

field (RESURF) effect: GaN trench JBSDs, and Ga2O3 trench SBDs. Amidst the efforts 

of device design and development, we have also presented detailed studies on the ideal 

reverse leakage current in SBD, with Ga2O3 as an example. These studies have resulted 

in an important concept in SBDs we unambiguously proposed for the first time: the 

practical maximum surface electric field, which lays the theoretical foundation for the 

quantitative design of the RESURF effect. 

The necessity of RESURF effect originates from the intrinsic reverse leakage 

current of Schottky barrier diodes, which depends sensitively on the surface electric 

field. In wide bandgap (WBG) and ultra-wide bandgap (UWBG) semiconductors, it is 

necessary to reach a maximum electric field close to the breakdown field of the 

semiconductor, in order to fully extract the potential of the materials. This requirement 

is not compatible with the practical maximum surface electric field in SBDs, which is 

calculated to be around 2 MV/cm from detailed numerical calculations. Such an 

incompatibility is a new and unique challenge in WBG and UWBG semiconductors, 

necessitating ingenious electrostatic engineering as exemplified by the two diodes we 

discussed.  
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In the second half of this dissertation, selected topics on vertical power transistors 

are investigated, with a special focus on p-type doping. By discussing three major 

vertical MOSFET structures: VDMOS, trench MOSFETs and vertical fin transistors, 

we have pointed out the importance of selective-area p-type doping on the electrostatic 

engineering of WBG vertical transistors for robust operation. All of the aforementioned 

vertical transistor structures have been experimentally studied in this collection of work, 

with the first two in GaN and the third in Ga2O3. 

In the case of GaN, although p-type doping itself is available, realizations of buried 

and selective-area p-doping are technologically challenging. We have verified the 

feasibility of sidewall activation for passivated buried p-GaN, as well as identified the 

unique advantage of polarization-induced (PI) bulk doping for buried p-layer in GaN: 

immunity to H-passivation. A novel GaN trench-MOSFET structure is realized with an 

MBE regrowth channel, from which a presence of donor-like interface charge at the 

regrowth interface is identified. For the first time, we experimentally realized GaN 

PolarMOS, which we believe is a superior GaN transistor design that combines the 

benefits from both the VDMOS and the unique PI doping in GaN. From detailed 

structural and electrical characterization of the device, we reveal again the presence of 

donor-like interface charge at the semi-polar regrowth interface, the main culprit for the 

lower-than-expected breakdown voltage of the devices. The existence of donor-like 

interface charge at regrowth interfaces is widely-recognized in the field, and remains as 

one of the major technological barriers for high-performance vertical GaN transistors. 

Other methods, such as ion-implantation, also await breakthroughs to realize the much-

needed lateral GaN p-n junctions.  
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In the case of Ga2O3, the vertical fin transistor structure may be the only feasible 

option as of now due to a lack of native p-type doping. We have demonstrated high 

performance normally-off Ga2O3 fin transistors, in which a respectable breakdown 

voltage of over 2.6 kV is achieved even without an effective edge termination design. 

This marks a promising sign for Ga2O3 as a potentially competitive material for power 

electronic applications. However, we have identified multiple challenges that are 

currently limiting the device performance, including the presence of severe interface 

trapping, a lack of sufficiently strong and reliable dielectric material, as well as a lack 

of effective edge termination method, with the latter two directly related to the lack of 

p-type doping. These issues require combined future efforts of both device engineering 

and materials development. 

 
9.1.2    Benchmarking of Ga2O3 power devices 

The major achievements on device performance in this dissertation are from Ga2O3 

trench SBDs and Ga2O3 vertical fin transistors. The former still holds a record high 

power figure-of-merit (FOM) of 0.8-0.95 GW/cm2, while the latter has the highest 

breakdown voltage and power FOM among normally-off transistors at the time of 

writing. Up-to-date benchmark plots of Ga2O3 SBDs and power transistors are shown 

in Figs. 9.1(a) and (b) respectively, with state-of-the-art GaN and 4H-SiC data points 

included for comparisons. It can be seen that our Ga2O3 devices represent the state-of-

the-art performance. While Ga2O3 trench SBDs are similar with GaN and SiC SBDs in 

power FOM, there is still an appreciable gap between the FOMs of Ga2O3 power 

transistors and those of GaN and 4H-SiC counterparts. As mentioned in Chapter 8, we 
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expect that the FOM of Ga2O3 fin transistors can be significantly improved to at least 

on par with the Ga2O3 trench SBDs (~1 GW/cm2) with the current technology. Further 

improvements of Ga2O3 device performance are still required to compete favorably with 

SiC and GaN devices, together with demonstrations of reliable device operation as well 

as lowering of the cost. 

 

 

Fig. 9.1 (a) Benchmark plots of Ga2O3 Schottky barrier diodes. State-of-the-art reports of 

GaN vertical SBDs [1-4], GaN trench SBD [5], GaN lateral SBD [6], as well as 

commercially available SiC vertical SBDs [7-9] are included for comparison. (b) 

Benchmark plots of Ga2O3 power transistors. State-of-the-art GaN lateral power 

MOSHEMT [10], GaN vertical power MOSFETs [11][12], GaN vertical fin transistors 

[13], as well as SiC power MOSFETs [14-16] are included for comparison. 
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9.2    Future work 

9.2.1    Novel edge termination designs 

The breakdown of our current Ga2O3 power devices is identified to be limited 

primarily by the electric-field crowding at the device edge. To further improve the FOM, 

a parallel-plane 𝐸y[z  closer to the breakdown field of Ga2O3 (~8 MV/cm) needs to be 

reached. This will not be possible without an effective edge termination method. With 

the absence of effective p-type doping, it is difficult to realize conventional edge 

termination methods, such as JTEs and floating guard rings. Thus, novel edge 

termination designs are highly desired. The same is true for other WBG materials as 

well, including GaN, in which selective-are doping is not yet mature enough. 

One of the promising methods is the deeply etch mesa/trench isolation. It has been 

shown to be effective in SiC [17] and GaN [18], where near-ideal avalanche breakdown 

is realized. We have incorporated such a design in Ga2O3 SBDs on heavily-doped 

substrates with anticipated results, as discussed in Chapter 3. However, controlled 

experiments are required to fully verify the effect of such an edge termination structure. 

In addition, fabrication process should be developed for application of this method to 

lightly-doped epitaxial layer, which require a deep etch with a vertical sidewall profile. 

Another interesting method is the use of floating metal rings (FMRs), which was 

first proposed in 1985 [19]. Effective implementations of FMRs have been 

demonstrated in multiple WBG semiconductors such as in SiC [20], GaN [21][22], and 

recently in Ga2O3 [23]. However, to our knowledge, the design space has not been fully 

mapped out, especially concerning the requirement on the barrier height of the FMRs. 
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We believe that the reverse leakage characteristics of the FMRs have a direct impact 

on their effectiveness, thus the barrier height is an important design parameter. We have 

done some preliminary studies on the effectiveness of FMRs, and observed the impact 

of the barrier height on the FMR potential [24]. However, the mechanism has not be 

quantitatively modeled. We believe a detailed study is valuable and could help identify 

the optimum design parameters for FMRs as well as the ultimate limit. 

 

9.2.2    Ultra-high barrier height Schottky junctions 

The advantage of p-n junction in voltage-blocking needs no reiteration. Without 

native p-doping in certain UWBG semiconductors like Ga2O3, it is of great importance 

to develop alternative voltage-blocking junctions that possess a high breakdown field, 

together with good reliability. Although MOS structures with high-𝜅 dielectrics could 

potentially reach a very high breakdown field [25], there are inherent reliability 

concerns in dielectric materials as well as fundamental trade-off relationships with the 

dielectric constant [26]. Alternatively, Schottky junctions could be used with high 

maximum surface electric field without reliability concerns, as long as a sufficiently 

high barrier height is realized, as discussed in Chapter 3.  

Recently, we have already demonstrated a record high breakdown field of 4.3 

MV/cm in PtOx-Ga2O3 Schottky barrier diodes with a barrier height of ~1.8 eV [27]. In 

addition, the extracted maximum surface electric field agrees well with our model [Fig. 

3.37(a)]. Since even higher height of over 2.2 eV has been demonstrated in Ga2O3 [28],  

it is promising that Schottky barriers could be an effective voltage blocking junction in 

the case of Ga2O3. Similar could be also true for other UWBG semiconductors, as 
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illustrated in Fig. 3.39(b). Future experiments are needed to verify the feasibility of this 

idea. 

 

9.2.3    Dynamic response of deep dopants 

Nitrogen (N) has been touted as a promising species for p-type doping of Ga2O3, 

and quasi-static current-blocking capability has been demonstrated in N-implanted 

Ga2O3 layers [29]. Although promising, issues could arise in its dynamic response, 

which may be limited by the capture rate of the deep dopants.  

As a preliminary study, we have investigated the dynamic current-blocking 

characteristics of N-implanted Ga2O3 layers in Schottky barrier diodes (SBDs). These 

SBDs were fabricated on a (001) epitaxial wafer. N-implantation was performed with a 

concentration of 1×1018 cm-3 and a 0.5-𝜇m box profile. An activation annealing was 

performed at 1100 °C for 30 min under N2. Regular SBDs were also co-fabricated for 

comparison. The device cross sections for the two types of SBDs are shown in Fig. 

9.2(a). 
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Fig. 9.2 (a) Schematic device cross section of a regular Schottky barrier diode (SBD) (top) 

and an SBD with an N-implanted top layer (bottom). (b) Reverse I-V characteristics of 

the two types of SBDs. (c) Forward I-V characteristics of the two types of SBDs. 

Under DC measurement conditions, the N-implanted SBDs show 3-orders lower on-

current than co-fabricated regular SBDs [Fig. 9.2(c)], indicating a quasi-static current-

blocking capability in the N-implanted layer. The reverse leakage currents were similar 

[Fig. 9.2(b)], suggesting that the N-implanted Ga2O3 layer is comparable with a lightly-

doped n-Ga2O3 layer in blocking the reverse leakage.  

For the first time, we observed bi-stability and the associated negative-differential-

resistance (NDR) under high DC forward biases, as shown in Fig. 9.3. This is similar 

with prior reports in C-doped GaN layer, and is attributed to trap-related breakdown 

[30]. Under pulsed forward bias conditions, we found that the current-blocking 

capability of the N-implanted layer reduces significantly as the pulse width decreases. 

Below a pulse width of 1 𝜇s, the N-implanted layer is nearly “transparent” to current 

flow and loses all blocking capability. Further transient measurements of forward 

current reveal the decay of the transient current, consistent with the pulsed I-V 

measurements. Such behaviors can be explained by the probabilistic trapping of 

electrons during the transit time of the electrons through the N-implanted layer. In this 

regard, the blocking capability is not due to field-ionization, but rather, the dynamic 

charge trapping.  

These preliminary observations highlight the importance of the dynamic response 

of Ga2O3 layers doped with deep acceptors. Future studies are anticipated to uncover 
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the detailed transport mechanisms of the carriers as well as the dynamic response of the 

deep dopants/defects in the implanted layer. 

 

 

Fig. 9.3 Comparison of the forward I-V characteristics of the N-implanted SBD under 

different measurement conditions: DC voltage-mode, DC current-mode, and pulsed 

voltage-mode. A region with bi-stability is observed under DC measurement conditions. 

The pulse width is 1 𝜇s and the period is 1 ms. 
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APPENDIX A SURFACE MORPHOLOGY EVOLUTION OF (001) GA2O3 

EPITAXIAL WAFER WITH CMP-ED SURFACE 

This appendix documents the surface morphology evolution of a (001) b-Ga2O3 

epitaxial wafer with chemical-mechanical polished (CMP-ed) surface after different 

surface treatments. The wafer was the same one used for the fabrication of Gen-4 trench 

SBDs, as discussed in Chapter 4. We found that a combination of dry etching and wet 

etching in HF help reveal distinct atomic steps, which is not clearly observed on as-

received wafers.  

The steps for the surface treatments and the corresponding surface morphology are 

chronologically listed below. The surface morphology was characterized by atomic-

force microscopy (AFM). 

 

Step-1: solvent clean 

Acetone with ultrasonication (3 min) 

Methanol with ultrasonication (3 min) 

DI water with ultrasonication (3 min) 

DI water rinse and blow-dry by N2 
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Fig. A.1 Surface morphology after solvent clean. 

 

Step-2: standard acid clean: 

HF (49%) 5 min 

HCl 5 min 

 

 

Fig. A.2 Surface morphology after our standard acid clean. 
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Step-3: dry etching with ICP-RIE 

1st etch: high power etch 

Conditions: 20 W/350 W, BCl3/Ar: 35/5 sccm, Pressure = 5 mtorr 

Rate: ~58.3 nm/min 

Etching time: ~20 min 

Tool: Plasma-Therm PT770 

 

2nd etch: low power etch 

Conditions: 8 W/300 W, BCl3 = 30 sccm, Pressure = 4 mtorr 

Etching time: 5 min 

Tool: Plasma-Therm PT770 

 

 

Fig. A.3 Surface morphology after dry etching with ICP-RIE. 
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Step-4: Wet etching 

HF (49%) 35 min 

HCl 5 min 

 

After wet etching, on dry-etched surface 

 

 

Fig. A.4 Surface morphology after wet etching on dry-etched surface. 

 

Clear atomic steps can be observed after wet etching. The height profile along the 

red line in Fig. A.4 is extracted, as shown in Fig. A.5. The step height is measured to be 

0.56 nm, which agrees well with the ideal distance between (001)-planes (0.562 nm). 
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Fig. A.5 Height profile along the cutline in Fig. A.4. 

Atomic steps are also observable after wet etching on the original epitaxial surface 

without dry etching, as shown in Fig. A.6. 

 

 

Fig. A.6 Surface morphology after wet etching on the original epitaxial surface without 

dry etching. 
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APPENDIX B FACETING IN GA2O3 VERTICAL FIN CHANNELS AFTER WET 

ETCHING 

This appendix documents the observations of faceting on the fin channels after the 

wet etching treatments from the Gen-4 Ga2O3 trench SBD sample. The faceting was 

previously shown in the cross-sectional scanning electron microscopy (SEM) image 

after device fabrication [Fig. 4.20(c)]. Here, we show the SEM observations after the 

wet etching during the fabrication process. The wet etching consists of treatments in HF 

for 35 min and subsequently in HCl for 5 min, both under ultrasonication. The wet 

etching in HF serves dual purposes: it helps remove the Ti/Pt mask used for dry etching, 

as well as the dry-etch damage at the fin sidewalls. We believe the effects of damage 

removal and faceting are primarily due to the HF treatment alone. 

Figure B.1 shows the schematic top view of the wafer and the direction for the SEM 

observations. The fin channels under observation are all aligned along the [010] 

direction (b-axis), thus the sidewall are (100)-like. As shown in Figs. B.2, B.3 and B.4, 

faceting occurs along the upper right edge of the fin channels. It is observed to be 

uniformly distributed along the [010] direction. In addition, there are slanted facets at 

the upper right edges. The miller index of the facets have not yet been determined. 

We believe that the faceting occurs due to the metal-assisted chemical (MAC) 

etching by HF [1]. The exact mechanisms will require further experiments to be 

confirmed. 
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Fig. B.1 Schematic top view of the (001) Ga2O3 epitaxial wafer grown by halide vapor 

phase epitaxy (HVPE) used for fabrication of the Gen-4 trench SBDs, as well as the 

indication of the observation direction for the scanning electron microscopy (SEM) 

imaging. 

 
 

Fig. B.2 SEM image of the fin channels in the Gen-4 trench SBDs with Wfin = 3 𝜇m and 

Wtr = 3 𝜇m, after wet etching.  
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Fig. B.3 SEM image of a fin channel in the Gen-4 trench SBDs with Wfin = 0.8 𝜇m and 

Wtr = 2.2 𝜇m, after wet etching. 

 

Fig. B.4 SEM image of a square pattern on the Gen-4 trench SBD sample with a width 

of 3 𝜇m, after wet etching. 
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APPENDIX C UNLEASHING THE PROMISE OF GALLIUM OXIDE – A 

FEATURE IN COMPOUND SEMICONDUCTOR MAGAZINE 
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Unleashing the promise of 
gallium oxide
Gallium oxide Schottky barrier diodes incorporating narrow trenches are 
setting new benchmarks for voltage blocking and leakage current 

BY WENSHEN LI, ZONGYANG HU, KAZUKI NOMOTO, DEBDEEP JENA AND 
HUILI GRACE XING FROM CORNELL UNIVERSITY

IT’S OF LITTLE SURPRISE that there has been a 
consistent drive toward the use of wider bandgap 
materials for power electronics. After all, the wider the 
bandgap, the greater the breakdown field, opening 
the door to making devices with a higher breakdown 
voltage for the same material thickness. 

However, nature is not always that generous. Typically, 
a move to a wider bandgap is accompanied by more 
challenging doping, along with difficulty in making 
high-quality native substrates. Judged in these terms, 
gallium oxide appears to offer a sweet spot beyond 
SiC and GaN.

One of the most promising forms of gallium oxide is its 
`-phase, which has a bandgap of 4.5-4.7 eV. Luckily, 
it is easy to dope this oxide n-type in a controllable 
manner, to realise doping that spans 1015 cm-3 to 
1020 cm-3. Thanks to shallow donor levels throughout 
this range, doping efficiency is high at room 
temperature. Another encouraging aspect of Ga2O3 
is that single-crystal substrates of this material can 
be readily produced with melt-growth techniques, 
mirroring the manufacture of those made from silicon. 
Given all this promise, is it possible to harvest all the 
benefits arising from the large bandgap of Ga2O3 and 
demonstrate devices that are superior to those made 
from SiC and GaN? 

To help answer this question, our team at Cornell 
University has been focusing on the development of 
Ga2O3 vertical power devices. By employing a vertical 
topology, they are capable of carrying more current 
per chip area, while taking advantage of the readily 

available Ga2O3 single-crystal substrates. Our goal 
is to demonstrate the highest unipolar performance 
that Ga2O3 can deliver – it is projected to be far higher 
than that of SiC and GaN, primarily due to a leap in 
the breakdown field to 6-8 MV/cm, arising from the 
superior bandgap. 

A judicious junction
A drawback of Ga2O3 is its lack of p-type doping.  
Due to this drawback, we incorporate metal-insulator-
semiconductor (MIS) junctions in our devices to 
enhance their blocking voltages. As we’re about to 
see, the reason behind using of this form of junction is 
far from trivial. 

Let us begin by considering a MIS structure under 
reverse bias: the semiconductor enters deep depletion 
near the junction, and a so-called inversion layer 
results, due to thermal energy within the device 
promoting electrons from the valence band to the 
conduction band. This is not good news, as once 
the inversion layer is created, the entire reverse bias 
is dropped across the insulator of the MIS structure, 
leading to catastrophic failure of the insulator and 
thus the power device. The only option for preventing 
this catastrophe from taking place is to evacuate 
the resulting minority carriers quickly. In our case, 
that means evacuating the holes in an n-type 
semiconductor. 

A key figure-of-merit in this process is the time 
constant associated with the inversion process (as 
can be seen in Figure 1, this characteristic is governed 
by the bandgap). 
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        (Photo courtesy of Xiang Li. Copyright Angel Business Communications) 

Full article in Compound Semiconductor Magazine, volume 25, issue 3. URL: 
https://compoundsemiconductor.net/article/106964/Unleashing_the_promise_of_galliu
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