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ABSTRACT Recess processes for the fabrication of normally-off GaN HEMTs generally compromise
devices’ on-state performance. In this work, recess-free quasi-normally-off GaN HEMTs with a threshold
voltage of 0.24 V is realized by local control of two-dimensional electron gas (2DEG) density. The
devices feature a 0.1 µm gate length, SiNx stress liner, and comb gate. SiNx liner can provide significant
stress to AlGaN/GaN heterostructure in the scaled gate region. The additional stress translates to the
additional electric field and depletes the 2DEG in the gate region. As a result, the quasi-normally-off
operation is achieved. Furthermore, the comb gate structure is introduced to suppress the short channel
effects, supported by TCAD simulation. The quasi-normally-off devices’ excellent on-state performances
are benchmarked against the normally-off devices reported recently and a p-GaN HEMT purchased from
a commercial foundry. The results support strain engineering as a promising technique to pursue the
normally-off operation of GaN HEMTs.

INDEX TERMS High electron mobility transistor (HEMT), gallium nitride (GaN), strain engineering.

I. INTRODUCTION
GaN high electron mobility transistors (HEMTs) have been
proven competitive for power switch applications. The high
critical electric field of GaN leads to the high break-
down voltage, and the inherent two-dimensional electron
gas (2DEG) at the AlGaN/GaN heterojunction enables the
low on-resistance [1]–[4]. The inherent 2DEG conducting
channel makes GaN HEMTs normally-on devices. However,
devices’ normally-off characteristics are preferred for power
switch applications to ensure the fail-safe operation [3].
Among several approaches attempting to realize the

normally-off GaN HEMTs, recessed metal-insulator-
semiconductor (MIS) gate and p-GaN gate are the two

most trend-leading gate structures [4], [5]. The two gate
structures require recess processes for preparation, which
usually compromise the devices’ performances. Besides, high
etching selectivity is hard to attain between AlGaN and
GaN, making the process need additional care to maintain.
Recess-free approaches have been proposed to realize high-
performance normally-off GaN HEMTs, including ultrathin-
barrier (UTB) heterostructures and selective area regrowth
techniques [6], [7]. However, passivation quality is demand-
ing for UTB HEMTs because the semiconductor surface is
close to the conducting channel, enhancing the remote scat-
tering effects. Also, the control of the epitaxy condition is
challenging for regrowth techniques.
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FIGURE 1. Device structure of AlGaN/GaN HEMT with gate length (Lg),
source-to-gate length (Lsg), and gate-to-drain length (Lgd ) labeled. The
device width is 100 µm. The source/drain lengths are 30µm. The SiNx layer
may be a single low-stress layer (baseline devices) or a dual-layer stress
liner (strained devices).

TABLE 1. SiNx schemes for device groups.

Due to the piezoelectric nature of GaN, external mechan-
ical stress may create additional polarization charges and
modulate threshold voltage (Vth) [8]. In order to modulate
device characteristics, SiNx stress liner has been proven to
provide significant stress to various kinds of field-effect tran-
sistors, especially for the dimension within or below the
submicron regime [9], [10]. Therefore, a Vth increase can be
expected by applying a stress liner with proper stress polarity
and gate dimension for GaN HEMTs [8], [11], [12].
In previous work, a dual-layer SiNx stress liner was

developed to provide a satisfactory passivation quality and
-1 GPa intrinsic stress [13]. In this work, the quasi-normally-
off operation is realized on the AlGaN/GaN HEMTs with 0.1
µm gate length using SiNx stress engineering. Furthermore,
the introduced comb-gate structure can suppress the short
channel effects, including drain induced barrier lowering
and punch-through. As an extension of the conference
presentation [14], the additional TCAD simulation results
are implemented to support the increased Vth and suppressed
short-channel effects, and the switching characteristics of the
devices are added. In the absence of the recess processes,
the quasi-normally-off devices in this work feature low on-
resistance, benchmarked against the normally-off devices
reported recently and a p-GaN HEMT purchased from a com-
mercial foundry. The results support the strain engineering
as an alternative approach for pursuing high-performance
normally-off GaN HEMTs for power electronics applica-
tions.

II. DEVICE FABRICATION: ALGAN/GAN HEMTS WITH SINX
STRESS LINER AND 100 NM GATE
The structure of AlGaN/GaN HEMTs is shown in Fig. 1.
The lengths of the source-to-gate, gate, and gate-to-drain are

3, 0.1, and 10 µm. Based on our previous work, the 0.1 µm
gate length was selected for better efficiency of introducing
the stress from the stress liner [12]. The devices were built
on the two-inch Si wafer with MOCVD-grown (Al)GaN epi-
taxy from Enkris Semiconductor Inc. The epitaxial structure
consisted of a 1.05 µm buffer layer, a 700 nm GaN channel
layer, a 0.8 nm AlN spacer, a 10 nm Al0.25Ga0.75N barrier,
and a 3 nm GaN cap. The barrier thickness and Al com-
position are customized to attain a channel with the sheet
resistance of approximately 400 �/�. The GaN cap layer
was implemented to prevent the AlGaN layer from oxida-
tion and stress relaxation and flatten the AlGaN surface [15].
The device fabrication started with the device isolation using
a BCl3/Cl2 based dry etching. Then, Ti/Al/Ti/Au based metal
stack was deposited using an e-beam evaporator and annealed
at 830◦C under nitrogen ambient to form the source/drain
Ohmic contacts. The SiNx layers were deposited by the
plasma-enhanced chemical vapor deposition (PECVD) with
dual plasma excitation frequencies. The gate region was
patterned using e-beam lithography and opened by fluo-
roform (CHF3) based dry etching. In this way, the SiNx
film exerts stress in the semiconductor in the gate region
near the film edge, according to the edge force model [11].
Subsequently, the Ni/Au metal gate was deposited using an
e-beam evaporator, and metal pads were deposited after the
via opening.
The stress of SiNx liners deposited using PECVD

with dual plasma excitation frequencies was modulated by
adjusting the duration time percentage of low-frequency
plasma excitation in each duty cycle [16]. In this work,
two groups of devices were fabricated, as listed in Table 1.
The first group (baseline devices) has a low-stress (uninten-
tional 0.3 GPa) SiNx layer. In contrast, the second group
(strained devices) possesses a dual-layer scheme that con-
sists of a low-stress interlayer and a compressive layer.
The dual-layer stress liner was proved to acquire an ade-
quate passivation quality and intrinsic compressive stress
(−1 GPa measured on a Si wafer) [13]. In this article, Group
1 and Group 2 devices are named baseline and strained
devices, respectively, even though the SiNx layer applied
onto Group 1 devices is slightly stressed (0.3 GPa). The
thicknesses of interlayers were calculated empirically by the
deposition rate and time.

III. THRESHOLD VOLTAGE OF ALGAN/GAN HEMTS
The threshold voltage of AlGaN/GaN HEMTs can be
expressed as (1) [17].

Vth = ϕm − �Ec − qNdd

2ε
− σ

ε
d (1)

where φm is the Schottky barrier height between the gate
metal and AlGaN, and �Ec is the conduction band disconti-
nuity between AlGaN and GaN. Nd, d, and ε are the doping
concentration, thickness, and dielectric permittivity of the
AlGaN barrier. σ is the total sheet charge density at the
AlGaN/GAN heterojunction induced by polarization, which
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FIGURE 2. Transfer characteristics of the strained device under Vd = 1 V in
comparison with the baseline device. The strained device showed Vth of
0.24 V, which was defined using the extrapolation in the linear
region (ELR) method (inset).

can be defined by (2) [2], [17].

σ = Psp(AlGaN) − Psp(GaN) + Ppz(AlGaN) − Ppz(GaN)

(2)

where Psp and Ppz are the spontaneous polarization and
piezoelectric polarization charges in the AlGaN and GaN
layers, respectively. In the AlGaN/GaN heterostructures,
Ppz(AlGaN) is caused by the tensile stress due to the lat-
tice mismatch between AlGaN and GaN. Ppz(AlGaN) can be
calculated with piezoelectric coefficients e33 and e13 as (3)

Ppz(AlGaN) = e33εz + e31
(
εx + εy

)
(3)

where εx, εy, and εz are in-plane strain and the strain along
the c-axis [2]. According to equation (1) and (2), introducing
in-plane compressive stress can neutralize the in-plane tensile
strain in AlGaN. Therefore, Ppz(AlGaN) and hence total
polarization (σ ) reduce, increasing the Vth of AlGaN/GaN
HEMTs.

IV. ELECTRICAL CHARACTERISTICS OF STRAINED
ALGAN/GAN HEMTS
The transfer characteristics of strained devices are shown
in Fig. 2. The Vth of strained devices is over 1 V higher
than that of baseline devices, as predicted by the Vth model
mentioned in Section III. The Vth of the strained devices
attain −0.28 V with Id = 0.01 mA/mm as the criterion, and
the conducting channel is fully pinched off at approximately
−0.6 V. By using the extrapolation in the linear region (ELR)
method, the Vth of the strained device is found to be 0.24 V
(Fig. 2 inset), indicating quasi-normally-off characteristics.
To investigate the stress effects on the device electrical

characteristics, Sentaurus TCAD suite from Synopsys Inc.
was used to analyze the stress distribution and electrical
parameters of devices.
The stress distribution in the gate region of the baseline

devices and strained devices were simulated using Sentaurus

TABLE 2. Key physical parameters used in simulations.

FIGURE 3. Simulated in-plane stress distribution in the gate region of the
device with (a) non-stress (baseline device) and (b) −1 GPa SiNx (strained
device). Local compression with up to −3 GPa strength is built in the
strained device.

Process, the results of which are shown in Fig. 3. The device
structure for simulation was the same as the devices men-
tioned in Section II, except that the AlN spacer was neglected
for simplification. The intrinsic stress of the compressive
SiNx was set according to the experimental data (−1 GPa). In
Fig. 3(a), SiNx in baseline devices contributes no stress to the
system, and the built-in tensile stress in AlGaN is originated
from the lattice mismatch between AlGaN and GaN. The
lattice mismatch stress is approximately 2.87 GPa for 25%
Al content [2]. In Fig. 3(b), the lattice mismatch stress also
exists, and the compressive SiNx introduces an additional
compression to the gate region, as expected by the edge
force model [11]. As a result, a local compression with up
to −3 GPa strength is built in the AlGaN, which can trans-
late to the polarization charges and is expected to increase
the device Vth.

The electrical parameters were simulated using Sentaurus
Device. To match the experimental data, the TCAD physical
model was calibrated following the procedure detailed in
reference [18]. The fitting results of the transfer curve and
the output curve of the baseline device are shown in Fig. 4(a)
and (b), respectively. The key physical parameters are given
in Table 2. A unified Schottky barrier tunneling model is
used to account for the gate current [19]. The mobility μmax

is the low field mobility in the generic mobility model (4)
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FIGURE 4. Fitting results of (a) transfer curve and (b) output curve of the
baseline device. The dots and lines are experimental data and simulation
data, respectively.

for electrons:

μe(T) = μmax

(
T

T0

)
(4)

where T0 is 298 K. To account for the carrier velocity
saturation, the Caughey Thomas field-dependent mobility
model is used [20]. The epitaxy surface donor-like traps
are responsible for the formation of 2DEG. Therefore, sur-
face donors (NTD = 1.4 × 1013 cm−2) at energy level
ETD = Ec−0.2 eV are introduced. In addition, acceptor-like
traps (NTA = 5 × 1016 cm−3 and ETA = Ec − 0.4 eV) in
the buffer layer are also considered [18]. For the strained
device, the external stress was also used as a fitting param-
eter. The piezoelectric polarization charge introduced by the
SiNx stress liner can be calculated using (3) with default
e33 and e31 defined in Sentaurus Device. The conduction
band edge diagram of the baseline and strained device under
the static condition (Fig. 5) was simulated using the cali-
brated physical model. The piezoelectric polarization charge
induced by the external stress from the SiNx stress liner lifts
the conduction bands in the AlGaN barrier and GaN chan-
nel. Hence, the 2DEG is depleted, increasing the Vth of the
strained device. The change of the band diagram is similar to
the one resulted from inserting a AlGaN back barrier [21].
However, the strain engineering with a SiNx stress liner is
capable of locally changing the band diagram in the gate
region, keeping the high-density 2DEG in the access region.
According to the edge force model [11], the gate length

of the devices in this work was scaled down to 0.1 µm for
the better introduction of the stress from the SiNx stress
liner. However, the scaled gate length may lead to short
channel effects, including the drain induced barrier lower-
ing (DIBL) and the punch-through leakage [22], [23]. The
transfer characteristics of the strained device measured under
Vd = 1 V and 20 V are shown in Fig. 6(a). The Vth shift
is as high as −2.9 V (or �Vth/�Vd = −155 mV/V), with
the criterion of Id = 0.01 mA/mm for defining Vth, showing
a serious DIBL. The strained device’s off-state breakdown
characteristics were measured under Vg = −1 V with the
conducting channel fully pinched off. With the criteria of
Id = 0.01 mA/mm, the strained device breaks down before
Vd = 10 V, as shown in Fig. 6(b). The drain current (Id)
is mainly contributed from the source current (Is), implying
that the punch-through causes the early breakdown.

FIGURE 5. Simulated conduction band edge diagram in the middle of the
gate region of the baseline and strained device under static condition. The
band diagram in AlGaN and GaN layers of the strained device is lifted.

FIGURE 6. (a) The transfer characteristics of the strained device under
Vd = 1 V and 20 V. (b) The off-state breakdown characteristics of the
strained devices under Vg = −1 V. In the off-state breakdown
characteristics, the drain current is mainly contributed from the source
current.

The gate dimension of the strained devices were scaled in
order to better introduce the stress into the semiconductors
for realizing the normally-off operation. Unfortunately, the
severe short channel effects make the devices hard to be put
on the power electronics applications. To address the short
channel effects, the comb gate structure was then introduced
to the devices.

V. QUASI-NORMALLY-OFF ALGAN/GAN HEMTS WITH
STRAINED COMB GATE
The short channel effects are the results of the poor gate
control over the conducting channel. To enhance the gate
control, the comb gate structure was designed and applied
onto the strained devices. The architecture of the device with
the comb-gate structure is illustrated in Fig. 7. The fabrica-
tion process and device structure were similar to the ones
described in Section II for the single-gate strained devices,
except that the gate region was extended to 2 µm, and 2, 3, 5,
6, 9, and 11 fingers of 0.1 µm gate were deployed in parallel
in the gate region, forming a comb-gate structure. Besides,
the gate-to-drain length was extended to 15 µm. The TEM
cross-section of the comb-gate structure shows the adequate
bottom coverage without sealing-off of the gate opening.
More finger numbers were expected to show stronger gate
controls. Moreover, the Vth shows little dependencies on
the number of gate fingers, and the comb-gate devices also
show the quasi-normally-off characteristics as the single-gate
devices.
In order to evaluate the suppression of short channel

effects by the introduction of the comb-gate structure,
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FIGURE 7. (Left) Device structure of AlGaN/GaN HEMT with the comb-gate
structure. The gate region length, gate finger length (Lg), source-to-gate
length (Lsg), and gate-to-drain length (Lgd ) were labeled. The SiNx was
a dual-layer stress liner. In the gate region, 2, 3, 5, 6, 9, or 11 0.1 µm
fingers were deployed in parallel. (Right) TEM cross-section of the
five-finger comb-gate structure.

the Vth shift of the devices with different finger numbers
under high Vd were extracted and summarized in Fig. 8(a).
Compared with that of the single-gate device (−2.9 V), the
Vth shift is effectively decreased by introducing the comb-
gate structure. The Vth shift decreases as the number of gate
fingers increases, until reaching a plateau after five fingers,
suggesting the well-suppressed short channel effects. The
two-finger and five-finger device’s transfer characteristics
under Vd = 1 V and 20 V are plotted in Fig. 8(b) and (c).
As shown in Fig. 8(a), the Ig of comb-gate devices under
forward bias (Vg = 2 V) increases with finger numbers, due
to the increased gate region area. Given that Ig under forward
bias may limit the overdrive voltage (Vov = Vg − Vth) and
hinder devices’ output performances, five finger numbers are
chosen for suppressing the Vth shift. In the following discus-
sion, the five-finger device represents the comb-gate device
to be studied.
Fig. 9 shows the simulated band diagram for the single

gate device and the five-finger comb-gate device under off
state with Vd = 1 V and Vd = 20 V. In the gate region of
the single gate device, the potential barrier is dramatically
lowered by the high drain bias, which is the typical behavior
of DIBL. In contrast, the high drain bias mainly affects
the region under the two edge fingers on the drain side in
the comb-gate device. Quantitatively, the potential barrier
height drops 74% when Vd increases from 1 V to 20 V
for the single gate device. With the comb-gate structure,
the potential barrier lowering is reduced to 13% for finger
#2 and #3 labeled in Fig. 9(b), showing the stronger gate
coupling to the conducting channel. It is assumed that the
punch-through or gate being turned-on happens when all the
barriers are lowered. Therefore, the comb-gate structure is
believed to suppress short-channel effects, supported by the
simulation results.
Regarding the off-state breakdown characteristics, even

though the introduction of the comb-gate structure suc-
cessfully lowers the off-state leakage current by about
three orders, the breakdown voltage can attain only tens
of volts, as shown in Fig. 8(d). Furthermore, in contrast

FIGURE 8. (a) The Vth shift of the comb-gate device with various finger
numbers under from Vd = 1 V to Vd = 20 V and their gate leakage (Ig)
extracted under Vg = 2 V with source and drain grounded. (b) The transfer
characteristics of the two-finger comb-gate device under Vd = 1 V and
20 V. (c) The transfer characteristics of the five-finger comb-gate device
under Vd = 1 V and 20 V. (d) The off-state breakdown characteristics of the
five-finger comb-gate device under Vg = −1. The Vth shift decreases as the
number of gate fingers increases, and that reaches a plateau after five
fingers. The Ig increase with finger numbers. In the off-state breakdown
characteristics, the drain current (Id ) is mainly contributed from the gate
current (Ig).

FIGURE 9. The conduction band diagram of the conducting channel in the
gate region of (a) single-gate device and (b) comb-gate device under
Vd = 1 V and 20 V.

to the single gate device (Fig. 6(b)), the drain current is
mainly contributed by rather the gate current for the comb-
gate device than the source current. The short channel
effects, including punch-through and DIBL, are suppressed
by introducing the comb-gate structure. However, the lack
of metal-insulator-semiconductor (MIS) structure leads to
the high Schottky gate leakage and constrains the comb-
gate devices’ off-state performances. The next section shows
that the Schottky leakage also limits the comb-gate devices’
output performances.

VI. ON-STATE PERFORMANCES OF QUASI-NORMALLY-
OFF COMB-GATE ALGAN/GAN HEMTS
Due to the absence of the recess process for preparing the
quasi-normally-off comb-gate HEMTs, the devices were pre-
vented from the damages caused by dry etching on either the
gate region or the access region. That could translate to the
superior on-state performances and switching characteristics,
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TABLE 3. Benchmark of normally-off GaN HEMTs.

such as the saturation current (Id,sat), on-resistance (Ron), and
dynamic Ron.
The comb-gate device’s output characteristics are com-

pared with a p-GaN gate HEMT purchased from a com-
mercial foundry [24], as shown in Fig. 10(a). The two
devices possess similar feature sizes (Lsg, Lg, and Lgd).
The comb-gate HEMT shows Ron of 11.9 �-mm, which
is more superior to that of the p-GaN gate HEMT, 15.9
�-mm. The Id,sat of the comb-gate HEMT is 257 mA/mm,
lower than 346 mA/mm for the p-GaN gate HEMT. The
lower Id,sat is caused by the limited overdrive voltage Vov
of the comb-gate HEMT because the Schottky gate would
be turned on at a higher Vg. For the same reason, the Ron
of the comb-gate HEMTs is underestimated in performance.
Table 3 presents the Vth and Ron of comb-gate devices bench-
marked against other normally-off GaN HEMTs recently
reported. The feature sizes are also listed for comparing Ron
between devices. The normally-off devices using recess-free
fabrication processes, such as UTB and regrowth, gener-
ally show lower Ron. The comb-gate devices in this work
show the competitive Ron compared with other recess-free
normally-off devices, even though the Vth needs further
improvement.
To compare the switching characteristics of the comb-gate

device and p-GaN HEMT. The dynamic Ron is measured
using the Keysight B1505A analyzer. Fig. 10(b) shows the
normalized Ron extracted after high voltage blocking. In the
100 ms blocking period, the devices are stressed at a spe-
cific blocking voltage, while the Vg is set to fully pinch off
the devices. Subsequently, it was switched to the conduct-
ing period, and the devices are turned on with Vd = 1 V,
Vg = 2.5 V for the comb-gate device and 8 V for the p-GaN
device. The Ron is sampled 200 μs after the switching point
to calculate the dynamic Ron. Compared with the p-GaN
device showing a 37% increase in dynamic Ron after 200 V
blocking, the comb-gate device’s Ron increases by 20%. The
lower dynamic Ron indicates the better switching character-
istics of the comb-gate devices as a result of the recess-free
fabrication processes.
Besides the off-state breakdown characteristics mentioned

in Section V, the output characteristics of the comb-gate

FIGURE 10. (a) Output characteristics of the comb-gate HEMT in
comparison with the p-GaN gate HEMT purchased from a commercial
foundry. The comb-gate HEMT and p-GaN gate HEMT were swept Vg = 0 to
2.5 V with a step of 0.5 V and Vg = 0 to 9 V with a step of 1 V, respectively.
The overdrive voltage (Vov = Vg − Vth) of each curve is labeled.
(b) Dynamic Ron of the comb-gate HEMT and p-GaN gate HEMT extracted
after different voltage blocking.

HEMTs, such as the Id,sat and Ron, may be improved when
the gate leakage is suppressed by the introduction of other
gate structures such as a MIS structure, and the devices can
operate at a higher overdrive voltage Vov. Furthermore, the
intrinsic stress of −2 GPa is attainable for PECVD SiNx
by adjusting the deposition conditions [31], so the strained
devices are expected to reach a higher Vth for the real-world
applications.

VII. CONCLUSION
Dual-layer SiNx liner provides external mechanical stress
to the gate region of GaN HEMTs. The scaled gate
dimension (0.1 µm) amplifies the stress effects, and the
quasi-normally-off operation is realized. The comb-gate
structure effectively suppresses the short-channel effects,
including DIBL and punch-through, supported by TCAD
simulation. In the absence of the recess processes for prepar-
ing devices, the quasi-normally-off comb-gate devices show
superior on-state performance and switching characteris-
tics, benchmarked against p-GaN gate HEMTs purchased
from a commercial foundry. The off-state characteristics and
on-state performance are still limited by the constrained over-
drive voltage of the Schottky gate. The other gate structure
such as the MIS gate can be implemented to suppress gate
leakage, and the comb-gate HEMT with strain engineering
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is believed to be a promising candidate for power electronics
applications.
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