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Abstract: With the growing demand for more efficient power conversion and silicon reach-
ing its theoretical limit, wide bandgap semiconductor devices are emerging as a potential
solution. For instance, Gallium Nitride (GaN)-based high-electron-mobility transistors
(HEMTSs) are getting more attention, and several structures for the normally off operation
have been proposed. Adding an AIN interlayer in conventional AlGaN/GaN normally on
HEMT structures is known to enhance the current density. In this work, the effect of an
AIN interlayer in the normally off AlIGaN/GaN MISHEMT with a buried p-region was
investigated using a TCAD simulation from Silvaco. The added AIN interlayer increases
the two-dimensional electron gas density, requiring a higher p-doping concentration to
achieve the same threshold voltage. The simulation results show that the overall effect
is a reduction in the device’s current density and peak transconductance by 21.83% and
44.4%, respectively. Further analysis of the current profile shows that because of the buried
p-region and at high gate voltages, the current flows near the AlGaN/GaN interface and
along the insulator/AlGaN interface. Adding an AIN interface blocks the migration of
channel electrons to the insulator/AlGaN interface, resulting in a lower current density.

Keywords: gallium nitride (GaN); HEMT, TCAD simulation; Silvaco; AIN interlayer;
buried p-region; wide bandgap

1. Introduction

Silicon has been the dominant material in power electronics for decades due to its
well-understood properties and widespread availability [1-3]. However, with increasing
power demands from applications like electric vehicles and renewable energy systems,
silicon is now reaching its physical limits in terms of efficiency, thermal management, and
switching speed [4-6]. Wide-bandgap (WBG) materials such as Gallium Nitride (GaN) and
Silicon Carbide (SiC) present promising solutions to these challenges [7-10].

GaN-based devices, such as high-electron-mobility transistors (HEMTs), are particu-
larly promising for high-frequency, high-power, and low-loss applications. These devices
utilize GaN’s polarization field to form a conductive channel. The polarization disconti-
nuity at the heterointerface between GaN and AlGaN induces bound charges, attracting
free electrons to form a two-dimensional electron gas (2DEG), enabling highly efficient
electron transport [11-13]. This mechanism with the superior properties of GaN allows
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GaN HEMTs to achieve higher breakdown voltages, greater thermal conductivity, and
faster switching speeds than traditional silicon devices [14-17].

1.1. Normally off HEMTs

Conventional GaN HEMTs are normally on [18], operating in depletion mode, which
means that current flows between the source and drain terminals at zero gate voltage
(Vgs = 0 V). To block this current flow and turn the device off, a negative gate voltage
must be applied. Power-switching applications necessitate devices exhibiting normally off
characteristics due to fundamental safety and power efficiency requirements [19]. Achiev-
ing normally off GaN HEMTs has become a crucial research focus, with several meth-
ods proposed.

A widely explored method involves reducing the distance between the gate and
the AlGaN/GaN interface. This can be accomplished by employing a thin barrier layer,
which effectively minimizes the gate to AlGaN/GaN distance and facilitates normally off
operation, as shown in studies [20-23]. Another approach is gate recessing, where selective
etching of the barrier layer directly beneath the gate electrode is performed to achieve
closer proximity to the interface. This technique is also well-documented in research
efforts [24-27].

Alternative methods focus on conduction band engineering, which involves ma-
nipulating the energy bands within semiconductor devices to achieve specific electrical
properties. In AlGaN/GaN heterostructures, positive charges at the AlGaN/GaN in-
terface pull the conduction band below the Fermi level, resulting in the formation of a
two-dimensional electron gas (2DEG) that serves as the device’s channel. To realize nor-
mally off (enhancement-mode) operation, it is essential to deplete this 2DEG at zero gate
voltage. This requires lifting the conduction band above the Fermi level at the interface.
One way to achieve this is by introducing fluorine ions [28-31] or adding a p-type GaN
layer [32-35] near the AlGaN/GaN interface. These additions raise the conduction band
in that region, effectively depleting the 2DEG channel and enabling the desired normally
off behavior. Although both fluorine ions and the p-GaN layer increase the energy gap
between the conduction band and the Fermi level, an additional factor plays a key role in
the p-GaN layer method. The discontinuity in the polarization field between the p-GaN
and AlGaN layers creates a fixed negative bound charge at their interface. This results in a
further shift in the conduction band. Although the p-region is usually placed above the
AlGaN layer, a recent study has proposed achieving the normally off operation by burying
a p-region below the AlGaN/GaN interface, specifically beneath the gate electrode [36].
The technique was experimentally validated in the work undertaken by [37]

1.2. Aluminum Nitride in GaN HEMTs

In GaN HEMTs, incorporating an Aluminum Nitride (AIN) layer has been reported to
offer numerous advantages. In the work by [38], AIN was used to enhance device reliability
and reduce gate leakage by forming double-barrier structures that mitigate electric field
stress. Additionally, the work by [39] demonstrates record-high output power density at the
X-band in HEMTs on free-standing AIN substrates, highlighting the significant potential
of these devices as next-generation high-power radio frequency components. Moreover,
the implementation of an AIN back barrier in conjunction with a thin, unintentionally-
doped (UID) GaN channel demonstrated an absence of harmful impurity levels associated
with current collapse phenomena [40]. When used as an interlayer between the barrier
and the buffer layer, due to the high polarization field in the AIN layers compared to
relaxed GaN layers, a high positive bound charge is created at the interface between the
two layers. This significantly improves the density of the 2DEG, which will be reflected
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in the current density and transconductance of the device [41-45]. While the addition of
an AIN interlayer in conventional normally on HEMTs has been extensively studied and
shown to offer significant advantages in terms of reducing gate leakage, increasing the
current density, and enhancing transconductance, its effectiveness in normally off HEMTs
incorporating a buried p-region remains unexamined.

Research Question: For normally off GaN HEMTs with a buried p-region, how does
the inclusion of an AIN interlayer affect device performance when the threshold voltage is
fixed? Specifically, will it increase the current density and transconductance of the device?

In this study, we aimed to answer this question using a TCAD simulation tool from
Silvaco (atlas version 5.28.1.R).

2. Materials and Methods

Technology Computer-Aided Design (TCAD) tools are vital in the semiconductor
industry. When properly calibrated, the tools can accurately predict the characteristics of
electronic devices under different conditions. This capability accelerates the overall devel-
opment timeline and reduces physical prototyping and iterative testing costs. Additionally,
these tools offer more insight into the physics behind the operation of the simulated device,
enabling further design/process optimization.

To ensure accurate and reliable simulation results, the following steps were adopted:
First, to ensure accuracy, we began by calibrating the simulator using a conventional GaN
HEMT (Section 2.1). This involved comparing the simulated electrical characteristics to
experimental data of a reference device, ensuring that key metrics, like current density,
threshold voltage, and transconductance, closely matched the experimental results. Next,
we introduced the AIN interlayer into the simulated GaN HEMT structure. The aim was to
validate the simulator’s ability to replicate the performance improvements documented in
the literature, particularly focusing on enhancements in current density and transconduc-
tance (Section 3.1). Likewise, a buried p-region was then integrated into the GaN HEMT
structure to confirm that the model can accurately capture the intended threshold voltage
shift toward more positive values, effectively transitioning the device to a normally off
state (Section 3.2). Finally, both the AIN interlayer and the buried p-region were combined
within the simulated device to assess whether the benefits observed from the AIN interlayer
in conventional HEMTs, such as increased current density and transconductance, still hold
in this modified normally off configuration. Specifically, we investigated if these benefits
are maintained under a fixed threshold voltage (Section 3.3).

2.1. Simulation Calibration

The device simulator was calibrated using experimental electrical characteristics ob-
tained from a normally on HEMT, as shown in Figure 1a. Critical physical parameters,
including 2DEG density, acceptor trap energy levels, and acceptor trap density, were
systematically adjusted during the calibration process. The resultant I;(V¢s) transfer charac-
teristics demonstrate excellent agreement between the simulated and experimental data, as
shown in Figure 1b. The comprehensive parameter set employed for simulator calibration
is detailed in [36].

2.2. The Simulated Structure

The simulated device structure is shown in Figure 2. The substrate layer is composed
of silicon material and has a thickness of 0.5 pm. A GaN bulffer layer of 1 um was deposited
on the substrate, followed by a 100 nm p-GaN layer. In this p-GaN layer, N doping was
performed by excluding a region below the gate electrode. Subsequently, a 5 nm GaN
layer was deposited; the region hosts the two-dimensional electron gas that acts as the
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device’s channel. Finally, a 25 nm Alj ;5GaN layer was deposited to create the necessary
polarization fields that confine the electrons in the 2DEG region. A thin layer of Si3zNy with
a thickness of 10 nm was used and was covered by the gate electrode.

2 pm 2 um 2 um S5 um 2 um

1000 _
Source | Air I Gate | Air | Drain _'ﬁ,;;;::::;;:;:::: 100 E
Al ,sGay ;5N — Doping: 10" cm3 30 nm ) i E
T
UID-GaN — Doping: 106 cm Simulation E
1.1 pm -e-Experiment l 25:
<
01 £
_________ £
Transition layers JoTEeEETeReee ‘ ‘ 001 F
-5 —4 -3 -2 -1 0
Silicon Gate to Source voltage V,, (V)

(a) (b)

Figure 1. (a) Schematic cross-section of the normally on HEMT device used for calibration. (b) A
comparison of experimental and simulated I;(Vs) transfer characteristics shows a clear match [36].

We
s —» S —— D
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Figure 2. Normally off HEMT with a buried p-region and an AIN interlayer.

When simulating the effect of the AIN interlayer, the 25 nm AlGaN was replaced
with a 2 nm AIN interlayer and a 23 nm AlGaN. The aim was to keep the gate at the
same distance from the AlGaN/GaN interface (25 nm) to properly address the effect of
the interlayer.

Regarding the lateral dimensions, the device length is 13 um, divided as follows:
2 um is the length of all electrodes (the source, gate, and drain). The distance between the
source and the gate is 2 pm and between the gate and the drain is 5 um. The other device
parameters used for the simulation are shown in Table 1.

Table 1. Device parameters used during the simulation.

Parameter Value
Doping concentration of Si layer 102 cm—3
Doping concentration of GaN buffer 102 cm—3

Doping concentration of GaN 1016 cm 3
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Table 1. Cont.

Parameter Value
Doping concentration of AlIGaN 101 cm—3
Doping concentration of P-GaN 2 x 108 cm~3
Gaussian doping concentration in the N-wells
Peak concentration 10! cm—3
Characteristic length 0.05 pm
Peak position (from AlGaN/GaN interface) 0.08 pm
Density of acceptor traps 107 em—3
Energy of acceptor traps 0.368 eV
Source width Wg 2 um
Source to gate distance Wgg 2 um
Gate width W 2 um
Gate to drain distance Wgp 5 um
Drain width Wp 2 pm
Insulator thickness Ling 10 nm
Barrier thickness (AlGaN) Lgy 30 nm
Interlayer thickness (AIN) Lp; 2 nm
Channel thickness (GaN) Ly, 5nm
Buried p-region thickness L, 100 nm
Buffer thickness Lg 1 um
Substrate thickness Lg 0.5 pm

2.3. Models

To predict the device’s electrical characteristics, the TCAD simulator solved partial dif-
ferential equations. The three main equations included Poisson’s equation, the Continuity
equation, and the drift-diffusion equation. In addition, several models were introduced to
enhance the simulator’s output. The Caughey and Thomas model was considered to ac-
count for the saturation velocity effect at high electric fields [46]. As shown in Equation (1),
mobility is reduced as the electric field increases:

1
BETA
B 1
n (E) = pno . 1o E BETA 1)
- (VSAT)

The values of the parameters used in Equation (1) are shown in Table 2. The values
not mentioned in the table are taken from the default Silvaco library [47].

Table 2. Mobility parameters used during simulation.

Parameter Value
tno (GaN) 900 cm?2/V-s
1o (AlGaN) 300 x + 900 x (1 — x)
Hno (2DEG) 1500 cm?/V-s
VSATN (GaN) 2 x 107 em/s
VSATN (AlGaN) 1.22 x 10”7 ecm/s

Additional models incorporated in this study included Shockley—Read-Hall recombi-
nation and Fermi-Dirac statistics.
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When simulating GaN-based HEMTs, the polarization field is crucial to the device’s
operation. Due to the discontinuity in the polarization field between the AlGaN and GaN
layers, a positive charge will be created at the interface between the two materials. This
positive charge will later attract electrons, causing the channel to form. In this work, due to
the insertion of an AIN interlayer, the discontinuity of the polarization field was calculated
twice: one at the AlGaN/AIN interface (¢1) and another at the AIN/GaN interface (07).
To match the experimental results with the simulated ones, a fitting factor “K” was added
when calculating o7 and o7:

01 = (P, (AIN) — Pyy(ALGaN)) x K )

73 = (Psp(GaN) — Pyy(AIN) — Py (AIN)) x K 3)

Table 3 shows the device parameters and constants used during the simulation for
this work.

Table 3. Device parameters and constants used in the simulation.

Parameter Description Value
K Fitting factor 0.6
Ps;(AIN) Spontaneous polarization (AIN) —8 x 1076 C/cm?
Ps;(GaN) Spontaneous polarization (GaN) —2.9 x 107 C/cm?
Psy(AlcGaN) Spontaneous polarization (AlGaN) Psyp(AIN)x + Psp(GaN) (1 — x)
Py, (AlxGaN) Piezoelectric polarization (AlGaN) 2% (e31 (x) - e33(x) 2;8 )
a(0) Lattice constant of GaN 3.189 A
a(x Lattice constant of AlGaN 3.112x 4 3.189(1 — x) A
—0.60 x 1074)x — (0.49 x 107#) (1 — x) C/cm?
Zz;gg Piezoelectric coefficients for AlGaN ( (1 46 ><><1 074)? i ((() 73 ><><1 0,4))(§ _ XJ)C)C //C(r::;
c13(x) ) 108x 4 103(1 — x) GPa
c33(x) Elastic constants for AlGaN 373x +405(1 — x) GPa

3. Results and Discussion
3.1. Effect of AIN in Conventional GaN MISHEMTs

First, we started by simulating the effect of including an AIN interlayer on the transfer
characteristics of a conventional normally on GaN MISHEMT (without a buried p-region).
The plot in Figure 3 shows the simulated drain current Id as a function of the gate voltage
Ves—I14(Vgs) transfer characteristics—with and without an AIN interlayer. The transconduc-
tance gm was calculated and added to the figure based on Equation (4):

old

8m = Wgs (4)

In line with the existing research [41,42], the inclusion of an AIN interlayer improves

the device’s current density by 8.43% (from 0.83 to 0.9 A/mm) while shifting the threshold
voltage from —2.63 V to —3.75 V. Moreover, the maximum transconductance increased by
10% (from 0.139 to 0.153 S/mm). To explain this increase, the density of the 2DEGs at the
AlGaN/GaN interface along the CUT in Figure 1 is shown in Figure 4 with and without the
AIN interlayer. The inclusion of the AIN interlayer increased the 2DEG density by 67.44%
(from 1.72 x 10" ecm ™3 t0 2.88 x 10'? cm~3). The increase in 2DEG in the structure with an
AlN interlayer occurs because, when AIN is grown on GaN, the significant lattice mismatch
between the two layers causes a high stretch in the AIN layer. This stretching increases the
piezoelectric polarization in AIN. Additionally, when compared to AlGaN, AIN exhibits
higher spontaneous polarization. Together, these factors create a greater polarization field
difference between the AIN and GaN layers, resulting in a higher bound charge at the
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interface. As the bound charge increases, so does the 2DEG concentration, leading to higher
current density and transconductance.

—e—gm with AIN without burried p —x—gm without AIN without buried p
Id with AIN without burried p —a—|d without AIN without buried p
0.35 1.00
0.90
— 0.30
g 0.80
a5 025 0.70 =
£ 0.60 £
Q0 0.20 =
S 0,50 =
© B
g) 0.15 040 g
© =
S 0.10 0308
b7 c
= 0.05 0.20 s
= 010 ©
0.00 0.00

Gate Voltage (V)

Figure 3. Drain current (I;) and transconductance gm versus gate to source voltage (Vgs) characteris-
tics for a conventional normally on MISHEMT with and without an AIN interlayer.

—&—With AIN —&—Without AIN

4x10"9
AIN or
— GaN
c AlGaN
S 3x10'°
c
S
©
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(S
= 4
(=]
Q
5 ﬂ
= 107¢
Q
@
(§% )
0
0.17 0.172 0.174 0.176 0.178 0.18

Depth (um)

Figure 4. Density of 2DEGs at the AlIGaN/GaN interface vs. AIN/GaN interface.

3.2. Effect of Buried p-Region in Conventional GaN MISHEMTs

The same study was applied to test the effect of the buried p-region in GaN MISHEMTs.
The plot of Figure 5 represents the drain current Id as a function of the gate voltage
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Ves—I14(Vgs) transfer characteristics—without an AIN interlayer, with and without a
buried p-region.

—x—gm without AIN without buried p —¢—gm without AIN with buried p

—o—|d without AIN with buried p ——|d without AIN without buried p
0.35 1.0
0.9

0.30 0.8

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

0.25

0.20

0.15

0.10

Transconductance g,, (S/mm)
Drain Current 4 (A/mm)

0.05

0.00
-6 -4 =2 0 2 4 6 8 10 12
Gate Voltage (V)

Figure 5. Drain current (I;) and transconductance (¢m) versus gate to source voltage (Vgs) for
normally off HEMT with and without an AIN Interlayer.

Consistent with what is mentioned in [36], the threshold voltage shifts from —2.63 V
to 1V, resulting in the normally off operation. The reason behind the shift caused by the
buried p-region can be explained by the conduction band profile along the cut in Figure 2.
The profile is shown in Figure 6. The lift in the conduction band in the p-region causes the
conduction band at the interface to rise. This rise depletes the channel electrons below the
gate and, therefore, causes the normally off operation.

=== \Nith buried p-region e \\/ithout buried p-regoin

4.00
3.50

3.00
2.50
2.00
1.50
1.00
0.50
000 =
-0.50

Conduction band Energy (eV)

0.10 0.15 0.20 0.25 0.30

Depth (um)

Figure 6. Conduction band along CUT in Figure 1 with and without a buried p-region.
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3.3. Effect of AIN in Normally off MISHEMT with Buried p-Region

Figure 7 shows the plot of the drain current I as a function of the gate voltage Vs for
the normally off HEMT with a buried p-region with and without an interlayer, along with
the transconductance.

——gm with AIN with burried p —¢=gm without AIN with buried p
—+—Id with AIN with burried p —o—|d without AIN with buried p

0.35 1.0
0.9

0.8
- 0.7
- 0.6
0.5
0.4
0.3
0.2
0.1
0.0

0.30

0.25

0.20

0.15

0.10

Transconductance g,,, (S/mm)
Drain Current Iy (A/mm)

0.05

0.00
-6 -4 -2 0 2 4 6 8 10 12

Gate Voltage (V)

Figure 7. [;(Vgs) transfer characteristics for the normally off HEMT with buried p-region with and
without an AIN interlayer.

For the structure without AIN, the p-doping concentration in the p-region is
7.5 x 1017 em~3. However, for the structure with AIN, since the 2DEG density is higher, a
higher p-doping concentration of 1.5 x 10'® em~3 is required to achieve the same threshold
voltage of 1 V. With the high increase in the p-doping concentration in the structure with
AIN, the total current density of the device drops 21.83% (from 0.87 to 0.68 A/mm)

Moreover, a noticeable decrease in the transconductance was obtained when an in-
terlayer was added with a higher p-doping concentration. The peak transconductance
drops 44.4% (from 0.18 S/mm to 0.1 S/mm). To investigate this drop, the current density
along the cut in Figure 2 with and without AIN is shown in Figure 8 at V¢s =5 V and
Vs = 10 V. For the structure without AIN, at high gate voltages and due to the buried
p-region, part of the current flows at the AlGaN/GaN interface, and another part flows
near the insulator/AlGaN interface. The total current can be calculated as the area below
the curve. On the other hand, when the AIN layer is added, the electrons are trapped at
the AlGaN/GaN interface preventing additional current at the insulator/AlGaN interface.
This blockage reduces the current density and the transconductance of the device.

Figure 9 shows the current density at different gate voltages for the structure with and
without AIN. Without AIN, as the gate voltage increases, more electrons are attracted to
the Si3sN4/AlGaN interface and contribute to increasing the device’s total current density.
When AIN is added, channel electrons are trapped at the AlGaN/GaN interface and cannot
migrate to the Si3Ny interface to further participate in the device’s total current density.
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——Without AIN ——With AIN
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Figure 8. Total current density for the normally off HEMT with buried region with and without AIN
at Vgs=5Vand V4 =10 V.
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Figure 9. Total current density for the normally off HEMT with buried region at V;; = 10 V with AIN
at Vgs=(a)2V,(b)3V,and (c)4 Vand AlN at Vs = (d) 2V, (e) 3V, and (f) 4 V,and V4, =10 V.
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3.4. Limitations and Future Investigations

The mobility models implemented in this study successfully capture the electrical
characteristics of both the normally on HEMT and the normally off HEMT with a buried p-
region. However, since the output electrical characteristics are strongly mobility-dependent,
changes in the structure and quality of the device layers, such as interface quality, defect
density, and material purity, may affect the carrier mobility values and, consequently,
alter device performance. Further experimental validation across different fabrication
scenarios would be beneficial to comprehensively assess the relationship between the
process conditions and device characteristics.

4. Conclusions

The introduction of AIN in conventional HEMTs is well-known for enhancing the
current density and transconductance of the device. However, when applied to a normally
off HEMT with a buried p-region, the effect is reversed. For the same threshold voltage,
both the current density and transconductance decrease. This occurs because, at high
p-doping concentrations beneath the gate electrode (under the AlGaN/GaN interface) and
elevated gate voltages, electrons migrate to the insulator/AlGaN interface, contributing to
the total conduction current. With the addition of the AIN layer, however, these electrons
are trapped at the AlGaN/GaN interface and prevented from contributing elsewhere,
resulting in a reduction in both current density and transconductance.

In the future, we aim to study the effect of AIN interlayers in normally off HEMTs
with two p-regions: one buried below the AlGaN/GaN interface and another below the
gate electrode.
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