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Abstract

In this work, a novel Schottky-gated p-channel GaN field-effect transistor (PFET) with a
tunable n-GaN sub-gate layer is investigated. Terminal-current analysis under the actual
drain-bias condition shows that the gate-current contribution remains limited within the
defined effective operating range of Vs = —3.2 V, whereas gate-related current becomes
significant at more negative gate biases. Carrier-resolved and spatial current analyses fur-
ther confirm that, within this operating range, the drain current is predominantly carried
by holes through an interfacial hole channel near the p-GaN/AlGaN heterointerface. Ben-
efiting from the intentionally introduced p—n junction beneath the groove gate, the built-
in electric field effectively depletes the p-GaN channel, enabling a robust transition from
depletion-mode to enhancement-mode (E-mode) operation. By precisely scaling the n-
GaN layer thickness (0-5 nm) and donor concentration (3.0 x 10”7 em™ to 3.0 x 10" em™?),
the buried p-n junction modulates the depletion condition and hole distribution beneath
the gate. The optimized device exhibits a significantly improved subthreshold swing (SS)
of 348 mV/dec, while maintaining a stable Ion/Iopr ratio on the order of 10?. This tunable
sub-gate architecture provides a highly flexible platform for optimizing E-mode GaN
PFETs, showing great promise for high-performance complementary logic applications.

Keywords: GaN; p-channel field-effect transistor; threshold voltage; n-GaN layer;
enhancement-mode operation

1. Introduction

Due to the wide bandgap, high breakdown field, and superior thermal stability, gal-
lium nitride (GaN) has been perceived as a promising candidate for next-generation elec-
tronic and optoelectronic devices. With the rapid development of high-power electronics
and integrated circuits, there is an increasing demand for GaN-based devices that can
support high-efficiency, high-switching-speed, and high-temperature operation [1-8]. In
commercial applications such as power converters, radio-frequency systems and electric
vehicle power electronics, GaN-based complementary circuits have demonstrated signif-
icant advantages [9-11]. Although comprehensive studies have been conducted on n-
channel transistors, the development of reliable and high-performance p-channel devices
remains challenging [12-17].
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For all GaN complementary metal oxide semiconductor circuits, high-performance
p-channel field-effect transistors (PFETSs) are indispensable[12,18]. Various device struc-
tures have been proposed to improve hole transport and enhance device performance,
including heterostructure engineering and multi-channel designs. In particular, Schottky-
gated p-channel GaN field-effect transistors, where the gate voltage modulates the deple-
tion region and effectively controls the hole conduction channel, have exhibited excellent
electrical characteristics and enhancement-mode characteristics [19]. Most reported p-
channel GaN transistors exhibit limited controllability. Achieving both depletion-mode
and enhancement-mode operation within a single device structure and within the same
device platform remains challenging. Flexible control of the threshold voltage is therefore
essential for practical circuit applications [20—-24]. Junction-gate depletion control has been
demonstrated in GaN n-channel devices and may offer a promising route to improve
threshold modulation and off-state leakage in p-channel GaN transistors [25].

In this work, a novel Schottky-gated p-channel GaN field-effect transistor structure
is proposed and systematically investigated through device simulation. This device incor-
porates a tunable n-GaN layer beneath the gate region, which plays an important role in
modulating the depletion region and hole distribution. By adjusting the thickness and
doping concentration of the n-GaN layer, the controllable transition between depletion-
mode and enhancement-mode operation is demonstrated, improving the tunability of p-
channel devices while such tunability benefits the realization of GaN-based complemen-
tary circuits, where precise control of the threshold voltage is essential. The electrical char-
acteristics of the proposed device are analyzed and presented in detail, including transfer
characteristics, transconductance characteristics and output characteristics. Furthermore,
the influence of the n-GaN layer thickness and doping concentration on the device perfor-
mance is systematically studied. Additionally, the underlying physical mechanisms are
further clarified through energy band diagrams and hole distribution analysis beneath the
gate region.

2. Materials and Methods

The cross-sectional view of the schematic structure and dimensions of the proposed
device are illustrated in Figure 1, consisting of a sapphire substrate, a 1 um GaN buffer
layer, a 300 nm undoped GaN channel layer for electrons, a 15 nm AlGaN barrier layer
with an Al composition of 0.15, a 70 nm p-GaN layer with a hole concentration of 3.0 x
10"® cm, and an n-GaN layer with a thickness ranging from 0 nm to 5 nm and an electron
concentration of 3.0 x 10" to 3.0 x 10" cm™ from bottom to top. A Schottky gate metal is
deposited on top of the device, controlling the channel conduction. Meanwhile, the de-
signed p-channel GaN field-effect transistor possess a gate foot length (Lc) of 300 nm,
which is located at the center of the active region, a gate extension length(Lex) of 600 nm,
a depth of groove gate of 55 nm, and a gate-to-drain length (Lcp) of 1.25 um [26]. Unlike
conventional Schottky-gated p-channel GaN transistors, an n-type GaN layer is intention-
ally introduced under the gate region, forming a p-n junction at the interface between the
n-GaN and p-GaN layers.
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Figure 1. Cross-sectional view of the p-channel GaN FET with an inserted n-GaN layer.

The introduction of this n-GaN layer effectively modulates the depletion region un-
der the gate. The built-in electric field generated by the p-n junction can significantly affect
the hole distribution in the p-GaN channel, and as a result, the conduction characteristics
of the device could be effectively controlled by the structural parameters of the n-type
layer.

To fully and accurately investigate the electrical characteristics of the designed de-
vice, two-dimensional device simulations were carried out using a professional Technol-
ogy Computer-Aided Design (TCAD) simulator. In order to accurately describe the phys-
ical behavior of the device, several physical models were incorporated in the simulation.
These models include carrier drift-diffusion transport, Shockley—Read-Hall recombina-
tion, and Fermi-Dirac statistics. In addition, appropriate mobility models were adopted
to account for the carrier transport in GaN-based materials. To account for gate leakage, a
work-function-defined Schottky contact was used to describe thermionic-emission
transport; the Universal Schottky Tunneling (UST) model was employed for tunneling
through the Schottky barrier; and the TRAP.TUNNEL model, together with explicitly de-
fined donor- and acceptor-like deep-level traps, was used to describe trap-assisted tun-
neling. Surface recombination at the Schottky gate contact was also included. Meanwhile,
the source and drain contacts were defined as ohmic contacts, and tungsten (W), with an
assumed work function of 4.6 eV, was used as the Schottky gate metal. To evaluate the
impact of the n-GaN layer on device performance, systematic simulations were performed
by varying its thickness and doping concentration. For each structure, transfer character-
istics and output characteristics were extracted and compared.

Furthermore, by examining the energy band diagrams and hole concentration under
the gate region, the electrical characteristics were analyzed. Those analyses provide in-
sight into how the n-GaN layer parameters influence the depletion condition and the for-
mation of the hole conduction channel.

3. Results and Discussion

To provide a baseline for comparison, a device with a 0 nm n-GaN inserted layer with

an electron concentration of 3.0 X 10'7c¢m™3

was designed. Figure 2a shows the transfer
characteristics and corresponding transconductance of this device at a drain voltage of -5
V. As the gate voltage decreases, the magnitude of the negative drain current gradually
increases, indicating the formation and strengthening of the hole conduction channel.
From the transfer curve, the threshold voltage of the device is extracted to be approxi-
mately —1.75 V. The output characteristics are shown in Figure 2b, with the gate voltage
swept from -1 V to -2.5 V. As the magnitude of the negative gate voltage increases, the
drain current increases correspondingly in the negative direction, demonstrating the typ-

ical output behavior of a p-channel FET. The curves exhibit a linear region at low drain
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voltage and gradually enter the saturation region as the magnitude of drain voltage in-
creases. Based on the linear region, the on-state resistance was extracted. The calculated
on-state resistance is approximately 136.7 (Q-mm, which provides a useful reference for
evaluating the electrical performance of the proposed structure in the following sections.
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Figure 2. (a) Transfer characteristics and transconductance, and (b) output characteristics of GaN

PFET with a groove gate with a 0 nm n-GaN layer and an electron concentration of 3.0 x 107cm™3.

A slight degradation of 14 is observed in the transfer characteristics in Figure 2a un-
der strongly negative gate bias, which is attributed to the turn-on of the parasitic diode in
the gate stack. Therefore, before evaluating the effects of the n-GaN layer thickness and
donor concentration, the terminal-current characteristics were examined to determine the
effective low-gate-current operating range of the device. Figure 3a,b show terminal-cur-
rent magnitudes as functions of Vggat Vpg = —5V for representative devices with differ-
ent n-GaN layer thicknesses and electron concentrations. Using the signed terminal-cur-
rent convention, the calculated currents satisfy I + 15+ Is = 0 throughout the investi-
gated bias range. Figure 3a shows that increasing the n-GaN layer thickness enhances the
relative gate-current contribution under strongly negative gate bias. For the 5 nm devices
in Figure 3b, decreasing the donor concentration reduces the gate-current contribution to
some extent. These results illustrate that both the n-GaN layer thickness and donor con-
centration influence the gate-current blocking capability.

For devices containing an n-GaN interlayer, the lateral variation in the channel po-
tential results in different bias conditions across the buried p-n junction, with the source-
side junction driven toward forward bias and the drain-side junction remaining reverse-
biased. At Vpg = =5V, | I | remains much smaller than | I4 | at a low-to-moderate neg-
ative gate bias, indicating that lateral channel transport dominates the drain current. To
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quantitatively evaluate the gate-current contribution, | I/l | < 0.01 was adopted as the
criterion, yielding a conservative negative gate-voltage boundary of Vg5 = —3.2 V. There-
fore, the effective operating range was defined as Vgs = —3.2 V within the investigated
bias range. At more negative gate biases, | I | increases rapidly and becomes comparable
to | I4 |, leading to current redistribution among the three terminals. Consequently, the
peak and subsequent decrease in the drain current should not be interpreted as a purely
intrinsic channel response. The subsequent device-parameter extraction was therefore
performed within the defined operating range.
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Figure 3. Terminal-current magnitudes as functions of Vg at Vpg = —5V for representative devices

with (a) n-GaN layer thicknesses of 0 nm, 3 nm, and 5 nm at a fixed donor concentration of 2.0 x
10" em™, and (b) donor concentrations of 3.0 x 10" ecm3, 9.0 x 10'® cm?, and 2.0 x 10 cm™ at a

fixed n-GaN layer thickness of 5 nm.

To further identify the carrier type and conduction path responsible for the drain
current within the defined effective operating range, the electron- and hole-current com-
ponents were separately extracted. Figure 4a,b show the carrier-resolved drain currents
as functions of Vpg at Vgg = —2.5V for devices with n-GaN layer thicknesses of 5 and 0
nm, respectively. For both devices, the hole-current component almost completely over-
laps the total drain current over the investigated drain-voltage range, whereas the elec-
tron-current component remains negligible. These results indicate that, under the selected
low-gate-current operating condition, the drain current is predominantly carried by holes
rather than being dominated by electron injection.

The spatial distribution of the lateral hole-current density was further examined for
the device with a 5 nm n-GaN interlayer at Vgg = —2.5V and Vps = —5V, as shown in
Figure 5. The lateral hole-current density is concentrated within a narrow region near the
p-GaN/AlGaN heterointerface, confirming that the intended interfacial hole channel con-
stitutes the primary lateral conduction path. Therefore, within the defined effective oper-
ating range, the drain current can be mainly attributed to lateral hole transport through
the interfacial channel rather than electron transport or uniform bulk conduction through
the entire p-GaN layer.
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Figure 4. Carrier-resolved drain-current characteristics as functions of Vpg at Vgg = —2.5V for de-

vices with n-GaN layer thicknesses of (a) 5 nm and (b) 0 nm.
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Figure 5. Spatial distribution of the lateral hole-current density with a 5 nm inserted n-GaN layer at
VDS =-5V.

To further investigate the effectiveness of the structure, the thickness of the n-GaN
layer beneath the gate metal was varied from 0 nm to 5 nm while keeping other parame-
ters unchanged. Figure 6a shows the transfer characteristics for different n-GaN layer
thicknesses. It can be observed that as the thickness increases from 0 nm to 5 nm, the de-
vice operation gradually shifts from depletion mode to enhancement mode. For a thick-
ness of 0 nm, the device exhibits clear depletion-mode behavior, because the channel is
already conductive at zero gate bias. As the thickness increases, the threshold voltage
shifts toward more negative values, and the channel becomes fully depleted at zero gate
voltage, resulting in enhancement-mode operation. Figure 6b presents the output charac-
teristics with different n-layer thicknesses. The absolute value of the drain current de-
creases as the thickness increases, which can be attributed to the relatively strong deple-
tion effect and the low hole concentration in the channel. The corresponding transcon-
ductance curves are shown in Figure 6c. Those results indicate that by properly tuning the
n-layer thickness, a flexible transition between the depletion mode and enhancement
mode can be achieved, providing an effective approach for device design optimization.

To quantitatively evaluate the switching performance, the on/off current ratio
(Ion/Iorr) and subthreshold swing (SS) were extracted from the transfer characteristics for
varied n-layer thickness. The drain current at Vgs = —3.2 V was taken as Iox and the drain
current at Vgg = 3V was taken as Iygg. The results show that the Ion/Iorr ratio remains on
the order of 10° for all structures, and specifically, the Ton/Iorr ratio decreases from ap-
proximately 4.5x 10% at 0 nm to about 3.7 x 10? at 5 nm for the enhanced depletion effect
induced by the thicker n-layer. It is observed that the SS value shows a significant change
with increasing n-layer thickness, decreasing from about 1400 mV/dec at 0 nm to about
600 mV/dec at 5 nm, demonstrating a stronger control over the channel as the n-layer
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thickness increases, providing a significant advantage for device optimization and poten-
tial applications in reconfigurable and complementary circuits[27]. The energy band dia-
grams under the gate are further analyzed for various n-layer thicknesses in Figure 6d.
For the structure without the n-layer (0 nm), the bands exhibit relatively weak bending,
indicating limited depletion in the p-GaN region and a higher hole concentration near the
channel. As the thickness increases, a pronounced band bending appears due to the for-
mation of a p—n junction. This results in an expanded depletion region and a reduced
carrier concentration under the gate. The increased band modulation with thicker n-layers
confirms the strengthened built-in electric field and enhanced gate control capability.

To visually validate the underlying physical mechanisms deduced from the electrical
characteristics, the 2D hole concentration contour plots beneath the gate region were ex-

tracted.
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Figure 6. (a) Transfer characteristics, (b) output characteristics and (c) transconductance character-
istics of the studied GaN FET with various n-layer thicknesses. (d) Energy band diagrams under the

gate region with various n-layer thicknesses.

Figure 7a—f illustrate the evolution of the hole distribution as the n-GaN layer thick-
ness increases from 0 nm to 5 nm and show that the main conduction path in the proposed
device is the two-dimensional hole gas (2DHG), formed by the accumulated holes near
the p-GaN/AlGaN heterointerface, rather than bulk conduction through the entire p-GaN
layer. Therefore, the hole concentration distributions mainly reflect the modulation of the
interfacial hole channel by the inserted n-GaN layer. In the structure without the n-layer
(0 nm), the depletion region is relatively shallow, leaving a highly concentrated conduc-
tive hole channel in the p-GaN layer. However, as the n-GaN layer becomes thicker, the
physical volume of the n-type region expands. The depletion region extends significantly
deeper into the adjacent p-GaN layer. This structural modulation effectively pushes the
high-concentration hole profile away from the gate and thoroughly depletes the channel,
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facilitating the transition to enhancement-mode (E-mode) operation. The corresponding
cutline profiles in Figure 7g further support the conclusion that the main conduction chan-
nel is the 2DHG instead of the other conduction mechanisms.

To further investigate the tunability of the proposed structure, the impact of the n-GaN
layer doping concentration on the device performance was evaluated. The electron con-
centration was varied from 3.0 x 10" em?to 3.0 x 10" em®, while all geometric dimen-
sions were kept unchanged.

2nm
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Figure 7. Distribution of hole concentration under the groove gate with various n-layer thickness of

(a) 0nm, (b) 1 nm, (c) 2 nm, (d) 3 nm, (e) 4 nm, and (f) 5 nm. (g) Cutline profiles.

Figure 8a shows the transfer characteristics of the proposed structure at a drain-to-
source voltage (Vps) of =5 V across various electron concentrations. As it increases, the
threshold voltage (V) exhibits a continuous negative shift, which indicates that the de-
pletion effect is enhanced by the increasing electron concentration, and thereby realizing
a stronger enhancement-mode (E-mode) operation. Figure 8b illustrates the output char-
acteristics at a fixed gate-to-source voltage (Vi) of —2.5 V. With an increase in electron
concentration, the absolute magnitude of the saturation drain current (Ips) decreases,
which is attributed to the strengthened built-in electric field induced by the heavily doped
n-GaN layer. This electric field depletes a larger fraction of holes in the p-GaN channel.
The transconductance characteristics, shown in Figure 8c, exhibit a negative voltage shift
consistent with the transfer curves. The device maintains a stable peak transconductance
across the evaluated doping range, indicating reliable switching performance.

To quantitatively evaluate the switching characteristics under varying doping levels,
the on/off current ratio and the subthreshold swing were similarly extracted from the
transfer curves as well. Specifically, the ratio exhibits a slight reduction from
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approximately 3.85 x 10> at a concentration of 3.0x107 cm? to 3.84x10° at 3.0 x
10" em?, reflecting the intrinsically enhanced depletion mechanism beneath the gate.

Meanwhile, the subthreshold swing varies between 348 and 388 mV/dec. These parame-

ters indicate that modulating the donor concentration effectively strengthens gate electro-

static control and tunes the threshold voltage without compromising fundamental switch-

ing performance. To analyze the underlying physical mechanisms, the energy band dia-

grams beneath the gate region for varying electron concentrations are extracted, as plotted

in Figure 8d. As the electron concentration increases, the conduction band and the valence

band both exhibit stronger bending. Consequently, the expanded depletion width in-

duced by the higher electron concentration provides improved electrostatic control over
the channel.
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Figure 8. (a) Transfer characteristics, (b) output characteristics and (c) transconductance character-
istics of the studied GaN FET with various electron concentrations. (d) Energy band diagrams under

the gate region with different electron concentrations.

Similarly, Figure 9a—f illustrate the impact of the n-layer doping concentration on the
microscopic carrier distribution. As the donor concentration in the n-GaN layer increases
from 3.0 x 10" ecm™ t0 3.0 x 10" ecm, the built-in electric field at the p-n junction inter-
face is substantially strengthened. Because the depletion width extends predominantly
into the relatively lighter-doped side, this higher donor concentration aggressively wid-
ens the depletion region within the p-GaN channel. Consequently, the conductive hole
channel is effectively pinched off, as visually evidenced by the progressive expansion of
the fully depleted region. These microscopic carrier profiles physically corroborate the
enhanced depletion effect, fundamentally explaining the negative threshold voltage shift
and the robust gate control capability.

The corresponding cutline profiles in Figure 9g further provide a more quantitative
view of this carrier redistribution. The extracted profiles show that all devices exhibit a
similar overall hole distribution trend, indicating that the basic channel formation mech-
anism is maintained. Meanwhile, pronounced local variations can be observed near the
inserted n-GaN layer and the p-GaN/AlGaN interface. As the donor concentration in-
creases, the hole concentration in the depletion-affected region is further reduced,
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confirming that the enhanced n-type doping strengthens the local depletion effect in the
p-channel region. These cutline profiles directly demonstrate that the inserted n-GalN
layer modifies the spatial distribution of holes beneath the gate.
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Figure 9. Distribution of hole concentration under the groove gate with various electron concentra-
tions of (a) 3.0 x 107 cm™3, (b) 4.5 X 10 cm™3, (¢) 9.0 X 10¥ cm™3, (d) 1.4 X 10° cm~3, (e)
2.0 x 10 cm™3, (f) 3.0 x 10 cm™3. (g) Cutline profiles.

4. Conclusions

In summary, a novel Schottky-gated p-channel GaN field-effect transistor featuring
a tunable n-GaN sub-gate layer is proposed and systematically investigated. Terminal-
current analysis at Vpg = —5 V shows that the gate-current contribution remains limited
within the defined effective operating range of Vgs = —3.2 V. By precisely engineering the
n-layer thickness (up to 5 nm) and electron concentration (up to 3.0 x 10" em?), the
strengthened built-in electric field effectively pinches off the hole conduction at zero gate
bias, enabling a controllable transition from depletion-mode to enhancement-mode oper-
ation. The optimized device exhibits a minimum subthreshold swing of approximately
348 mV/dec and the re-extracted on/off current ratio remains on the order of 102. These
results indicate that the optimized n-GaN doping level improves gate electrostatic control,
although gate leakage under large negative bias remains an issue requiring further opti-
mization. While grounded in rigorous physical simulations, these promising results es-
tablish a solid foundation for future experimental fabrication, offering a highly flexible
methodology for developing advanced high-performance GaN-based complementary
logic circuits.
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