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Research on p-channel field-effect transistors (p-FETs) remains limited, primarily due to the significantly lower con-
ductivity of the two-dimensional hole gas (2DHG) compared to the two-dimensional electron gas (2DEG) in n-channel
field-effect transistors (n-FETs), which poses a significant challenge for monolithic integration. In this study, we inves-
tigate the impact of epitaxial structure parameters on 2DHG properties in p-GaN/AlGaN/GaN heterostructures through
semiconductor technology computer-aided design (TCAD) simulations and theoretical calculations, identifying the con-
ditions necessary to achieve high-density 2DHG. Our simulations demonstrate that increasing the p-GaN thickness leads
to two critical thicknesses determined by surface states and acceptor ionization concentration: one corresponds to the on-
set of 2DHG formation, and the other to its saturation. Lowering the donor surface state energy level and increasing the
acceptor ionization concentration promote 2DHG formation and saturation, although the saturated density remains inde-
pendent of surface states. Additionally, a higher Al composition enhances intrinsic ionization due to stronger polarization
effects, thereby increasing the 2DHG sheet density. Consequently, to achieve high-density 2DHG in p-GaN/AlGaN/GaN
heterostructures, it is essential to increase the Al composition, ensure that the p-GaN thickness exceeds the critical thick-
ness for 2DHG saturation, and maximize the acceptor ionization concentration. This study elucidates the impact of epitaxial
structure parameters on 2DHG properties in p-GaN/AlGaN/GaN heterostructures and provides valuable guidance for the
optimization of p-FET designs.
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1. Introduction

Owing to the strong polarization properties of GaN,
the formation of AlGaN/GaN heterojunctions generates high-
density positive polarization charges at the interface, induc-
ing the formation of 2DEG. This phenomenon has been ex-
tensively utilized in GaN high-electron-mobility transistors
(HEMTs).[1–3] The high mobility and low terminal capac-
itance of the 2DEG[4,5] facilitate high-frequency and high-
power-density applications. However, the assembly of dis-
crete GaN devices onto PCB boards introduces additional
parasitic inductance.[6,7] Moreover, peripheral circuits are
required to drive, control, sense, and protect these core
devices.[8] Therefore, monolithic integration processes are ur-
gently needed to fully exploit the potential of GaN electronic
devices, reduce parasitic inductance, integrate more functions
on-chip, and promote the miniaturization of power conversion
systems.[9–13]

In GaN power platforms, logic circuits play a critical
role in gate drivers and functional modules. However, the
absence of high-performance p-FETs forces reliance on n-
channel devices[14] for both GaN power components and pe-

ripheral circuits. Although GaN complementary logic (CL)
reduces static power consumption compared to direct-coupled
FET logic (DCFL),[15–17] the low conductivity of the 2DHG
in p-FETs compared to the 2DEG in n-FETs remains a major
obstacle for its development.[18,19] Despite the development
of some impressive GaN-based complementary metal–oxide–
semiconductor devices,[20–22] the performance of p-FETs, par-
ticularly their on-state current density, still requires significant
improvement.

In the exploration of p-FET channel holes, Nakajima, et
al.[23] first experimentally demonstrated a high-density 2DHG
of 1.1×1013 cm−2 in a p-GaN/AlGaN heterostructure based
on simulation-optimized results. Subsequently, the influ-
ence of layer thicknesses above the GaN buffer layer in p-
GaN/AlGaN/GaN structures on 2DHG density was further in-
vestigated experimentally.[24] To enhance the 2DHG density,
strategies such as inserting an AlN layer[25,26] or increasing the
Al composition[27] have been proposed. Several studies have
explored the origin of 2DHG in p-GaN/AlGaN/GaN struc-
tures, with one study[28] proposing that 2DHG arises from the
ionization of Mg in the AlGaN barrier layer, where Mg dif-
fuses from the p-GaN layer.
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In summary, current research on p-GaN/AlGaN/GaN
heterostructures primarily focuses on achieving high-density
2DHG through modifications of structural parameters. How-
ever, the impact of these parameter changes on 2DHG den-
sity remains incompletely understood, and there is limited re-
search on the sources of 2DHG and its regulation mechanisms
under modified structural parameters. In this study, we em-
ploy TCAD simulations combined with theoretical analysis
to investigate these processes. The research begins with an
ideal GaN/AlGaN/GaN heterostructure, incorporating polar-
ization effects, electric fields, and fundamental simulation pa-
rameters. Subsequently, by systematically varying the param-
eters of p-GaN/AlGaN/GaN heterostructures with donor sur-
face states, we explore the sources of 2DHG and its regulation
mechanisms, aiming to identify optimal conditions for achiev-
ing high-density 2DHG. This work provides valuable insights
for optimizing the performance of p-GaN/AlGaN/GaN het-
erostructures.

2. TCAD simulation settings
In this study, we utilize TCAD simulations to systemati-

cally investigate the influence of heterostructure parameters on
the 2DHG in p-GaN/AlGaN/GaN structures. First, we intro-
duce the polarization effects, electric fields, and fundamental
simulation parameters for GaN/AlGaN/GaN heterostructures.
Next, to achieve high-density 2DHG, we examine the effects
of structural parameters of the p-GaN layer on 2DHG den-
sity, with a focus on the p-GaN layer thickness and acceptor
ionization concentration. Additionally, since the energy level
of donor surface states in p-GaN may vary depending on the
contacting metal, we also investigate the influence of differ-
ent donor surface state energy levels on 2DHG. Finally, given
that the AlGaN layer thickness and Al composition directly
influences both 2DHG density and 2DEG formation, we an-
alyze the impact of AlGaN thickness and Al composition on
the 2DHG in heterostructures.

GaN Psp

Psp Ppz

Psp

AlGaN

GaN

[0
0
0
1
]

Fig. 1. Polarization charge distribution and interface polarity in Ga-
polar GaN/AlGaN/GaN heterostructures.

In this study, the GaN/AlGaN/GaN heterostructures are
of Ga-polarity, with the bottom GaN layer in a relaxed state
and the AlGaN layer coherently grown on the GaN substrate,

resulting in a fully strained AlGaN layer. When GaN is epi-
taxially grown on the AlGaN layer, the lattice constant re-
mains unaffected by stress, leading to a relaxed top GaN layer.
Therefore, the polarization directions in GaN/AlGaN/GaN
heterostructures are illustrated in Fig. 1. Negative polariza-
tion charges are located at both the top GaN Ga-face and
the GaN/AlGaN heterointerface, while positive polarization
charges are present at the AlGaN/GaN heterointerface and the
bottom GaN N-face.

This study focuses on AlGaN with an Al composition of
30%. The polarization strength of the AlGaN layer depends
on its Al content. The spontaneous polarization strength of the
AlGaN layer is expressed as

Psp−AlGaN = xAlPsp−AlN +(1− xAl)Psp−GaN, (1)

where xAl is the Al composition, Psp−AlN is the spontaneous
polarization strength of AlN, and Psp−GaN is the spontaneous
polarization strength of GaN. The AlGaN layer, being fully
strained, experiences tensile stress and exhibits piezoelectric
polarization. The magnitude of piezoelectric polarization de-
pends on the Al composition and strain. Based on the polariza-
tion characteristics of GaN-based semiconductors, the piezo-
electric polarization strength is calculated using[4]

Ppz−AlGaN = 2× aGaN−aAlGaN

aAlGaN

(
e13− e33

C13

C33

)
, (2)

where e31 and e33 are the piezoelectric coefficients, C13 and
C33 are the stiffness constants, aGaN is the lattice constant
of GaN, aAlGaN is the lattice constant of AlGaN, which de-
pends on the Al composition. Here, a0 denotes the lattice
constant common to both AlGaN and GaN when the het-
erojunction is formed and reaches equilibrium, and a is the
actual lattice constant in the horizontal direction of the Al-
GaN layer and GaN in the initial state, where aAlxGa1−xN =

x ·aAlN+(1−x) ·aGaN. For AlGaN material with an Al compo-
sition of 0.3, the total polarization strength is the sum of spon-
taneous polarization and piezoelectric polarization, resulting
in PAlGaN =−5.61×10−6 C/cm2. For the top and bottom GaN
layers, which are fully relaxed, only spontaneous polarization
exists, yielding PGaN = Psp−GaN =−2.9×10−6 C/cm2, which
is consistent with experimental results.[29,30] The parameters
related to the simulation are summarized in Table 1.

Table 1. Polarization and material parameters for AlN and GaN at room
temperature.

Symbol Unit AlN GaN

Psp (Ref. [31]) C/cm2 −8.1×10−6 −2.9×10−6

C13 (Ref. [30]) Pa 108×109 106×109

C33 (Ref. [30]) Pa 373×109 398×109

a0 (Ref. [32]) Å – 3.189
α (Ref. [32]) Å 3.112 3.189
e13 (Ref. [30]) C/cm2 −6×105 −5×105

e33 (Ref. [30]) C/cm2 15×105 7×105
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Using Poisson’s equation, the polarization electric fields
in AlGaN and GaN were calculated as εAlGaN = 3.33 MV/cm
and εGaN = 3.45 MV/cm, respectively. The results indi-
cate that both AlGaN and GaN exhibit polarization elec-
tric fields on the order of MV/cm along the [0001] direc-
tion. These electric fields drive carriers along the field di-
rection, causing accumulation at material surfaces or hetero-
junction interfaces, thereby screening the polarization charges.
At the GaN/AlGaN heterojunction interface, the 2DHG is
responsible for screening the negative polarization charges.
Based on these theoretical calculations, we investigate the
impact of epitaxial structural parameters on the 2DHG in p-
GaN/AlGaN/GaN heterostructures.

3. Result and discussion
Under the defined simulation conditions, systematic stud-

ies were conducted to investigate the impact of p-GaN layer
thickness, surface state energy level, acceptor ionization con-
centration, AlGaN layer thickness and Al composition on the
2DHG in donor surface state-containing p-GaN/AlGaN/GaN
heterostructures. Theoretical calculations were simultane-
ously performed to validate the simulation results, as presented
below.

3.1. Impact of p-GaN thickness on 2DHG in heterostruc-
tures

In practical GaN growth processes, surface states arise
from Ga–O compound formation and Ga-/N-dangling bonds
due to surface oxidation.[33] These surface states influence the
screening of internal polarization electric fields. Therefore, a
high density of donor surface states with energy levels near
Ec−0.7 eV is assumed at the p-GaN surface.[34,35] For typical
enhancement-mode p-GaN HEMT devices, the acceptor dop-
ing concentration is 3×1019 cm−3. However, the high activa-
tion energy of Mg results in an ionization rate of only ∼ 1%
at room temperature. Thus, the effective acceptor ionization
concentration is set to 3×1017 cm−3 to match experimental

conditions. The AlGaN layer thickness is fixed at 30 nm with
an Al composition of 0.3, and the underlying GaN layer is un-
doped.

Figure 2(a) shows the band diagrams of heterostructures
with donor surface states under varying p-GaN thickness. The
conduction band edge (Ec) at the Ga-face of the top p-GaN
is pinned near the donor surface state energy level. As the p-
GaN thickness increases, holes from acceptor ionization are
depleted, generating a space charge region that induces band
bending. Additionally, figure 2(b) reveals that the pinning po-
sition at the p-GaN surface gradually shifts downward within
the thickness range of 0 nm–60 nm, indicating a reduced ion-
ization degree of donor surface states.
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Fig. 2. (a) Band diagrams with increasing p-GaN thickness. (b) The
evolution of the pinning position at the Ga-face of the p-GaN layer with
varying p-GaN thickness.
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Fig. 3. The 2DEG and 2DHG density modulations by p-GaN thickness: (a) 2DEG and 2DHG sheet density evolutions, (b) critical thickness
identification for 2DHG formation (logarithmic scale), (c) AlGaN electric field magnitude (|εAlGaN|).

Figures 3(a) and 3(b) show the sheet densities of 2DEG

and 2DHG as functions of p-GaN thickness. Figure 3(b)

demonstrates that a minimum p-GaN thickness is required

to form 2DHG at the p-GaN/AlGaN interface. Specifically,

the critical thickness for 2DHG formation (tcr−1) is defined

as the p-GaN thickness at which the 2DHG sheet density
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reaches 1×1011 cm−2. For a donor surface state energy level
of Ec − 0.7 eV and an acceptor ionization concentration of
3× 1017 cm−3, the corresponding tcr−1 is 13.5 nm. Simi-
larly, figure 3(a) indicates that the 2DHG sheet density satu-
rates beyond a critical p-GaN thickness. The critical thick-
ness for saturation (tcr−2) is defined as the thickness at which
the 2DHG density deviates from saturation by less than 1%,
yielding tcr−2 = 110 nm under the same conditions.

Figure 4 illustrates the evolution of 2DHG and 2DEG

densities with increasing p-GaN thickness, along with the cor-

responding charge distribution diagrams. Key symbols in-

clude: Dss (ionized donor surface state density), σΠ−AlGaN and

σΠ−GaN (polarization charge densities of AlGaN and GaN),

ns−2DEG and ps−DHG (2DEG and 2DHG sheet densities), and

Qscr (screening charge density at the N-face).
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Fig. 4. Charge distributions and screening mechanisms during 2DHG evolution: (a) before the formation of 2DHG formation: complete
depletion of holes, (b) formation of 2DHG (tcr−1), (c) progressive 2DHG density increase, (d) saturation of 2DHG and 2DEG densities (tcr−2).

As shown in Fig. 4(a), for thin p-GaN layers (tp−GaN ≤
tcr−1), holes generated by acceptor ionization near the Ga-
face are completely depleted by electrons from donor surface
states. This results in downward bending of the corresponding
energy band, while the conduction band edge at the Ga-face
is pinned near the donor surface state energy level. The large
number of electrons generated by donor ionization screen the
positive polarization charges at the bottom N-face, with the
excess electrons forming a high-density 2DEG.

Simultaneously, the higher density of ionized donor sur-
face states compared to negative polarization charges results
in a net positive surface charge, reversing the electric field in
the p-GaN layer. As the p-GaN thickness increases, reduced
ionization of donor surface states enhances the AlGaN layer’s
electric field (Fig. 3(c)), pushing the Ev at the p-GaN/AlGaN
interface closer to the Ef. The onset of 2DHG formation oc-
curs at tcr−1, as shown in Fig. 4(b), with the AlGaN electric
field remaining constant.

Figure 4(c) shows that for tcr−1 < tp−GaN < tcr−2, both ac-
ceptor ionization in the p-GaN layer and intrinsic ionization
near the p-GaN/AlGaN interface increase. The holes gener-
ated by ionization drift to the heterojunction interface under
the reversed electric field of the p-GaN, leading to a continu-
ous increase in the 2DHG sheet density. Concurrently, reduced
ionization of donor surface states and enhanced intrinsic ion-
ization stabilize the 2DEG density.

Figure 4(d) demonstrates that for tp−GaN ≥ tcr−2, holes
near the p-GaN surface drift to the p-GaN/AlGaN interface,

forming a space charge region. This results in downward band
bending in the corresponding region. The closer to AlGaN
layer, the energy band of p-GaN becomes flatter, and the criti-
cal point occurs at tcr−2. At tp−GaN = tcr−2, electrostatic equi-
librium is achieved between the negative polarization charge
at the p-GaN Ga-face, positively charged ionized donor sur-
face states, and negatively charged ionized acceptor impuri-
ties. Consequently, further increases in p-GaN thickness do
not enhance the 2DHG sheet density.

3.2. Impact of p-GaN surface state energy level and accep-
tor ionization concentration on 2DHG in heterostruc-
tures

Following the analysis of p-GaN layer thickness effects
on 2DHG in p-GaN/AlGaN/GaN heterostructures, this section
investigates the influence of p-GaN surface state energy level
and acceptor ionization concentration on 2DHG.

First, the impact of the p-GaN surface state energy level
on 2DHG was examined by varying the donor surface state en-
ergy level from Ec− 1.1 eV to Ec− 0.3 eV (i.e., approaching
Ec) in TCAD simulations. With the p-GaN thickness fixed at
300 nm (exceeding tcr−2, ensuring 2DHG saturation), the en-
ergy band distributions for different surface state energy lev-
els are shown in Fig. 5(a). Figures 5(b) and 5(c) show the
variation of 2DHG sheet density with p-GaN thickness, reveal
that increasing the surface state energy level raises both critical
thicknesses: tcr−1 increases from 11.5 nm to 15.3 nm, and tcr−2

increases from 103.4 nm to 118 nm. This indicates that lower
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surface state energy levels promote higher 2DHG sheet densi-
ties. Additionally, when tp−GaN > tcr−2, variations in surface
state energy level negligibly affect the saturated 2DHG den-
sity. However, changes in Al composition or interface defects

can alter the interfacial polarization strength, thereby influenc-
ing the 2DHG density. For instance, a higher Al composition
enhances intrinsic ionization, increasing the 2DHG density in-
dependently of surface states (see the inset of Fig. 5(b)).
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Furthermore, the impact of acceptor ionization concen-
tration on 2DHG was studied by varying the p-GaN acceptor
ionization concentration from 0 to 1×1018 cm−3 in the TCAD
simulations. Figure 6(a) shows the energy band distribution
for different acceptor ionization concentrations at a fixed p-
GaN thickness of 300 nm. Figures 6(b) and 6(c) depict the
variation of 2DHG sheet density with increasing p-GaN thick-
ness. As shown in Figs. 6(b) and 6(c), increasing the accep-
tor ionization concentration slightly reduces the critical thick-

ness tcr−1. Notably, compared to the case without acceptor

doping (where the 2DHG density remains low and difficult to

saturate), elevating the acceptor ionization concentration from

1×1017 cm−3 to 1× 1018 cm−3 significantly decreases tcr−2

from 167.3 nm to 71.5 nm, accompanied by a marked increase

in the saturated 2DHG density. These results underscore the

critical role of acceptor ionization concentration in 2DHG for-

mation.
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Fig. 6. Acceptor concentration dependence of 2DHG saturation: (a) band diagrams for P0 from 0 to 1×1018 cm−3, (b) saturation behavior of
2DHG density, (c) critical thickness tcr−2 reduction trend (logarithmic scale).

To validate the simulated critical thicknesses (tcr−1 and
tcr−2), theoretical calculations were performed.

For tcr−1, due to its small thickness, the electric field in
the p-GaN layer can be assumed constant, with approximately
parallel energy bands. Thus, tcr−1 is derived as

tcr−1 =
Eg-GaN−EDD

eεp-GaN
, (3)

where Eg-GaN is the bandgap energy of GaN, EDD is the sur-
face state energy level, which is 0.7 eV in this case, e is the
electron charge, and εp-GaN is the electric field strength in the
p-GaN layer, which can be calculated from the net charge den-
sity at the p-GaN surface and the p-GaN/AlGaN interface. Ne-
glecting electric field variations in the p-GaN layer, the AlGaN
layer’s electric field (εAlGaN) is given by

εAlGaN =
Eg-AlGaN

etAlGaN
. (4)

Here, Eg-AlGaN represents the bandgap energy of AlGaN,
and tAlGaN denotes the thickness of the AlGaN layer. When
tp-GaN reaches tcr−1, both interfaces of the AlGaN layer be-
come pinned, rendering εAlGaN independent of the presence of
the p-GaN layer. For a 30-nm AlGaN layer, εAlGaN is calcu-
lated as 1.34 MV/cm. Using Poisson’s equation, the net nega-
tive charge density at the p-GaN/AlGaN interface is calculated
as 7×1012 cm2.

At the p-GaN surface, ionized electrons completely
screen the positive polarization charge at the bottom GaN
N-face and partially screen the positive polarization charge
at the AlGaN/GaN interface. Consequently, the p-GaN
surface retains a net remaining positive charge density of
1.05×1013 cm2, which matches the partially screened posi-
tive polarization charge density at the AlGaN/GaN interface.
As the underlying GaN electric field is fully screened, εp-GaN
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is determined by the net charges at the p-GaN surface and the
p-GaN/AlGaN interface. Using Poisson’s equation, εp-GaN is
calculated as 1.67 MV/cm. Substituting it into Eq. (3), tcr−1 is
obtained.

Figure 7(a) compares the theoretical and simulated val-
ues of tcr−1 as a function of the p-GaN surface state energy
level. The figure reveals minor discrepancies between the the-
oretical and simulated results. These discrepancies primarily
arise from neglecting the contribution of holes from p-GaN
ionization in the theoretical analysis. The theoretical analysis
assumes parallel energy bands for tp-GaN < tcr−1, leading to an
overestimation of tcr−1 compared to the simulation results.
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Fig. 7. Validation of critical thickness models: (a) surface state energy
dependence of tcr−1, (b) acceptor concentration dependence of tcr−2.

The critical thickness tcr−2, corresponding to 2DHG satu-
ration, is analogous to the depletion region width of the p-GaN
and is expressed as

tcr−2 =

√
2εVbi

eNA
, (5)

where ε is the dielectric constant of GaN, Vbi is the built-in po-
tential, and NA is the acceptor ionization concentration. The
built-in potential Vbi is given by

Vbi = Eg-GaN−EDD− (Ef−Ev), (6)

where Ef is the Fermi level, Ev is the valence band edge, and
Ef−Ev = −kT ln(NA/NV), with NV being the valence band
effective density of states for GaN. Substituting Eq. (6) into
Eq. (5), tcr−2 can be expressed as

tcr−2 =

√√√√√2ε

[
Eg-GaN−EDD + k0T ln(NA/NV)

]
eNA

. (7)

Based on the above analysis, the critical thickness tcr−2 at
room temperature can be calculated. Figure 7(b) presents the
theoretical and simulation values of tcr−2 for different p-GaN
acceptor ionization concentrations. The figure demonstrates
excellent agreement between the theoretical and simulated re-
sults.

3.3. Impact of AlGaN thickness and Al composition on the
2DHG in heterostructures

Finally, We note that the AlGaN layer thickness (tAlGaN)
and Al composition (xAl) critically governs both the 2DHG
sheet density and the formation of the 2DEG, necessitating
further investigation into their underlying mechanisms. Previ-
ous results indicate that when tp-GaN > tcr−2, both 2DHG and
2DEG sheet densities stabilize. Therefore, in the subsequent
analysis, the p-GaN thickness is fixed at 300 nm (exceeding
tcr−2), with the surface state energy level set to Ec− 0.7 eV
and acceptor ionization concentration fixed at 3×1017 cm−3,
to explore the impact of AlGaN layer parameters on 2DHG.
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trends, (b) interface band pinning at the AlGaN/GaN heterojunction.

First, the impact of AlGaN layer thickness on 2DHG is
investigated. At the xAl of 0.3, the band diagrams for dif-
ferent AlGaN thicknesses are shown in Fig. 8. Figures 9(a)
and 9(b) illustrate the evolution of 2DHG and 2DEG sheet
densities with increasing tAlGaN. As shown in Fig. 9(b),
2DEG formation at the AlGaN/GaN interface requires a min-
imum AlGaN thickness (tcr-AlGaN), calculated as tcr-AlGaN =

Eg-AlGaN/(eεAlGaN), yielding tcr-AlGaN = 11 nm. At this point,
the 2DEG sheet density reaches 1011 cm−2. For tAlGaN <
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tcr-AlGaN, the Ec at the AlGaN/GaN interface is far from the
Ef, suppressing intrinsic ionization and depleting the 2DEG.
Meanwhile, acceptor ionization in p-GaN maintains a constant
2DHG sheet density of 1.1×1012 cm−2. For tAlGaN > tcr-AlGaN,

Ec at the AlGaN/GaN interface aligns with and pins to Ef, en-
hancing intrinsic ionization and progressively increasing both
2DHG and 2DEG densities. This trend is further supported by
the AlGaN layer’s electric field variation (Fig. 9(c)).
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Notably, when tAlGaN > tcr-AlGaN, intrinsic ionization
drives the 2DHG and 2DEG densities to exceed 1013 cm−2,
with less than 10% of holes contributed by p-GaN ioniza-
tion. This indicates that acceptor ionization in p-GaN has lim-
ited capacity to enhance 2DHG density, while polarization-
induced intrinsic ionization dominates at the heterojunction.

Next, the impact of Al composition on 2DHG is investi-
gated by varying the xAl from 0.1 to 0.9. The band diagrams
for different xAl at the AlGaN layer thickness of 30 nm are
shown in Fig. 10(a). It can be observed that increasing the xAl

leads to a more pronounced band bending in the AlGaN layer,
indicating a stronger polarization-induced electric field (refer
to Eq. (1)). Consequently, the enhanced polarization field pro-

motes stronger intrinsic ionization, resulting in a continuous

increase in 2DHG and 2DEG densities (Fig. 10(b)). Addition-

ally, figure 10(b) reveals that lower xAl requires a larger critical

AlGaN thickness (tcr-AlGaN) for 2DEG formation. This criti-

cal thickness corresponds to the point where the Ec at the Al-

GaN/GaN interface contacts the Ef. When tAlGaN > tcr-AlGaN,

intrinsic ionization causes the 2DHG and 2DEG sheet densi-

ties to rise simultaneously. These trends are further supported

by the variation in the electric field within the AlGaN layer, as

shown in Fig. 10(c). The inflection point in the AlGaN electric

field corresponds to tcr-AlGaN, which decreases from 30 nm to

3 nm as the xAl increases from 0.1 to 0.9.
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In concise, a higher Al composition enhances the
polarization-induced electric field in the AlGaN layer, thereby
driving intrinsic ionization to generate higher densities of
2DHG and 2DEG.

4. Conclusion
Through systematic TCAD simulations and theoretical

analysis, we investigated the impact of epitaxial structure pa-
rameters on the 2DHG properties in p-GaN/AlGaN/GaN het-
erostructures, revealing the conditions necessary for achieving
high-density 2DHG.

We demonstrate that two critical p-GaN thicknesses gov-

ern 2DHG behavior: which correspond to the onset and satu-
ration of 2DHG, respectively. These two critical thicknesses
emerge from the combined effects of donor surface state-
induced band pinning (depleting acceptor-generated holes)
and electrostatic equilibrium between polarization charges,
ionized surface states, and acceptor impurities. Lowering the
donor surface state energy level (away from the Ec) and en-
hancing acceptor ionization concentration collectively reduce
both critical thicknesses, accelerating 2DHG formation and
saturation, although the saturated density remains independent
of surface states. Additionally, a higher Al composition en-
hances intrinsic ionization due to stronger polarization effects,
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thereby increasing the 2DHG density.
Consequently, to achieve high-density 2DHG in het-

erostructures, it is essential to increase the Al composition, en-
sure that the p-GaN thickness exceeds the critical thickness for
2DHG saturation, and maximize the acceptor ionization con-
centration. This study elucidates the impact of epitaxial struc-
ture parameters on 2DHG properties in p-GaN/AlGaN/GaN
heterostructures, providing valuable insights for the optimiza-
tion and design of p-FET structures.
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