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Polarization-induced two-dimensional hole gases (2DHG) in GaN/AlGaN/GaN heterostructures offer a promising
pathway for advancing p-channel transistors. This work investigates the impact of p-GaN thickness on hole distribution and
transport through temperature-dependent Hall measurements and TCAD simulations. It is demonstrated that the p-channel
is composed of holes both in the p-GaN layer and in the 2DHG at the GaN/AlGaN heterointerface at 300 K, whereas at 77 K,
the p-channel conduction is dominated solely by the 2DHG at the GaN/AlGaN heterointerface. The results also reveal the
formation of a polarization-induced 2DHG at the GaN/AlGaN interface, exhibiting a high sheet density of 2.2 x 10'3 cm~2
and a mobility of 16.2 cm?-V~!.s~! at 300 K. The 2DHG sheet density remains nearly independent of p-GaN thickness
when the p-GaN layer exceeds 30 nm. However, for p-GaN layers thinner than 30 nm, the 2DHG sheet density strongly
depends on the p-GaN thickness, which is attributed to the gradual extension of the depletion region toward the GaN/AlGaN
interface under the influence of surface trap states.
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1. Introduction

Benefiting from the superior properties of gallium nitride
(GaN) materials, such as a large band gap, high electric field
strength, and high two-dimensional electron gas (2DEG) mo-
bility, GaN-based devices show great potential for applications
in data centers,'=3] electric vehicles, optoelectronics, space
electronics, power conversion, 5G communication, and elec-

[4-101 However, these

tronics operating in harsh environments.
advantages have not yet been fully realized in GaN p-channel
field-effect transistors (p-FETs). Due to the low mobility and
carrier concentration in the p-GaN channel, as well as the
high source/drain contact and channel resistances,!'%?) GaN
p-FETs generally exhibit a much lower current density than
n-channel field-effect transistors (n-FETs),[13-15] resulting in
a lag in the development of all-GaN-based complementary
metal-oxide—semiconductor (CMOS) technology.

Many approaches have been proposed to enhance the
current density of enhancement-mode (E-mode) GaN p-
FETs, including double-channel p-heterostructures,!'¢l O,
surface treatment,!!”l p-InGaN polarization layers,'¥! H
19] In addition,

ing high-performance GaN p-FETs involves inducing a

plasma treatment, ! and others. achiev-
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two-dimensional hole gas (2DHG) channel that takes ad-
vantage of the large polarization discontinuity in nitride
heterostructures such as InGaN/GaN, 20! GaN/AlInGaN,?!!
GaN/AIGaN/AIN,??! and GaN/AIN.[>324] This approach
aims to enhance both hole density and mobility. However,
implementing CMOS with these structures is challenging due
to incompatibility with GaN n-FET technology. To leverage
mature n-FET technology, it is essential to develop GaN p-
FETs on the AIGaN/GaN platform, where 2DHG and 2DEG
coexist, [23:26]

Up to now, the on-current density of these E-mode p-
FETs has typically remained below 10 mA/mm!?’-2°! because
of limitations in the conductivity of the 2DHG channel. One
effective approach to improving the on-current density of p-
FETs is to form a high-hole-density 2DHG channel on the
AlGaN/GaN platform. In this work, we carefully design and
grow a GaN/AlGaN/GaN heterostructure, focusing on the ef-
fect of p-GaN layer thickness on the transport properties of the
2DHG. We demonstrate an optimal heterostructure with a high
hole density in the 2DHG by optimizing the p-GaN thickness.
This research will further advance the development of GaN-
based p-FETs.

© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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2. Experimental details

The 2DHG  heterostructures  based on  the
GaN/AlGaN/GaN platform were grown using a RIBER Com-
pact 21 plasma-assisted molecular beam epitaxy (PA-MBE)
system on C-doped GaN/sapphire templates. The growth rate
was maintained at 2.0 nm/min, controlled by nitrogen plasma
generated at an radio frequency (RF) power of 450 W and an
N, flow rate of 0.7 standard cubic centimeters per minute. !
The epilayers were grown at a temperature of 890 °C (ther-
mocouple temperature) under slightly metal-rich conditions.
After unloading from the MBE chamber, the samples were
dipped in an HCI solution at 80 °C to remove excess Ga metal.
High-resolution x-ray diffraction (HRXRD) 26— scans for
the (002) reflection and reciprocal space maps (RSMs) for
the (105) reflection were performed using a Bruker D8 Dis-
covery system to determine the Al composition and strain
state of the AlGaN buffer layers. The surface morphology of
the samples was characterized using atomic force microscopy
(AFM). Ohmic contacts were fabricated by depositing Ni/Au
(20 nm/20 nm) at the four corners of the sample in a van der
Pauw configuration, followed by rapid thermal annealing at
500 °C for 10 min under an oxygen atmosphere. Temperature-
dependent Hall-effect measurements were conducted over the
range of 300 K to 77 K using a Lake Shore Cryotronics Hall-
effect measurement system with an applied magnetic field of
05T

3. Results and discussion

The schematic of the epilayer structure features p-GaN
layers with varying thicknesses of 60 nm (sample A), 40 nm
(sample B), and 20 nm (sample C), as shown in Fig. 1(a).
The structure consists of a 300 nm unintentionally doped GaN
(uid-GaN) 2DEG channel, a 15 nm AlGaN barrier layer with
an Al composition of 0.35, a 10 nm uid-GaN 2DHG channel,
and a p-GaN layer with an Mg concentration of 1 x 10" cm™3.
Additionally, a 250 nm p-GaN layer with an Mg concentration
of 1 x 10" cm™3 was grown on the C-doped GaN/sapphire
templates as a control sample (sample D). The structural pa-
rameters and extracted data for all samples are summarized in
Table 1. The corresponding schematic energy band diagram

Table 1. Overview of structural details of all samples in this work. Temperature dependent sheet hole density, p

is shown in Fig. 1(b). The bottom AlGaN/GaN interface con-
tains positive polarization charges that induce a 2DEG, while
a polarization-induced 2DHG forms at the GaN/AlGaN inter-
face due to these positive polarization charges.

()

p-GaN t =20, 40: (B

u'\d-GaN 10 nm
35% AlGaN 15 »

wid-GaN 300 0

. C-doped GaN |

Fig. 1. (a) Schematic of the epilayer structure of p-GaN/uid-
GaN/AlGaN/GaN double heterostructures with varying p-GaN thick-
nesses of 20 nm, 40 nm, and 60 nm, respectively. (b) Schematic of
the energy band diagram. The polarization-induced 2DHG forms at
the GaN/AlGaN interface. The positive polarization charge at the Al-
GaN/GaN interface induces a 2DEG.

Figure 2(a) shows the HRXRD 26— scans of the three
samples, measured using a Bruker D8 system with a triple-
axis detector along the (002) direction. The diffraction peaks
of GaN and AIN from the C-doped GaN/sapphire sample are
observed at 34.56° and 36.05°, respectively. The AlGaN peak
appears between those of GaN and AIN, exhibiting a broad
feature due to the thin 15 nm AlGaN layer. The PendellOsung
fringes observed in the alloyed AlGaN epilayers of all sam-
ples indicate a sharp interface between AlGaN and GaN.!!”!
The light-colored curve in Fig. 2(a) represents the theoretical
diffraction pattern simulated using X’Pert Epitaxy. The good
agreement between the measured and simulated spectra con-
firms precise control over the AlGaN thickness and compo-
sition. The AlGaN layer, with a thickness of approximately
15 nm, has Al compositions of 0.35, 0.36, and 0.36 for sam-
ples A, B, and C, respectively. To analyze the strain state of
the AlGaN grown on the thick GaN layer, reciprocal space
mapping (RSM) around the asymmetric (105) reflection was
performed. Figure 2(b) shows the RSM pattern for sample A.
The AlGaN and GaN exhibit the same g, value, confirming
that the AlGaN layer is fully strained to the underlying GaN
layer.

SOO K

and pl’ K,

measured by the Hall effect at 300 K and 77 K. 2DHG density at 300 K ( p%OD(LIé) has been extracted by excluding the influence of p-GaN

layers.
Samples  p-GaN  AlGaN  MgCon. Alcom.  Rgy (300 K) pl’K pIOKBOK)  p3NK (300 K)
(nm) (nm) (cm™3) (x) (kQ/0) (cm™2) (cm™2) (cm™2)
A 60 15 1x10" 0.35 18.4 1.3x 1013 2.3 %1013 2.1x1013
B 40 15 1x10Y 0.36 15.5 1.3x 1013 2.2 %1013 2.1x1013
c 20 15 1x10" 0.36 0.49 —7.6x 10" —1.0x 10" -
D 250 - 1x10Y - 96.1 - 1.1x1013 -
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Fig. 2. (a) HRXRD 26-w scans of GaN/AlGaN/GaN structures with
varying p-GaN thicknesses of 60 nm (sample A), 40 nm (sample B), and
20 nm (sample C), respectively. (b) Reciprocal space mapping around the
asymmetric (105) diffraction for sample A.

The surface morphology of the epilayers was measured
using AFM. All samples exhibit atomically flat surfaces with
a clear step-flow morphology, and the measured root-mean-
square (RMS) roughness is approximately 0.2 nm over an area
of 2 x 2 um?, as shown in Fig. 3.

(a) p-GaN: 60 nm (b) p-GaN: 40 nm (c¢) p-GaN: 20 nm

04 pm~

0.4 ym
< - RMS:0715nm

mmmm RMS:0.18 nm

Fig. 3. AFM images of the as-grown surfaces of (a) sample A, (b) sample
B, and (c) sample C with a size of 2 x 2 um?.

Temperature-dependent carrier properties of samples A—
D were characterized using van der Pauw Hall-effect mea-
surements, as shown in Figs. 4(a)-4(d). For sample D (p-
GaN), the hole sheet density exhibits an exponential decrease
with decreasing temperature, owing to the partial freeze-out of
Mg acceptors at lower temperatures. 3! The activation energy
(Ep) of the Mg acceptor was extracted to be approximately
168 meV. Correspondingly, the sheet resistance of sample D
increases sharply from 96 kQ/0O at 300 K to 6400 kQ /O
at 180 K. In contrast, the hole sheet density and resistance
of the other samples show only weak temperature depen-
dence, which directly evidences the existence of polarization-
induced 2DHG at the GaN/AlIGaN heterointerface.>*! Specif-
ically, in samples A and B, the hole sheet density slightly de-
creases as the temperature is lowered from 300 K to 180 K,
and then remains nearly constant at ~ 1.3 x 10'3 cm™2 in
the low-temperature range of 180-77 K. As reported previ-
ously, the measured hole density comprises contributions from
both the p-GaN channel and the 2DHG channel at the p-
GaN/GaN/AlGaN interface, leading to a mixed temperature-
dependent behavior. When the temperature drops to around
180 K in sample A, the hole density decreases from 2.3 x
1013 em™2 to 1.5 x 103 cm™2 due to the freeze-out of holes
from ionized Mg acceptors. At lower temperatures, the re-
maining carriers are primarily attributed to the polarization-
induced 2DHG.

14
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Fig. 4. Logarithmic scale (a) and linear scale (b) of sheet hole density,
(c) sheet resistance, and (d) mobility as a function of temperature for
samples A, B, and D (control sample).

The temperature dependence of the sheet resistance for
all samples is presented in Fig. 4(c). As the temperature de-
creases from 300 K to 77 K, the 2DHG exhibits metallic-like
behavior, [>12%] as evidenced by the notable decrease in sheet
resistance of sample A from 18.4kQ /O to 10.2kQ /1. In con-
trast, the sheet resistance of p-GaN increases significantly at
low temperatures — a distinguishing feature between 2DHG
and p-GaN conduction. The observed reduction in sheet re-
sistance for samples A and B is mainly attributed to enhanced
hole mobility at lower temperatures.

Figure 4(d) illustrates the temperature dependence of
2DHG mobility as the temperature decreases from 300 K to
77 K. The mobilities of samples A and B initially follow the
T-3/2 dashed-line dependence above 180 K. However, they
deviate from this trend below 180 K. In the temperature range
of 180-300 K, phonon scattering is the dominant mechanism
limiting the hole mobility.[3>7341 At lower temperatures, the
mobility is primarily constrained by interface roughness, al-
loy disorder, and dislocation scattering. Notably, the mobility
at 77 K decreases significantly with increasing p-GaN thick-
ness. This reduction may be attributed to the diffusion of Mg
impurities into the 2DHG channel, which enhances impurity
scattering.

To elucidate the mechanism of 2DHG formation, the
2DHG sheet densities of the samples with varying p-GaN
thicknesses were compared, as shown in Figs. 4(a) and 4(b).
Samples A and B exhibit consistent 2DHG sheet densities
(p2pHG) in the range of approximately 1.3—1.6 x 103 cm™2
below 180 K, regardless of p-GaN thickness. However, above
180 K, the hole sheet density increases with p-GaN thickness
at a fixed Mg concentration of 1 x 10" cm~3.

117301-3
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A parallel conduction model was proposed to clarify the
Hall-effect results

Protal(T) = p2ouc(T) + pmge(T), )
pmg(T) =1t x [plmg(T), ()
N\ —NL)N E
[Phvie(T) = (A4N;)Vexp (—k‘;) SNE)

where pioa 1S the measured total hole sheet density, prpug
is the 2DHG sheet density, and py, is the hole sheet density
contributed by the p-GaN layer. The term [p]s, represents the
hole concentration in p-GaN, which can be calculated using
Eq. (3) with an activation energy of E5 = 168 meV. Here, ¢ is
the thickness of the p-GaN layer, N,i\ is the Mg acceptor con-

centration, and Nli) is the compensating donor concentration
(approximately 7 x 107 cm ™3 for p-GaN). Ny is the effective
density of states of the GaN valence band, with an effective
hole mass m; = 1.6my, k is the Boltzmann constant, and 7 is
the temperature.

The calculated hole sheet densities for 40 nm and 60 nm
p-GaN layers are 1.6 x 10'> cm™2 and 2.4 x 10'> cm™2, re-
spectively, consistent with typical values for p-GaN of simi-
lar doping levels. It is noteworthy that the hole sheet density
of sample A (60 nm p-GaN) is about 1.0 x 10'2 cm~2 higher
than that of sample B (40 nm p-GaN) at 300 K, as shown in
Fig. 4(b). Therefore, the increase in hole sheet density with
thicker p-GaN is attributed to the thermal activation of Mg ac-
ceptors in the p-GaN layer.

4 (a) t =40 nm (b)
t =20 nm 10"
4102 & 3
2r a D
o = 8 10tk
2 E¢ X > L
> Oz — — === =lH=—[—= — — - ; =
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g ° !
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E = %" 107f ——77 K
v
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Fig. 5. (a) Band diagrams and the spatial hole distributions of GaN/AlGaN/GaN double heterostructures, and (b) simulated results of 2DHG
and 2DEG sheet densities for different p-GaN thicknesses. (c) Band diagrams and the spatial hole distributions of GaN/AlGaN/GaN double
heterostructures, and (d) simulated results of 2DHG sheet density for various gate/p-GaN Schottky barrier heights, with the p-GaN thickness

fixed at 15 nm.

Additionally, sample C, which has a 20 nm p-GaN
layer, exhibits Hall conductivity with a negative Hall coef-
ficient. This behavior is likely caused by surface trap ef-
fects. The energy band diagrams and hole distributions near
the GaN/AlGaN interface for different p-GaN thicknesses are
shown in Fig. 5(a). A triangular quantum well forms at the in-
terface, confining the 2DHG within a width of about 3 nm. The
peak hole density decreases markedly as the p-GaN thickness
decreases, from 1 x 10%° cm~3 at 40 nm to 1.8 x 10!° cm ™3
at 20 nm. The 2DHG distribution is primarily determined by
the band bending at the GaN/AlGaN heterointerface, >3 which
can be further enhanced by increasing the p-GaN thickness be-

yond a critical value.

Figure 5(b) illustrates the simulated variations in 2DHG
and 2DEG densities as a function of p-GaN layer thickness.
The results clearly indicate the presence of a critical minimum
p-GaN thickness required for the formation of 2DHG at the
GaN/AlGaN interface. The 2DHG sheet density decreases sig-
nificantly with increasing p-GaN thickness and gradually ap-
proaches saturation. When the p-GaN thickness is less than
15 nm, the 2DHG sheet density is at least one order of mag-
nitude lower than that of the 2DEG. For p-GaN layers thinner
than 30 nm, the 2DHG sheet density decreases rapidly, likely
due to surface state effects. At a thickness of approximately

117301-4
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30 nm, the 2DHG and 2DEG sheet densities become compa-
rable. Therefore, a relatively thick p-GaN layer (above 30 nm)
is essential to achieve a high 2DHG sheet density.

Figure 5(d) further shows that the hole density at the
GaN/AlGaN heterointerface slightly decreases with increas-
ing gate/p-GaN Schottky barrier height.

Previous studies have reported that Fermi-level pinning
occurs at the GaN surface due to various surface trap states
located approximately 0.5-1.7 eV below the conduction band
edge. 37371 These surface states induce a depletion region near
the p-GaN surface, which may extend toward the GaN/AlGaN
interface. As the p-GaN layer becomes thinner, the deple-
tion region extends deeper, reducing the 2DHG sheet density.
However, when the p-GaN layer (with an Mg concentration of
1 x 10" cm’3) exceeds 30 nm, the surface trap effect is ef-
fectively suppressed. Consequently, the 2DHG sheet density
remains at a saturated value for p-GaN thicknesses greater than
30 nm, whereas sample C with a 20 nm p-GaN layer exhibits
a negative Hall coefficient.

4. Conclusion

In summary, the hole distribution and transport properties
of the 2DHG in the p-GaN/GaN/AlGaN/GaN heterostructure
were systematically investigated using temperature-dependent
Hall-effect measurements.
and achieve a high 2DHG sheet density of approximately
1.3 x 101 ecm~2 at 77 K, the p-GaN thickness must exceed
a critical threshold of about 30 nm. The measured hole sheet
density at 300 K includes contributions from both the p-GaN
layer and the 2DHG channel, whereas at 77 K it is dominated
solely by the 2DHG. The 2DHG exhibits a nearly temperature-
independent hole sheet density, demonstrating its potential for
stable p-FET operation across a wide temperature range.

To suppress surface trap effects
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