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ABSTRACT

We report the observation of two-dimensional hole gases (2DHGs) in N-polar AlGaN/GaN heterostructures grown on single-crystal GaN
substrates by plasma-assisted molecular beam epitaxy. A systematic study varying AlGaN barrier thickness is performed. The presence of
2DHGs is confirmed by persistent p-type conductivity and high hole mobility observed in temperature-dependent Hall-effect measurements
down to 10K, and the dependence of 2DHG density on the AlGaN barrier thickness indicates its polarization induced origin. 2DHG with a
sheet density of 7:5! 1012 cm"2 shows a relatively high hole mobility of 273 cm2 V"1 s"1 at 10 K. Mobility model fit suggests that acoustic
phonon scattering is the dominant scattering mechanism in the sub-room temperature region. This work indicates that the quality of
N-polar 2DHGs is comparable to that of state-of-the-art metal-polar 2DHGs, contributing to a building block for potential high-quality
N-polar p-channel devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0241444

The recent years have witnessed tremendous research interest and
progress made in the development of III-nitride semiconductor based
p-channel transistors.1–3 Combined with the well-developed n-channel
transistors, such p-channel transistors would enable energy-efficient III-
nitride based complementary technology for radio frequency (RF), power
electronics, and other applications.4–7 The development of p-channel
transistors builds on the basis of two-dimensional hole gases (2DHGs)
induced by the negative polarization sheet charge at AlGaN/GaN hetero-
interfaces. High hole density and low sheet resistances can be achieved
even without the use of chemical dopants. Recently, high-density hole
gases with sheet density in excess of 4:5! 1013 cm"2 have been demon-
strated in undoped metal-polar GaN/AlN heterostructures.8,9

Concurrently, N-polar III-nitride heterostructures and devices
have attracted significant attention. The inverted polarization field
inherent in such heterostructures provides distinctive advantages and
broad design space for electronic10–13 and photonic14,15 devices.
However, p-channel devices on the N-polar platform have so far been
lagging behind. By polarization engineering, substantial p-type con-
ductivity has been achieved in compositionally graded N-polar AlGaN
layers16 and modulation-doped N-polar AlGaN/GaN superlattices.17

In analogy to the two-dimensional electron gases in metal-polar

AlGaN/GaN heterostructures, 2DHGs are expected to be induced in
N-polar AlGaN/GaN heterostructures. Link et al.18 reported the obser-
vation of 2DHG with a sheet hole density of 2! 1013 cm"2 at room
temperature in Mg-doped N-polar GaN/AlGaN/GaN heterostructure.
Fandrich et al.19 observed a 2DHG in N-polar AlGaN/GaN hetero-
structures grown by metalorganic vapor-phase epitaxy (MOVPE) with
a sheet density of 1:6! 1013 cm"2 and mobility of 52 cm2 V"1 s"1 at
room temperature. For N-polar AlGaN/GaN heterostructures, how-
ever, systematic impact of the AlGaN barrier thickness on the 2DHGs
and characterizations of transport property at cryogenic tempera-
tures—a critical signature of 2DHGs induced by polarization, have not
been reported yet.

In this work, we report the effects of AlGaN barrier thickness on
the formation of 2DHGs in N-polar AlGaN/GaN heterostructures
grown on single-crystal GaN substrates by plasma-assisted molecular
beam epitaxy (PAMBE). The hole density is seen to increase with the
AlGaN barrier thickness. The temperature-dependent scattering mech-
anisms of the 2DHGs are also discussed using a mobility model fit.

N-polar AlGaN/GaN heterostructures were grown on semi-
insulating Zn-doped N-polar single-crystal GaN substrates with a dis-
location density of # 5! 106 cm"2 produced by NGK Insulators, Ltd.
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The root mean square (rms) roughness measured by an atomic force
microscope (AFM) on a 20! 20 lm2 area amounts to # 1.5nm. The
molecular beam epitaxy (MBE) growth of the heterostructures in this
study was carried out in a Veeco GEN10 MBE system equipped with
standard effusion cells for Ga, Al, and Mg, and a RF plasma source for
active nitrogen species. During the MBE growth, the plasma source was
operated with a RF power of 400W and a N2 gas flow rate of 1.25 sccm,
resulting in a N-limited GaN growth rate of 315nm h"1. The growth
front was monitored by in situ reflection high-energy electron diffraction
(RHEED). For structural characterization, x-ray diffraction (XRD) mea-
surements were carried out in a PANalytical Empyrean system using the
Cu K a 1 radiation (1.54056 Å). AFM using an Asylum Research
Cypher ES setup was employed for surface morphology characterization
of the samples. Electrical transport properties of the samples were char-
acterized by temperature-dependent Hall-effect measurements under a
magnetic field of 1.3T in the van der Pauw geometry using soldered
indium contacts.

Preceding the MBE growth, 5mm! 5mm GaN substrates were
ultra-sonicated for 10min each in acetone, methanol, and isopropanol
in succession, loaded into the MBE system and outgassed at 200 $C to
desorb water. In situmetal-assisted surface cleaning was carried out in
the growth chamber to deoxidize the substrate surface. Similar metal-
assisted deoxidation processes are routinely employed in the MBE
growth of compound semiconductors including GaAs,20–22 III-
nitrides,23–25 and Ga2O3.

26,27 20 cycles of deoxidation were carried
out at a thermocouple temperature of 760 $C, with each cycle consist-
ing of 20 s of Ga deposition with a Ga beam equivalent pressure (BEP)
of 6! 10"7 Torr and 80–100 s of Ga desorption. Chamber pressure
during this process was at# 1!10"9 Torr without the supply of N2.

After the in situ surface cleaning, the substrate was cooled
down to a thermocouple temperature of 670 $C for epitaxial growth.

Figure 1(a) shows the schematic of the epitaxial structures in this
study. A# 2nm AlN insertion layer (IL) was grown first under N-rich
conditions with an Al/N ratio of 0.8, followed by the deposition of a
300 nm thick GaN:Mg buffer layer under Ga-rich conditions. Here,
the Mg doping with a density of 2:5! 1018 cm"3 was intended to
compensate for unintentional background donors in GaN, which typi-
cally lead to a free electron density of # 2:5! 1017 cm"3 for N-polar
GaN and can result in considerable n-type conductance for a thick
GaN buffer layer. Room-temperature Hall-effect measurement
revealed that the resulting GaN:Mg buffer layer exhibited a sheet resis-
tance of # 600 k X/sq. The Mg shutter was then closed for the growth
of a 5-nm-thick unintentionally doped (UID) GaN channel, and Al
flux was provided for growth of the Al0.26Ga0.74N barrier layer. After
the MBE growth, the sample was cooled down immediately without
the removal of excess Ga. A clear (3! 3) surface reconstruction
[Fig. 1(b)], the fingerprint of Ga adatom-on-adlayer structure on a
N-polar GaN surface,28 is observed, confirming the N-polarity of the
AlGaN/GaN heterostructures.

The ultra-thin AlN IL served the purpose of capturing undesired
donor dopants and suppressing impurity-induced conduction at the
growth interface.29 Large peak concentrations of silicon and oxygen
(1018–1019 cm"2) were observed at the growth interface in secondary
ion mass spectrometry (SIMS) measurement (not shown here), which
would result in undesired n-type conduction at the growth interface. As
shown in Fig. 1(c), with the ultra-thin AlN IL, a strong electric dipole
bends the energy band and removes the conduction channel.29 N-rich
condition was used to promote the incorporation of impurities into the
AlN IL, which would otherwise float on the growth front under Al-rich
conditions and lead to n-type conductivity in GaN.30 Moreover, it was
recently reported that such AlN ILs also suppress the formation of sur-
face pits and improve the surface morphology of N-polar GaN.31

FIG. 1. (a) Schematic layer structure of N-polar AlGaN/GaN heterostructures. (b) RHEED pattern taken below 300 $C along the h11"20i azimuth after growth. The (3! 3) sur-
face reconstruction confirms the N-polarity of the AlGaN/GaN heterostructures. (c) Calculated band diagram and hole density of N-polar AlGaN/GaN heterostructure with a
26 nm thick Al0.26Ga0.74N barrier layer, where a surface barrier height of 3.45 eV is assumed for holes.
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The structural abruptness of the heterostructures is witnessed by
two sets of thickness fringes in symmetric XRD x=2h scans [Fig. 2(a)]:
the sparse ones arise from the top AlGaN barrier and the dense ones
originate from the MBE-grown GaN and GaN:Mg layers. The appear-
ance of the latter is due to the structural discontinuity with the under-
lying GaN substrate created by the ultra-thin AlN IL. Furthermore, the
impact of the different Al0.26Ga0.74N barrier thickness on the XRD
scans is well resolved by the gradual change in the peak intensities
[Fig. 2(a)].

The surface of the N-polar AlGaN/GaN heterostructures is char-
acterized by fingerlike features with meandering atomic steps [Figs. 2
(b) and 2(c)]. Such kinetically driven morphological instabilities are
believed to result from pronounced Ehrlich–Schw€obel barrier at the
atomic steps and the relatively low adatom mobility.32 These features
are often observed on the surface of MBE-grown N-polar nitrides.33–35

Now, we turn to the impact of the AlGaN barrier thickness on
the transport properties of N-polar AlGaN/GaN heterostructures.
First, it is noted that all the samples show p-type conduction at room
temperature. The sheet resistance of the sample with 8 nm AlGaN bar-
rier is seen to exponentially increase with decreasing temperature,
implying the thermal deactivation of hole carriers [Fig. 3(a)] and there-
fore the conductivity originating from the GaN:Mg layer. On the other
hand, the p-type conductivity persisted for the samples with thicker
AlGaN barrier thicknesses throughout the measured temperature
range, 10–290K [Fig. 3(a)], accompanied by an increase in the hole
density with the increasing AlGaN barrier thickness [Fig. 3(b)].
Although there exists a slight tendency of decreasing hole density with
decreasing temperature [Fig. 3(b)], this behavior shows sharp contrasts
to that of Mg-doped GaN.8,16 Moreover, the measured mobility
increases monotonically as temperature decreases [Fig. 3(c)], indicat-
ing characteristics of two-dimensional carrier gases dominated by

FIG. 2. (a) Symmetric XRD x=2h scans of N-polar AlGaN/GaN heterostructures
with different Al0.26Ga0.74N barrier thickness. The “no barrier” sample lacks the
Al0.26Ga0.74N barrier on top. (b) 10! 10 lm2 and (c) 2! 2 lm2 AFM micrograph
of the sample with 26 nm Al0.26Ga0.74N barrier, serving as a representative. The
rms roughness of the images (b) and (c) is 0.86 and 0.83 nm, respectively.

FIG. 3. (a) Sheet resistance, (b) sheet density, and (c) Hall mobility of N-polar AlGaN/GaN heterostructures with different Al0.26Ga0.74N barrier thickness. Hall measurements on
all AlGaN/GaN heterostructures confirmed hole-conducting channel.
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intrinsic scattering mechanisms. The mobility measured for the 46, 26,
and 16nm barrier sample is 14, 15, and 17 cm2 V"1 s"1 at room tem-
perature, respectively, and increases to 228, 273, and 179 cm2 V"1 s"1

at 10K [Fig. 3(c)]. The highest hole mobility of 273 cm2 V"1 s"1 in the
sample with 26 nm AlGaN barrier is comparable to that of the 2DHG
in undoped GaN/AlN heterostructures grown on single-crystal AlN
substrates.9 As will be discussed later, these values are influenced by
parallel conduction of holes in the buffer layer, which could lead to an
underestimation of the 2DHG mobility, especially at room tempera-
ture. The sample with a thicker (46 nm) AlGaN barrier and thinner
(16 nm) AlGaN barrier shows lower mobilities than the sample with
26 nm AlGaN barrier at low temperatures. The possible reasons for
these observations are discussed below.

Using an analytical model similar to the one developed for metal-
polar AlGaN/GaN two-dimensional electron gases (2DEGs),36 the
2DHG density can be calculated as a function of thickness and Al
composition of the AlGaN barrier. As shown in Fig. 4, there is a
threshold thickness for the AlGaN barrier, above which 2DHGs can be
induced. The exact value of the threshold thickness depends on the Al
composition in the AlGaN layer, the surface barrier height, the valence
band offset, and the polarization fields. The absence of a 2DHG in the
8 nm AlGaN barrier sample suggests that the threshold thickness is
greater than 8nm, and therefore, the surface barrier height for holes is
larger than 2.4 eV. The valence band offset is assumed to be 0.11 eV
between AlGaN and GaN in this calculation.

The measured sheet density in the samples at room temperature
(open circles) and at 10K (filled circles), together with the polarization
sheet charge density, rpol, is shown in Fig. 4. The hole density increases
with barrier thickness, in qualitative agreement with the theoretical
prediction. It is worth noting that the measured hole densities are
subject to the influence of non-negligible parallel conduction in the

GaN:Mg buffer layer, as the measured sheet hole density of 1:7! 1013

cm"2 at room temperature in the 46nm barrier sample exceeds the
polarization sheet charge density at the AlGaN/GaN hetero-interface.
The influence of parallel conduction in the GaN:Mg buffer layer van-
ishes as temperature decreases [Fig. 3(a)]. However, the temperature
dependence of the hole densities observed in the samples with 2DHGs
cannot be fully explained by carrier freeze out. Otherwise, the hole
densities would be sharply quenched with decreasing temperature due
to the large activation energy (# 200meV) of Mg in GaN. This implies
that there may be additional mechanisms contributing to the tempera-
ture dependence of 2DHG density observed in this work.

Similar phenomena have also been observed in MBE-grown
undoped GaN/AlN heterostructures grown on AlN/sapphire templates8

and single-crystal AlN substrates,9 where no impurity dopants were
introduced in the entire heterostructures. Zhang et al.9 proposed
temperature-dependent charge transfer between the 2DHG and surface
states. The different magnitudes of decrease in hole density observed
here indicate a complex charge balance between the 2DHG, surface
states, and the buffer layer. Another possibility involves the simultaneous
occupancy of both the heavy hole and light hole bands. In this case, par-
allel conduction of light holes in the 2DHG persists down to cryogenic
temperatures, influencing Hall effect measurements. Given the presence
of two p-type channels, the apparent sheet density in the low-field limit
is expressed as ps ¼ ðp1l1 þ p2l2Þ

2=ðp1l21 þ p2l22Þ, where the sub-
scripts denote the two channels. Since l1 and l2 are temperature-
dependent, the measured hole density also varies with temperature. The
underlying mechanism of the temperature dependence of hole density
remains a subject of ongoing investigation.

The low field transport and mobility of 2DHG in GaN have been
studied both theoretically37,38 and experimentally.8,9,39 It has been
shown that phonon scattering limits mobility in the relatively high-
temperature region, while low temperature mobility is determined by
extrinsic scattering mechanisms such as dislocation, ionized impurity,
alloy disorder, and interface roughness scattering. To gain insights into
the scattering mechanisms in the 2DHGs, the temperature-dependent
Hall mobility of the N-polar AlGaN/GaN with 26 nm AlGaN barrier is
fitted with different scattering models (Fig. 5). Here, we follow the
single-band approximation used in Ref. 9, in which the 2DHG is
assumed to reside only in the heavy hole band and contribution from
the light hole band is neglected. Phonon scattering mechanisms
including acoustic deformation potential scattering, polar acoustic
phonon (piezoelectric) scattering, and polar optical phonon scattering
are considered. The mobility limited by extrinsic scattering mecha-
nisms is presumed to be temperature-independent and is used as a
“tuning parameter.”37 Contributions from different scattering mecha-
nisms are combined by the Matthiessen’s rule to give the overall
mobility.

The mobility of a two-dimensional (2D) carrier system limited by
acoustic deformation potential scattering calculated within the Fang–
Howard approximation is given by Ref. 40,

ladp )
16eqv2s "h

3

3kBTD2
acm

2
hb

; (1)

where e is the elementary charge, q ¼ 6:15! 103 kg m"3 is the mass
density of GaN, vs ¼ 7963 m s"1 is the sound velocity in GaN, "h is
the reduced Planck’s constant, kB is the Boltzmann constant, T is tem-
perature, Dac ¼ 6:2 eV is the valence band acoustic deformation

FIG. 4. Measured sheet hole density of N-polar AlGaN/GaN heterostructures with
different Al0.26Ga0.74N barrier thickness at room temperature (open circles) and
10 K (filled circles). The dashed lines indicate the polarization sheet charge density
rpol (gray) at the AlGaN/GaN interface and 2DHG sheet densities (colored) calcu-
lated with different surface barrier heights for holes /b.
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potential,30 mh ¼ 2m0 is the heavy hole effective mass,37 and b is the
variational parameter in Fang–Howard wavefunction of the 2D carrier
system, given by ð33mhe2ps=8"h

2e0j0Þ1=3. Here, ps is the sheet hole
density, e0 is the vacuum permittivity, and j0 ¼ 8:9 is the static rela-
tive permittivity of GaN.

Due to the partially ionic nature of Ga-N bonds in GaN, the
deformation of the lattice by phonons induces an extra electric field,
which scatters the carriers. Depending on the nature of the perturbat-
ing phonons, such scattering can be categorized into polar acoustic
phonon (piezoelectric) scattering and polar optical phonon scattering.
The carrier mobility limited by piezoelectric scattering is given
by Ref. 41,

lpz )
p2ðe0j0Þ2qv2s "h

3

2em2
he

2
pzkBT

!ð3p=2

p=2
da cos 2ðaÞGð"2kF cos aÞ; (2)

where epz ¼ "0:551C=m2 is the piezoelectric coefficient,42 kF is the
in-plane Fermi vector of the 2D carrier gas, and GðxÞ ¼ pð8b3 þ 9xb2

þ 3x2bÞ=8xðx þ bÞ3. The other symbols have the same meanings as
aforementioned. The 2DHG mobility limited by polar optical phonon
scattering is given by Ref. 43,

lpop )
e0j*k0"h2

2pex0m2
hNGðk0Þ

1þ 1" e"y

y

# $
; (3)

where 1=j* ¼ 1=j1 " 1=j0, j1 ¼ 5:4 is the high-frequency relative
permittivity, "hx0 ¼ 92meV is the optical phonon energy in GaN, k0
¼ ð2mhx0="hÞ1=2 is the carrier wave vector corresponding to optical
phonon energy, N ¼ 1=ðe"hx0=kBT " 1Þ is the Bose–Einstein distribu-
tion function, Gðk0Þ ¼ k0 + Gðk0Þ=p is the form factor, and
y ¼ p"h2ps=mhkBT .

As shown in Fig. 5, scattering by acoustic phonons dominates the
2DHGmobility at high temperatures, consistent with previous works.9,37

Based on our calculation, contributions from piezoelectric scattering and

acoustic deformation potential scattering are comparable, different from
the case of two-dimensional electron gases where piezoelectric scattering
might be neglected.44 A non-negligible discrepancy exists between our
model and the experimental data (Fig. 5). In the following, we discuss
potential mechanisms that might lead to such a discrepancy.

First, we discuss the influence of parallel conduction. In a two-carrier
model, the measured Hall mobility is given by l ¼ ðp1l21 þ p2l22Þ=
ðp1l1 þ p2l2Þ in the low-field limit. The presence of a low-mobility
channel decreases the measured value, while the presence of a high-
mobility channel increases the measured value. Despite the high
sheet resistance of the GaN:Mg buffer layer, parallel conduction of
holes with low mobility in the buffer layer could not be neglected
and will result in a decrease in the measured mobility at relatively
high temperatures. In addition, parallel conduction of light holes in
the 2DHG, of which the mobility is expected to be higher than that
of the heavy holes, could also influence the fitting process based on
the single-band approximation. Specifically, the Hall effect measure-
ment results could be an overestimation of the heavy hole mobility
and consequently an underestimation of the heavy hole concentra-
tion, especially at cryogenic temperatures. Magnetoresistance mea-
surements and quantitative mobility-spectrum analysis (QMSA)45

could be performed to evaluate the impact of additional conduction
channels. Moreover, inter-band scattering between the heavy hole
and light hole band is not considered in this model.

We would also like to point out that the polarization coefficient
of "0:551C=m2 used here is the so-called “proper” piezoelectric con-
stant obtained by first-principle calculations.42 A different value would
lead to changes in the calculated piezoelectric scattering rate. Similarly,
variations in the acoustic deformation potential yield different calcula-
tion results. However, the discrepancy cannot be resolved by varying
these parameters in our calculation. Further investigation of the trans-
port characteristics of low-density 2DHG in GaN is under way.

At low temperatures, the mobility of 2DHG is limited by extrinsic
scattering mechanisms. The mobility measured at 10K for the 46, 26,
and 16nm barrier sample is 228, 273, and 179 cm2 V"1 s"1, respec-
tively. The non-monotonic change in 2DHGmobility can be explained
by the density dependence of the extrinsic scattering mechanisms. As
the 2DHG density decreases, the centroid of the 2DHG moves away
from the AlGaN/GaN interface, leading to reduced alloy scattering
and interface roughness scattering rates and enhanced mobility.
However, with a further decrease in 2DHG density, mobility is
expected to decrease due to the reduced electric screening and
enhanced ionized impurity scattering and dislocation scattering.

In conclusion, we report the observation of 2DHGs in N-polar
AlGaN/GaN heterostructures grown by PAMBE. The density of
2DHGs is tunable by changing the AlGaN barrier thickness. Hole
mobility of 273 cm2 V"1 s"1 with a 2DHG density of 7:5! 1012 cm"2

has been observed at 10K. These results provide possibilities for the
development of p-channel field-effect transistors and complementary
technology based on N-polar GaN.

We would like to thank Dr. Vladimir Protasenko for the
maintenance of the experimental apparatus. This work was
supported by SUPREME, one of seven centers in JUMP 2.0, a
Semiconductor Research Corporation (SRC) program sponsored by
DARPA. This work made use of the Cornell Center for Materials
Research shared instrumentation facility.

FIG. 5. Measured (red circles) and calculated (solid line) hole mobility as a function
of temperature of N-polar AlGaN/GaN heterostructure with 26 nm thick
Al0.26Ga0.74N barrier. The dashed lines indicate the mobility limited by individual
scattering mechanisms.
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