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A polarization-induced 2D hole
gas in undoped gallium
nitride quantum wells

Reet Chaudhuri'*, Samuel James Bader?, Zhen Chen?, David A. Muller>*,

Huili Grace Xing"?*, Debdeep Jena’>*

A high-conductivity two-dimensional (2D) hole gas, analogous to the ubiquitous 2D electron
gas, is desirable in nitride semiconductors for wide-bandgap p-channel transistors. We
report the observation of a polarization-induced high-density 2D hole gas in epitaxially
grown gallium nitride on aluminium nitride and show that such hole gases can form without
acceptor dopants. The measured high 2D hole gas densities of about 5 x 103 per square
centimeters remain unchanged down to cryogenic temperatures and allow some of

the lowest p-type sheet resistances among all wide-bandgap semiconductors. The observed
results provide a probe for studying the valence band structure and transport properties

of wide-bandgap nitride interfaces.

he high-conductivity quantum-confined two-
dimensional (2D) electron gases (2DEGs) at

the interface of AlIGaN/GaN semiconductor
heterostructures, discovered in the mid-
1990s (1), did not require the presence of
chemical dopants. The origin of the 2DEG was
tracked down to the existence of broken inver-
sion symmetry along the [0001] axis of gallium
nitride (GaN), combined with the high polarity of
the metal-nitrogen bond in GaN and aluminium
nitride (AIN) (2, 3). These properties, as well as
the tensile epitaxial strain of AIN on GaN, lead to
the presence of spontaneous Py, and piezoelectric
Py, polarization in AIN/GaN heterostructures
(4). The polarization difference [(P4N 4 PAN)—
P3N] . 7, = o, constitutes a net-positive fixed-
polarization sheet charge. This charge, with the
potential barrier of a large conduction band
offset, induces a 2DEG at such a heterojunction,
without any chemical doping. The carrier con-
centration that can be induced by the polar dis-
continuity far exceeds what is achievable in the
bulk with chemical doping or at junctions with
modulation doping. Such robust polarization-
induced 2DEGs in Al(Ga)N/GaN heterojunctions
have been investigated for the past two decades
and contributed to several applications, such as
ultrafast unipolar transistors and sensors (5, 6).
However, the p-type analog of the undoped
polarization-induced 2DEG—the undoped 2D
hole gas (2DHG)—has remained elusive. Although
low-density 2D and 3D hole gases have been
previously inferred in nitride heterojunctions in
several reports (7-16), they have been either mod-
ulation Mg-doped heterostructures or structures
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in which both mobile electrons and holes are
present. Substantial advances in energy-efficient
wide-bandgap electronics are expected for GaN/
AlN-based high-voltage complementary switches
(17), if a high-conductivity undoped 2DHG can be
generated.

In contrast to the 2DEG structure, if a thin
layer of metal-polar GaN is grown on a relaxed
AIN substrate, the net interface polarization dif-
ference, [(PSN + PSN) — PAN] . 7 = oy, is nega-
tive in sign and should induce holes. The valence
band offset of AIN and GaN confines the 2DHG, as
schematically shown in the energy band diagram
of Fig. 1A, a self-consistent solution of a multiband
k-p and Poisson equations (Z8). A mobile 2D hole
gas of sheet density roughly equal to the fixed
interface polarization charge o, ~ 5 x 10*> cm™2 is
expected to form at the heterojunction, depend-
ing on the thickness of the GaN layer.

The schematic of GaN/AIN layer structures,
which we grew using molecular beam epitaxy
(MBE), is shown in Fig. 1B (19). We observed a
sharp heterojunction between wurtzite GaN
and AIN, with the GaN layer pseudomorphically
strained (Fig. 1, C and D) (20). Further structural
and chemical details are shown in Fig. 2. The as-
grown surface has a smooth morphology, with
clearly resolved atomic steps (Fig. 2A). The fringes
and multiple peaks of the x-ray diffraction
spectrum (Fig. 2B) indicate a smooth, uniform
heterostructure over the entire millimeter-scale
beam size. This was further corroborated by the
large-area scanning transmission electron micros-
copy (STEM) images in fig. S1. A reciprocal-space
x-ray map indicates that the GaN epitaxial layer
is fully, biaxially, compressively strained (by 2.4%)
to the underlying AIN layer (Fig. 2C). Thus, the het-
erostructure is structurally and chemically in a
form that should exhibit the undoped polarization-
induced 2DHG (Figs. 1 and 2), and the transport
studies discussed next indicate that this is the case.

The layer structure of three samples is shown
in Fig. 3A: Sample A is an undoped ~13-nm GaN
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layer on AIN. Sample B is identical to A, except
that the top 10 nm of GaN are doped with Mg to
lock the Fermi level to valence band edge sepa-
ration, screening the 2DHG from variations of
the surface potential. For comparison with con-
ventional acceptor doping, a thick Mg-doped GaN
(sample C) was also measured. The temperature-
dependent Hall-effect transport properties of
the three samples are shown in Fig. 3, A to C,
measured from 300 to 10 K. The mobile charge
density ng = IB/qVy is obtained from the Hall
voltage V3; that develops upon driving a current
I through the 2D hole gas in a magnetic field B
perpendicular to its plane. The Hall voltage re-
sults from the Lorentz force F = q(v x B), which
drives holes in a direction opposite to electrons,
leading to a positive sign. The carrier mobility
Up = 1/gnsRs is obtained from the measured sheet
resistance R;. The positive slope of the Hall re-
sistance (V3;/I) versus magnetic field and posi-
tive Hall-coefficient sign for all samples in this
study ensured that we were studying and com-
paring only holes.

The resistivity of the Mg-doped bulk GaN con-
trol sample C increases sharply with the lower-
ing of temperature from ~40 kilohms/square at
300 K to 2 megohms/square at ~180 K (Fig. 3A).
This increase in resistivity is almost entirely
caused by the ~100x decrease of the thermally
generated mobile hole density, which freezes out
with an activation energy E, ~ 170 meV (Fig. 3B).
We observed a dramatically different behavior
for the undoped heterostructure sample A and
the Mg-doped heterostructure B. They showed
metallic behavior, with the resistivity decreasing
with decreasing temperature, which is a signature
of a degenerate 2D hole gas.

The resistivity of heterostructure A decreased
from ~6.0 kilohm/square at 300 K to ~1 kilohm/
square at 10 K, and the resistivity of heterostruc-
ture B decreased from ~8.0 kilohm/square at
300 K to ~2 kilohm/square at 20 K (Fig. 3A). Be-
cause the hole densities measured in samples A
and B are nearly independent of temperature
(Fig. 3B), all the change in the resistivity was
caused by an increase in the hole mobility as the
temperature was lowered. The high hole sheet
densities measured are similar for the doped
and undoped heterostructures in samples A and
B because the integrated acceptor sheet density
in sample Bis only ~5 x 10'> cm ™2, which is about
an order of magnitude lower than the measured
mobile hole gas density. This direct measure-
ment, without any other parallel 2DEG or 3D
hole channels, thus points to the presence of a
high-density polarization-induced 2D hole gas in
the undoped heterojunction. Contactless wafer-
scale sheet resistivity measurements shown in
fig. S3 confirm the presence of the hole gas in
the undoped structures, corroborating that holes
are polarization-induced and exist at the hetero-
junction independent of whether metal layers
are deposited on the surface.

The mobility of the 2D hole gas in the undoped
heterostructure increases from ~25 cm?/V-s at
300 K to ~190 ecm?/V-s at 10 K and in the doped
heterostructure increases from ~20 cm?/V-s at
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Fig. 1. Epitaxially grown GaN/AIN heterostructures. (A) Energy-band
diagram of a 13-nm undoped GaN on AIN heterostructure,

showing the formation of a quantum well in the valence band and the
high-density of confined holes accumulated at the GaN/AIN interface.
(B) Schematic of the epitaxially grown layer structure. (C) High-

300 K to ~120 cm?/V-s at 20 K, an increase of
~6x to 7x (Fig. 3C). The variation of the mea-
sured 2D hole gas mobility with temperature is
expected to be strongly influenced by acoustic
phonon scattering (21), in addition to the polar
optical phonon scattering that dominates in most
polar compound semiconductors. Although the
hole mobilities do not saturate at ~10 K, an ex-
trapolation points to values in the range of
~200 cm?/V-s. Because the 2D hole gas density
survives to cryogenic temperatures, magneto-
transport studies can be used to directly access
and probe the nature of the valence band of GaN.
We observed the 2DHGs in multiple samples
similar to samples A and B with reproducible
properties (table S1). As further evidence for
the polarization-induced origin of the 2D hole
gas, the variation of the density of the 2D hole
gas with the thickness of the GaN layer is shown
in fig. S2, marking a well-defined critical thick-
ness. This is the exact dual of what is observed
in the undoped polarization-induced Al(Ga)N/
GaN 2DEG (22) and provides a valuable degree
of freedom for p-channel transistor design.
How do the observed polarization-induced 2D
hole gases in the undoped and doped GaN/AIN
heterostructures compare with those reported
in nitride semiconductors and in general with
hole gases across various semiconductor material
systems? The 2DHG densities of ~5 x 10'® cm ™2
measured in this work (listed in table S1) are near
the expected polarization difference and much
higher than previously reported 2DHG densities
in nitride semiconductors (Fig. 4A) (8-15). The
hole densities are among the highest among all
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resolution STEM image showing the metal-polar wurtzite crystalline
lattice of the heterointerface. The valence band edge, and

probability density of the holes from (A) are overlaid on the interface.
(D) Schematic of the metal-polar GaN/AIN heterointerface (20),
corresponding to the STEM image in (C).

Counts
A C o e
10 = - A 104
9.9 J
) 102
. 98f B 1
B - =
10° € & 102
Simulation £ 97f . > 4
. N 1 3
10tk Measurement ~ ‘ Z - .
g o6 CSh s ] 10
= 102 F Simulated . GaN
8 Structure T (105) .
o 95 O G 1
2 100 LT !
c 9.4 o 1
2
£ 1072 -
L . 1 . 1 . i . 1 93 . . . 107
33 34 35 36 37 3 3.4 3.2 33 34
206 (degrees) ky (nm -1)

semiconductor systems, including GaAs/AlGaAs
(23, 24), SrTi03/LaAlO; (25), surface-conducting
diamond (26-30), heterostructures with Ge chan-
nels (31-35), Si inversion channels (36), and het-
erostructures with GaSb channels (37-39), as
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Fig. 2. Structural properties of the MBE-grown GaN/AIN heterostructures. (A) Atomic force
microscopy (AFM) scans of the as-grown surface. The root mean square roughnesses are ~0.69 and
~0.46 nm for the 10 and 2 um scans, respectively. (B) X-ray diffraction (XRD) 26 scan across the
symmetric (002) reflection and the simulated data (19), confirming the targeted thicknesses and
sharp interfaces. (C) Reciprocal space map scan of the asymmetric (105) reflections of GaN and AIN
shows that the 13-nm GaN layer is fully strained to the AIN layer.

shown in Fig. 4B. The high 2D hole density in
the nitride leads to some of the lowest sheet
resistances, despite lower hole mobilities.

The 2DHG mobilities in the wide-bandgap
nitrides are not comparatively high because of
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Fig. 3. Temperature-dependent magnetotransport measurements.
Shown are the data from 300 to 10 K at 1 T magnetic field of 2DHG
samples A and B, along with a Mg-doped GaN control sample C. (A) The
2DHG samples A and B exhibit a metallic behavior of decreasing

sheet resistance with decreasing temperature, whereas the control
sample C is insulating in behavior, becoming too resistive below ~180 K
for measurement. (B) The measured mobile hole concentrations

over a range of temperatures in samples A, B, and C. In the Mg-doped

Fig. 4. Comparison of room-temperature
transport properties of 2D hole gases with
prior work. (A) Comparison with previously
reported 2DHGs in nitride heterostructures (8-14)
(open symbols indicate Mg-typed doping). The

doped as well as undoped structures reported in this

work have much higher hole densities and decent
mobilities, enabling record high p-type conductivity
of ~6 kilohms/square. (B) Comparing across other
semiconductor material systems such as oxides
SrTiO3/LaAlO3 (25), surface conducting diamond
(26-29), Ge channels (31-35), Si inversion channels
(36), and GaSb channels (37), this work has the
highest room-temperature hole density and the
highest conductivities among wide-bandgap semi-
conductors (llI-nitrides, oxides, and diamond),

the latter of which is critical for high-performing
lateral power devices.

the high effective mass of both heavy and light
holes in GaN (40). However, a large bandgap
means that the high 2D hole gas densities can be
modulated effectively with a gate through field
effect because the semiconductor intrinsically is
capable of sustaining much larger electric fields.
Because of the fundamentally different origin
of the 2DHG in the nitrides, this form of doping
is expected to scale down to the individual unit
cells of the semiconductor crystal and not be
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affected by random dopant fluctuations in case
of Mg-doping in GaN.

Mg acceptor doping was a key breakthrough
in making GaN photonics feasible (41); however,
the experimental observation of the polarization-
induced undoped 2D hole gas in this work shows
that Mg acceptor doping is not compulsory for
the generation of holes in nitride semiconductors.
The internal broken-symmetry-induced polariza-
tion fields have enough strength to provide holes
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GaN (sample C), holes freeze out below 180 K. The density in the
2DHG of samples A and B show almost no change in the hole
concentration down to cryogenic temperatures. (C) The measured
hole mobilities in samples A, B, and C for a range of temperatures.
The 2DHG in samples A and B show higher mobilities than that

of C. (Inset) Hall resistance versus magnetic field measured at room
temperature indicates a positive Hall coefficient (holes) in both
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of very high densities, with several potential sci-
entific and technological applications.
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A hole flatland

When two distinct materials are placed on top of each other, the difference in polarization between the two layers can
induce charge carriers at the interface. Many such two-dimensional (2D) electron gases have been observed, but
engineering a 2D hole gas without the help of doping has been much trickier. Chaudhuri et al. used molecular beam
epitaxy to grow a layer of gallium nitride on top of aluminum nitride without introducing dopants. This approach resulted
in a high-density 2D hole gas at the interface in this technologically relevant system.
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