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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 V4; 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).
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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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Materials and Methods

Sample Growth

The HI-nitride heterostructures studied in this work were epitaxially grown in a Veeco
Gen10 plasma-assisted molecular beam epitaxy (PA-MBE) system. Both the doped and undoped
GaN/AIN structures were grown on a starting substrate of commercially available 1-micron thick
semi-insulating Al-face [0001] AIN on c-plane sapphire templates obtained from DOWA
Electronics Materials Co. Ltd. § mm x 8 mm diced substrate pieces were ultrasonicated for 10 min
each in acetone, methanol and isopropanol in succession before being mounted on a 3-inch lapped
Si carrier wafer using molten Indium. The samples were then loaded into the MBE system, and
outgassed at 200°C for 8 hours in a load-lock chamber, followed by at 500°C for 2 hours in a clean
preparation chamber. They were then introduced into the MBE growth chamber and heated to the
desired growth temperature. Effusion cells filled with ultra-high-purity sources were used for Ga,
Al and Mg beams, whereas a RF plasma source with ultra-high-purity N> gas flowing through a
mass-flow-controller and a purifier was used to provide the active N flux. The entire
heterostructures reported in this work were grown in a metal-rich condition at a N> RF power of
400W, resulting in a growth rate of ~560 nm/hr. A ~400 nm thick AIN buffer was first grown at a
thermocouple temperature Trc = 780°C, with an effective beam-equivalent Al flux of ~9 x 107
Torr. Care was taken while growing the AIN buffer to reduce impurity contamination from the
substrate surface. In order to maintain an abrupt heterointerface which is important for maximizing
the hole mobility, the excess Al on the growth surface was consumed by opening only the N shutter
and monitoring the increasing reflection high energy electron diffraction (RHEED) intensity until
it saturated. The sample was then cooled to Trc = 730°C for the growth of the GaN layer.

Approximately ~13 nm of unintentionally-doped GaN was grown under an effective Ga flux of
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~1.0 x 107 Torr. For the undoped structures, the Mg source was kept cold, and the shutter closed
throughout, to avoid unintentional Mg doping of the GaN cap layers. On the other hand, for the
doped GaN/AIN structures, during the last ~10 nm of GaN growth, the hot Mg source shutter was
opened to incorporate Mg acceptor dopants. The Mg acceptor concentrations Na in the doped
samples were verified to be between ~5 x 108 cm™ to ~1 x 10! cm? in different samples, as
calibrated by secondary ion mass spectrometry (SIMS) measurements performed on a separate Mg

doping calibration sample grown under the same epitaxial conditions.
Simulations

All energy band diagrams shown in this work were simulated using a self-consistent
multiband k.p Schrodinger-Poisson solver nextnano (/8). An undoped GaN layer of varying
thickness is assumed strained to a relaxed 500 nm thick, unintentionally-doped AIN (a background
n-type doping of 5 x 10'¢ cm™ was assumed). The whole structure is considered metal-polar. The
valence band edge is assumed to be 2.9 eV below the Fermi level at the GaN-air surface (surface
barrier height for holes) for Fig 1, and is varied for Fig S2. The relevant file for running the

simulations are provided at Zenodo (42).

The X-ray diffraction spectrum for fitting to the experimental data were simulated using
the open-source Python package xrayutilities, the details of which are made available

online at Zenodo (42).

Sample characterizations

Atomic force microscopy (AFM) scans performed in a Bruker ICON Dimension system or
an Asylum Cypher system after MBE growth showed a smooth surface with sub-nm rms roughness

over both a large area 10 pm x 10 um scan and smaller area 2 pm x 2 um scans. X-ray diffraction



measurements were performed in a Panalytical XRD system using the Cu-Ka line source. A 2theta-
omega scan along the (002) symmetric peak of the AIN/GaN structure showed the AIN and GaN
reflection peaks and confirmed the thicknesses of the layers by comparing and fitting to a simulated
model diffraction spectrum. The reciprocal space map (RSM) around the (105) asymmetric
reflection was measured as well. Scanning transmission electron microscopy (STEM) was
performed on a probe aberration corrected FEI Titan Themis operating at 300 keV. Thin cross-
sectional samples along [110] and [110] crystal orientations were prepared using focused ion beam
(FIB) and imaged using the annular dark field (ADF) mode of the STEM.

Initial Hall-effect measurements at 300 K and 77 K were performed on all the MBE grown
samples using a Nanometric Hall-Effect System, under a 0.32 T magnetic field. Corner ohmic
contacts were used to make contact to the samples by using Indium dots in a van der Pauw
geometry. One of the doped heterostructure, and one undoped heterostructure were further
characterized by measuring the temperature dependent Hall effect from 300 K to 10 K, at 1 T
magnetic field in a Lakeshore closed-cycle cryogenic stage. Variation of the Hall resistance Ryy

with field was measured by varying the applied normal magnetic field from -1 T to 1 T at 300 K.

Supplementary Text

In a typical metal-rich MBE growth condition, chemical impurities from the substrate surface
(Si, O) tend to float on top of the AIN growth front instead of incorporating in the crystal due to
unfavorable thermodynamic conditions. They eventually incorporate into the first few layers of
Ga-containing AlGaN layers. In the case of the 2DHG structures discussed here, these impurities
would incorporate at the buried AIN/GaN interface, where the 2DHG is present — giving rise to

compensation, and impurity scattering. It was found that optimized growth modifications in the



form of blocking layers were necessary in the AIN buffer to keep the impurities in the buffer layer.
Since this issue is specific to the thermodynamic preferences of impurity incorporation during the
metal-rich MBE growth conditions, they may not be essential for obtaining the 2DHG using other
epitaxial growth techniques such as metal-organic chemical vapor deposition (MOCVD). It is
speculated by the authors that sufficiently suppressing carbon incorporation in MOCVD growth
of (AlGa)N might be the key challenge.

AFM scans in Figure 2A clearly show the presence of dislocations in the crystal. The
community has long thought that dislocations and other compensating centers whose formation
are thermodynamically favored, such as Ga vacancies, preclude the formation of 2D hole gases in
GaN heterostructures. But the experimental evidence in this work shows that the polarization
discontinuity induces a 2D hole gas despite the presence of dislocations.

The reciprocal space map of X-Ray diffraction spectra of the GaN/AIN epitaxial
heterostructure allowed the extraction of the following in-plane and out-of-plane lattice constants:
aan = 0.311 nm, agav= 0.311 nm and cuy = 0.4985 nm, ceav = 0.5241 nm. Comparing to the
unstrained lattice constants, the GaN layer is under ~2.41% compressive strain. The wide area

STEM scans shown in Figure S1 confirm the abrupt interface between the GaN and AIN.

The Hall-effect transport data of a selection of MBE grown samples are tabulated in Table
S1. These samples were grown over different growth days, and illustrate the high repeatability of
the properties of the 2D hole gas. These data are used to create the benchmark plot in Figure 4 of
the main text. Temperature-dependent Hall-effect measurement studies were done on Samples A4
and B4 in Table S1. These data are presented in Figure 3 of the main text. Although the Mg-doped
cap layer in the doped 2DHG structure (sample B in Figure 3) contributes a negligible fraction of

mobile holes to the 2D hole gas, it can enable low-resistance tunneling p-type contacts to the 2D



hole gas because of the high electric field it generates near the surface, and thus is investigated
here. The control Sample C shows a freeze-out of thermally ionized holes from ~1.5 x 10! ¢m™
(bulk density of ~4.1 x 10'7 cm™) at 300 K to ~2 x 10'' cm™? (bulk density of ~5.5 x 10'> cm™) at

~180 K, making the sample too resistive to measure below ~180 K.

Figure S2 shows the measured variation of the 2D hole gas density with changing GaN
layer thickness for an undoped GaN/AIN 2D hole gas heterostructure. Figure S2A shows the
expected change in the 2D hole gas density with thickness in the energy band diagram of the
valence band, and the mobile hole concentration with depth, as simulated using a self-consistent
multiband k.p Schrodinger-Poisson solver (/8). A typical bare-GaN surface valence band edge
barrier height of 2.9 eV was used for the simulations in Figure S2A. The solid lines in Figure
S2B show the expected variation of the polarization-induced hole density versus GaN thickness
for various surface barrier heights. For example, for a surface barrier height of ~3 eV, the solid
lines indicate a critical thickness of ~4 nm below which the 2DHG is depleted from the surface
potential, a sharp rise in the 2DHG density from ~5 - 20 nm, beyond which the hole density
saturates to the interface polarization sheet density. The critical thickness is lower for a smaller
surface barrier height, reaching ~1 nm for a barrier height of 0.6 eV. The measured 2D hole gas
densities should follow this trend. To test this, undoped and doped GaN on AIN samples of various
thicknesses were grown and their sheet hole densities were measured by Hall-effect at 300 K in a
Lakeshore Hall measurement system at a magnetic field of 1 T. The measured 2DHG densities are
plotted in Figure S2B alongside the solid lines predicted from the polarization discontinuity for
various surface barrier heights. We observe a critical GaN thickness of ~3 nm, below which no
hole gas is measured. The measured 2DHG densities variation with the GaN layer thickness

indicates that the surface barrier height may not be fixed, but is likely dependent on the thickness

6



of the GaN layer, as has previously been observed in 2D electron gases (43, 44). Though the
qualitative agreement to the simulated model is a further proof that the 2D hole gas is indeed
polarization-induced, it is difficult with the available data to conclusively claim values of the
surface barrier height for the doped or undoped samples due to its dependence on variations in
epitaxial growth conditions, chemical surface modification due to exposure to atmosphere, etc.
Further work is necessary to elucidate the surface Fermi level and its pinning - by either passivating
the sample surface in-situ after epitaxy, or by directly measuring the electrical properties of a
processed metal-semiconductor Schottky barrier, in both cases ensuring the GaN surface is buried

and protected.

Contactless sheet resistance measurement using a Lehighton setup was performed (Figure
S3) on the GaN/AIN structure. Since the instrument can handle only full wafers, a heterostructure
with ~15 nm undoped GaN on AIN was grown on a 2-inch substrate wafer (wafer A). A bare
substrate wafer without any grown layers was used as a control sample for the measurement (Wafer
B). Wafer A showed a sheet resistance in the range of ~16-33 kOhm/sq across the wafer surface.
The higher sheet resistance compared to the samples in Fig 3, and the non-uniformity across the
surface can be attributed to the growth not being optimized yet for large area substrates. Since the
bare substrate wafer was highly resistive (sheet resistance >350 kOhm/sq), we conclude that the
conductive 2DHG channel is present in the undoped GaN/AIN heterostructure wafer A.
Subsequent Hall-effect measurement results on a diced 8mm x 8mm piece from the wafer with
corner Indium contacts corroborate the measured sheet resistance by the contactless method. The
presence of the 2D hole gas detected by a contactless measurement is further confirmation of the
fact that the holes are polarization-induced, and are not supplied by the metal contacts in a Hall-

effect measurement.



Fig. S1.

STEM annular dark field (ADF) images of the cross-section of the GaN/AIN heterostructure along
[110] zone-axis. The wide-area image and the zoomed-in regions clearly show the coherently
sharp interface between the GaN and AIN (~1-2 ML) is maintained over large areas of the wafer,
which is essential for a high mobility and high uniformity of the polarization-induced 2D hole gas

over the entire wafer.
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Fig. S2.

Dependence of the properties of the polarization-induced 2D hole gas on the thickness of the
undoped strained GaN layer grown on AIN. (A) shows the valence band edge and the spatial hole
density distribution as a function of the GaN layer thickness. The triangular quantum well at the
heterojunction is clearly visible, with the large valence band offset to confine the 2D holes to a
width of ~1 nm in the vertical direction. The 2D hole gas density increases and saturates for GaN
layer thicknesses above ~30 nm. (B) shows the measured 2D hole gas densities in various undoped
(solid circles) and Mg-doped (hollow circles) GaN/AIN samples with varying GaN thicknesses.
The numerical simulations for the variation of the hole gas density with the thickness of the GaN
cap layer, for various surface barrier heights is also shown for reference. There clearly exists a
critical minimum thickness of GaN for the existence of mobile holes at the GaN/AIN interface - a

characteristic of the polarization-induced nature of the 2D hole gas.
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Contactless sheet resistance measurements of the 2DHG. (A) 2-inch MBE-grown GaN/AIN

heterostructure wafer with the corresponding layer structure shown, along with a bare substrate
wafer used as a control sample (B) Sheet resistance map for wafer A shows sheet resistances in
the range of ~16-33 kOhm/sq across the surface, whereas wafer B is highly resistive (>350

kOhm/sq). These results confirm the presence of a polarization-induced 2D hole gas as a
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[Mg] in GaN Temp. HHall o Rsheet
Sample
(cm3) (K) (cm?/V.s) (cm2) (/0)
300 9.28 5.35 x 1013 1.26 x 104
Al undoped
77 40.3 3.14 x 103 4927
300 10.1 5.24 x 10%3 1.18 x 104
A2 undoped
77 48 2.74 x 103 4751
300 10.8 4.66 x 103 1.24 x 104
A3 undoped
77 26.3 5.03 x 1013 4715
300 23.11 4.568 x 1013 5915
A4* undoped
77 105.8 3.406 x 103 1733
300 19.8 4.66 x 1013 6766
Bl 1 x10%°
77 78.8 3.81 x 1013 2081
300 18.6 +4.518e13 7444
B2 1 x 10%°
77 79.2 +3.640e13 2166
300 20.7 4,73 x 1013 6364
B3 1 x 101%°
77 71.2 3.93 x 103 2232
300 18.8 4.37 x 1013 7595
B4* 5x 1018
77 102 3.72 x 103 1647
Table S1.

Hall-effect measurement data for several MBE grown 13 nm GaN on AIN heterostructures
showing the reproducibility of the 2D hole gas properties in undoped and doped structures.
Samples A1-A4 are undoped heterostructures, whereas samples B1-B4 have ~10 nm thick Mg-
doped GaN caps on the top of a ~3 nm undoped GaN layer grown on AIN. Samples A4 and B4
were also measured using temperature dependent Hall effect, and are presented in the main text in
Figure 3. The data clearly shows the presence of a highly repeatable 2D hole gas, both in the doped

and undoped heterostructures.
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