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ABSTRACT

A high-conductivity two-dimensional (2D) hole gas is the enabler of wide-bandgap p-channel transistors. Compared to commonly used
AlN template substrates with high dislocation densities, the recently available single-crystal AlN substrates are promising to boost the
speed and power handling capability of p-channel transistors based on GaN/AlN 2D hole gases (2DHGs) thanks to the much lower dislo-
cation densities and the absence of thermal boundary resistance. Using plasma-assisted molecular beam epitaxy, we report the observation
of polarization-induced high-density 2DHGs in undoped pseudomorphic GaN/AlN heterostructures on the single-crystal AlN substrates
with high structural quality and atomic steps on the surface. The high-density 2DHG persists down to cryogenic temperatures with a
record high mobility exceeding 280 cm2/V s and a density of 2.2! 1013/cm2 at 10 K. These results shed light on aspects of improving
2D hole mobilities and indicate significant potential of GaN/AlN 2DHG grown on bulk AlN substrates for future high performance wide-
bandgap p-channel transistors.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0066072

A strong need exists for a wide-bandgap p-type transistor coun-
terpart of the n-channel GaN high electron mobility transistors
(HEMTs) for power electronics and high-voltage digital RF CMOS cir-
cuits.1–6 The p-channel transistor counterpart has proven to be diffi-
cult,1 since the wide bandgap of GaN leads to high hole effective
masses and deep valence bands, which are difficult to dope and diffi-
cult to contact with typical metal workfunctions.2,7–9 Among the vari-
ous structures proposed as a platform for p-channel III-Nitride
electronics,3,4,10–12 the polarization-induced 2D hole gases (2DHG) at
GaN/AlN hetero-interface has received recent attention. The low sheet
resistance (because of the very high density 2DHG) and extreme
voltage-handling capability (as a result of the high thermal conductiv-
ity and high breakdown electric field of GaN and AlN) in this structure
lead to the recent demonstration of the first nitride p-channel

transistors that break the GHz speed barrier (with fT=fmax " 20 GHz),
and currents exceeding 400mA/mm.1

The substrates used for epitaxial growth of GaN/AlN 2DHG het-
erostructures in previous studies have been AlN templates on sap-
phire.3 The large lattice mismatch between AlN and the substrate
(typically sapphire or SiC) results in a high density ("109 # 1010

cm#2) of dislocations. These dislocations affect the mobility of 2D
holes by acting as scattering centers. In addition, they also contribute
to leakage currents in AlN based transistors, degrade the breakdown
voltages, and limit high power operation.13,14 One method to mitigate
this problem is to use lattice-matched single crystal AlN substrates.
Recently, bulk AlN single-crystals grown by physical vapor transport
(PVT) with dislocation densities <104 cm#2 (6 orders lower than that
of AlN templates) have become available.15,16 Homoepitaxy on single
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crystal AlN substrates can remove the undesired thermal boundary
resistance (TBR) at the AlN/SiC (sapphire) interface.17 TBR has been
found to be one of the limiting factors for efficient heat dissipation of
GaN based high power devices.18–21 A large TBR increases the temper-
ature rise in the device channel and degrades performance and reliabil-
ity. Therefore, a 2DHG at GaN/AlN interface on a structurally pure
single-crystal AlN substrate is of scientific interest to better understand
the role of disorder on the transport properties of 2D holes and also of
technological interest for exploring the speed and power handling lim-
its of nitride p-channel transistors.

In this work, we report epitaxial growth of undoped pseudomor-
phic GaN/AlN heterostructures on single-crystal AlN substrates by
plasma-assisted molecular beam epitaxy (MBE) with smooth surface
morphology. The presence of polarization-induced 2DHGs in these
structures was confirmed by temperature dependent Hall-effect mea-
surements. The low temperature mobility of the 2D holes in this study
grown on single-crystal AlN substrates is higher than all earlier reports
for similar structures grown on AlN/sapphire templates3 and reaches
as high as> 280 cm2/V s at 10K. We believe that this is the highest
reported hole mobility in GaN to date.

The MBE growth of the epitaxial structures in this study was per-
formed in a Veeco GENxplor MBE system. High purity elemental Al
and Ga effusion cells supplied the metal fluxes, and ultra-high purity
nitrogen gas was supplied through a rf plasma source. KSA
Instruments reflection high-energy electron diffraction (RHEED)
apparatus with a Staib electron gun operating at 14.5 kV and 1.45A
was used to in situmonitor the film growth.

The bulk substrates used in this study are Al-polar AlN sub-
strates with dislocation densities <104/cm2 from Crystal IS.15

Following the same ex situ cleaning procedure as outlined in our
previous work,22 diced AlN substrates of area of 1! 1 cm2 were
mounted on faceplates and loaded into the MBE system and out-
gassed at 200 $C for 8 h.

Prior to the growth of epi-layers, in situ chemical cleaning of the
substrate was first performed in the MBE growth chamber in a back-
ground pressure of "10#9 Torr without the nitrogen gas flow. The
substrate was heated up to a thermocouple temperature of 950 $C and
then exposed to an aluminum metal flux of 10 nm/min for 30 s. The
high temperature was held long enough for the deposited Al to desorb.
Such process of adsorption and desorption of Al was repeated for 20
cycles. This Al-assisted cleaning has been found to be effective in deox-
idizing AlN bulk substrate surfaces for achieving true homoepitaxial
growth by MBE.16,22

After the in situ Al-assisted cleaning, a 700nm AlN buffer layer
was grown at a thermocouple temperature of 910 $C with the Al beam
equivalent pressure (BEP) of 5.8! 10#7 Torr and nitrogen plasma
operating at 200W with the N2 gas flow rate of 1.95 sccm. Excess Al
droplets were in situ desorbed at an elevated thermocouple tempera-
ture of 940 $C (monitored by RHEED intensity change) before cooling
down the substrate to a thermocouple temperature of 700 $C.
Following the deposition of a 100nm undoped Al0.95Ga0.05N layer and
the in situ desorption of excess Ga droplets, the 500nm AlN buffer
layer and the 13.5 nmGaN layer were deposited under metal-rich con-
ditions without growth interruption. The substrate was then immedi-
ately cooled down to room temperature. The excess Ga droplets were
ex situ removed by HCl. The reason for metal-rich condition during
GaN growth is to have excess Ga accumulating on the surface. The

excess Ga acts as a surfactant to help to achieve a smooth surface and
suppress initial elastic relaxation.23,24

The purpose of the high Al content AlGaN layer is to prevent
unwanted silicon donor dopants “floating” on the growth front of the
AlN under the Al-rich growth condition from reaching and compen-
sating the GaN/AlN heterojunction where the 2DHG is desired.25,26 A
schematic layer structure is shown in Fig. 1(a). A simulation using a
self-consistent 1D Schr€odinger–Poisson solver suggests the presence
of a high density polarization-induced 2DHG at the GaN/AlN inter-
face, as shown in Fig. 1(b). Figure 1(c) shows the RHEED pattern
viewed along GaN (11"20) azimuth by the end of the growth at 700 $C.
The streaky RHEED pattern indicates the smooth surface and high
crystallinity of the epitaxial structure in this study.

The structural quality of the epitaxial structure is characterized
by x-ray diffraction (XRD) using a Panalytical XPert Pro setup at
45 kV and 40mAwith Cu Ka1 radiation (1.5406 Å). Figure 2(a) shows
the measured symmetric 2h/x XRD scan of the sample, along with the
simulated diffraction pattern based on the layer structure shown in
Fig. 1(a). The simulation has been offset for clarity. A good agreement
between the measured and simulated result is observed. The clearly
visible interference fringes suggest abrupt hetero-interfaces. The recip-
rocal space map (RSM) around the asymmetric (105) diffractions of
GaN and AlN shown in Fig. 2(b) suggests that the GaN layer is fully
strained to the underlying AlN layer.

The surface morphology of the material stack was measured
using atomic force microscopy (AFM) in an Asylum Research Cypher
ES setup. Smooth surface morphology with a root mean square (rms)
roughness of 0.6nm in a 10! 10 lm2 AFM scan can be seen in
Fig. 3(a). No spiral hillocks or surface pits were observed. This surface
morphology is distinct from earlier reports grown on AlN/sapphire
templates, where a high density of spiral hillocks was observed.3 Since
the spiral hillocks are known to be signatures of dislocations for AlN
homoepitaxy, similar to metal-rich GaN epitaxy,16,27 the absence of
spiral hillocks in this study indicates a significantly reduced density of
dislocations. Furthermore, the 2! 2 lm2 AFM scan in Fig. 3(b) shows
the presence of smooth and parallel atomic steps. The inset shows a
line scan height profile along the black line in Fig. 3(b). The height of
each step is very close to the one monolayer thickness of c-plane GaN.
This further suggests the step-flow growth mode in this study and
corroborates the high structural quality of the epi-layers.

Temperature dependent Hall-effect measurement was conducted
in van der Pauw geometry on as-grown GaN/AlN heterostructure
samples with indium dots as the contacts under 1 Tesla magnetic field
to examine properties of the hole gas in this structure. A positive sign
of the Hall coefficient was observed at all measured temperatures, con-
firming the presence of p-type conductivity. Figure 4(a) shows the evo-
lution of the hole density extracted from Hall-effect measurements as
a function of temperature. The hole density shows a moderate depen-
dence on temperature, decreasing from ps ¼ 4:7! 1013/cm2 at 290K
to ps ¼ 2:2! 1013/cm2 at 10K. Similar temperature dependence of
hole density was also observed in a previous report grown on AlN/sap-
phire templates.3 The measured hole density at 290K is consistent
with the calculated value of ps " 4:7! 1013/cm2 [shown by the gray
dashed line in Fig. 4(a)] using self-consistent Schr€odinger–Poisson
simulation, if the surface Fermi level is "1:9 eV above the valence
band of GaN at room temperature, as has been recently measured
using contactless electroreflectance (CER) technique.28 This moderate
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FIG. 1. (a) Schematic of the epitaxial structure in this study. (b) Calculated band diagram and hole gas density at GaN/AlN interface by self-consistent Schr€odinger–Poisson
simulation. (c) RHEED pattern viewed along GaN (11"20) azimuth by the end of the growth.

FIG. 2. (a) Measured (red) and simulated (blue) symmetric 2h/x x-ray diffraction (XRD) scan across the (002) diffraction for the sample structure in this study. The simu-
lated result has been offset for clarity. (b) Reciprocal space map scan of the asymmetric (105) diffractions of GaN and AlN shows that the GaN layer is fully strained to the
AlN layer.
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FIG. 3. (a) 10! 10 lm2 AFM image of the as-grown surface with root mean square (rms) roughness "0:6 nm. (b) 2! 2 lm2 AFM image with rms roughness "0:1 nm
shows the presence of parallel and smooth atomic steps. Inset: line scan height profile along the black line shows each step height "1 monolayer of c-plane GaN.

FIG. 4. (a) Measured hole density from Hall-effect measurements as a function of temperature (red circles) and linear fitting (black line). Gray dashed line indicates the calcu-
lated hole density of ps " 4.7! 1013/cm2 at room temperature. Inset: schematic of the possible source of 2DHG. (b) Measured (blue circles) and calculated (black curve) hole
mobility vs temperature. Gray dashed lines show the individual contributions from acoustic phonons (lap), optical phonons (lpop), and other extrinsic mechanisms (lext),
respectively.
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temperature dependence of the hole density is in sharp contrast to the
exponential dependence observed in Mg-doped control samples3 and
confirms the polarization-induced nature of the 2DHG in this study. A
linear fitting [black line in Fig. 4(a)] of the temperature dependent hole
gas density ps(T) ¼ ps(0K) þa T gives ps(0K) ¼ 2:3! 1013/cm2 and
a ¼ 8:7! 1010 cm#2 K#1. The origin behind the temperature depen-
dence of hole density is still under investigation at this point. One possi-
ble scenario could be the temperature dependent charge transfer
between localized surface states and the 2DHG. Assume that there exist
localized acceptor-like surface states (which do not contribute to trans-
port) in thermal equilibrium with the 2DHG in the valence band
(which contribute to transport). With the decreasing temperature, some
of the holes will transfer from the GaN/AlN interface to these localized
surface states in order to maintain thermal equilibrium as well as charge
neutrality. This is equivalent to electrons from the surface states filling
the hole states (empty states in the valence band). Future exploration on
how the temperature dependence of 2DHG density varies under differ-
ent surface treatment conditions (such as surface passivation) is under
way and will be of high value to evaluate this hypothesis.

We mention the potential source of the 2DHG in this GaN/AlN
heterostructure. Because holes represent empty states in the valence
band, the source of the 2DHG is in essence the sink of valence band
electrons. We hypothesize that surface states act as the sink of valence
band electrons in the GaN/AlN heterostructure with a GaN surface
exposed to air. Specifically, electrons from the valence band go to
unoccupied localized states on the surface. The inset of Fig. 4(a) shows
a schematic of such a process. If instead of a bare surface, a metal gate
is deposited, then the large polarization field transfers electrons from
the valence band to the empty states of the metal above its intrinsic
Fermi level. If, on the other hand, defects exist in the GaN layer or the
AlN layer below Fermi level inside the bandgap, the valence band elec-
tron could be transferred there. We think that this is unlikely because
of the high-speed ("20# 40 GHz) response of p-type field effect tran-
sistors (pFETs) would not be possible if this was the case.
Furthermore, assuming that such defect states spread over "10 nm
from the interface, a 2DHG density of "4! 1013/cm2 would require
"4! 1019/cm3 deep traps, which is also unlikely.

Figure 4(b) shows the temperature dependence of hole mobility
from Hall-effect measurements. The 10K hole mobility exceeds
280 cm2/V s. We believe that this is the highest hole mobility reported
in GaN to date. The mobility of the 2D holes in GaN/AlN heterostruc-
ture has been theoretically studied in a previous report using a numeri-
cal approach.7 The low temperature mobility of holes is limited by
extrinsic scattering mechanisms, including interface roughness, dislo-
cations, and impurities, whereas phonon scattering (both acoustic and
optical phonons) dominate at higher temperatures.7 Here, we consider
a simplified model by assuming that all the 2D holes occupy a single
heavy hole (HH) band and scatter with phonon modes in GaN.
Though in reality, holes occupying the light hole (LH) band also con-
tribute to the transport,7 this single band approximation allows an
analytical description of phonon scattering and agrees reasonably well
with the experimental data (as shown later).

Under an effective mass approximation, the acoustic-phonon
limited hole mobility lap for 2D holes at temperature T is given by29

lap '
16eqv2s "h

3

3kBTD2
ac m

2
h bðpsÞ

; (1)

where e is the electron charge, kB is the Boltzmann constant, "h is the
reduced Planck constant, Dac¼ 6.2 eV is the acoustic phonon defor-
mation potential,25 q ¼ 6:15! 103 kg/m3 is the GaN mass density,
Vs¼ 7963 m/s is the sound velocity in GaN, mh ¼ 2m0 is the heavy
hole effective mass in GaN7 (with m0 the free electron rest mass), ps is
the 2DHG density, and bðpsÞ ¼ ½ð33mh e2 psÞ=ð8"h2e0j0Þ+1=3 is the
variational Fang–Howard wavefunction parameter that quantifies the
spatial spread of the 2DHG (j0 is the low-frequency dielectric constant
of GaN).

The optical-phonon limited hole mobility lpop for 2D holes at
temperature T can be expressed as30

lpop '
j? e0 k0 "h

2

2pex0 m2
h N Gðk0Þ

1þ 1# e#y

y

! "
; (2)

where j? ¼ 1=ð1=j1 # 1=j0Þ (with j1 ¼ 5:4 the high-frequency
dielectric constant and j0 ¼ 8:9 the low-frequency dielectric constant
of GaN), e0 is the vacuum permittivity, "hx0 ¼ 92 meV is the optical
phonon energy in GaN, k0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mhx0="h

p
is the hole wave vector cor-

responding to the optical phonon energy, N is the Bose–Einstein distri-
bution function NðTÞ ¼ 1=½exp ð"hx0=kBTÞ # 1], y ¼ p"h2ps=mhkBT ,
and Gðk0Þ is the form factor given by Gðk0Þ ¼ bð8b2 þ 9k0 b
þ3k20Þ=8ðk0 þ bÞ3.

Note that because of the heavily degenerate 2DHG concentration,
the Hall factor is unity, and the calculated field effect mobility can be
compared directly with the Hall-effect mobility. Mobility limited by
extrinsic scattering mechanisms (lextr), such as interface roughness, dis-
locations, and impurities, is considered to be independent of tempera-
ture7 and is used as a “tuning parameter.” The black curve in Fig. 4(b)
shows the calculated hole mobility as a function of temperature by
combining all the aforementioned scattering mechanisms using
Matthiessen’s rule. An acceptable agreement between the calculated val-
ues and experimental data is achieved with lextr ¼ 320 cm2/V s. This
value is higher than lextr " 200 cm2/V s for GaN/AlN 2DHG grown
on AlN/sapphire templates in earlier reports.3,7 Since lextr includes scat-
tering by dislocations, the increase in lextr from AlN/ sapphire template
substrates to AlN bulk substrates is expected due to a reduced density of
dislocations on AlN bulk substrates. Chemical analysis, such as second-
ary ion mass spectrometry (SIMS), will be an important future direction
to compare the impurity levels at GaN/AlN interface when grown on
AlN bulk substrates and AlN/sapphire template substrates.

To better understand the impact of the substrate on the transport
properties of 2DHGs at GaN/AlN interface, the hole density and hole
mobility of multiple samples (including the ones grown on AlN bulk
substrates in this work and those grown on AlN/sapphire templates
from Ref. 3) at 300, 77, and 10K are compared in Fig. 5. 2DHGs are
observed in multiple samples grown on AlN bulk substrates with
reproducible transport properties. As shown by the gray dashed lines
in Fig. 4(b), the hole mobility at high temperature is limited mainly by
phonon scattering. As a result, various samples show similar hole
mobilities at 300K, independent of the substrate. In contrast, the low
temperature hole mobility is limited by extrinsic mechanisms, such as
interface roughness, dislocation, and impurity scattering. This explains
why the low temperature (77 and 10K) mobilities of the 2DHGs
grown on AlN bulk substrates with reduced density of dislocations
consistently exceed those grown on AlN/sapphire templates as seen in
Fig. 5. The sheet resistances of all samples show metallic behavior and
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decrease monotonically with the decreasing temperature. Thanks to
the higher hole mobility, the samples grown on AlN bulk substrates in
this study show repeatably lower sheet resistances than the ones grown
on AlN/sapphire templates across the whole temperature range from
10 to 300K. The lowest sheet resistances achieved in this work are
4.8 k X=( at 300K and 0.9 k X=( at 10K. Low sheet resistance is
desired for high speed, high performance p-channel devices,1,2,6 and
this again highlights an advantage of the bulk AlN platform.

In conclusion, epitaxial growth of undoped pseudomorphic GaN/
AlN heterostructures on single crystal AlN substrates were achieved by
plasma-assisted MBE. Temperature-dependent Hall-effect measure-
ments confirm the existence of polarization-induced 2DHGs at the
GaN/AlN heterojunction. The measured hole density shows a moderate
dependence on temperature, consistent with its polarization-induced
origin. The sharp hetero-interface, smooth surface morphology, and the
low dislocation density (<104/cm2) of AlN bulk substrates enable the
observation of record high hole mobility in GaN (> 280 cm2/V s at
10K). Moreover, the thermal boundary resistance between AlN and
other substrates (which limits the performance and reliability of devices)
is naturally absent on the bulk AlN platform. These results, together
with the recent demonstration of high-power X-band (with output
power of 15.2W/mm) and W-band (with output power of 2.2W/mm
at 94GHz) n-channel HEMTs on the same AlN platform,31,32 offer sig-
nificant hope to take this wide-bandgap CMOS platform into unex-
plored application domains in the RF and power electronics arenas.6

For example, logic blocks enabled by this GaN/AlN 2DHG could be
monolithically integrated with the existing high-speed wide-bandgap
power switches as control circuitry. Such integration can help to elimi-
nate the parasitics, reduce the system complexity, and further boost the
overall performance of GaN based power integrated circuits.33,34
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