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Very High Density (>10'* cm™2) Polarization-Induced 2D
Hole Gases Observed in Undoped Pseudomorphic InGaN/

AIN Heterostructures

Reet Chaudhuri,* Zexuan Zhang, Huili Grace Xing, and Debdeep Jena

High hole densities are desired in p-channel field effect transistors to improve
the speed and on-currents. Building on the recently discovered undoped,
polarization-induced GaN/AIN 2D hole gas (2DHG), this work demonstrates
the tuning of the piezoelectric polarization difference across the heteroint-
erface by introducing indium in the GaN channel. Using careful design and
epitaxial growths, these pseudomorphic (In)GaN/AIN heterostructures result
in some of the highest carrier densities of >10'* cm2in a Ill-nitride hetero-
structure—just an order below the intrinsic crystal limit of =10'> cm~2 These
ultra-high density InGaN/AIN 2DHGs show room temperature mobilities of
0.5—4 cm? V' s7' and do not freeze out at low temperatures. A characteristic
alloy fluctuation energy of 1.0 eV for hole scattering in InGaN alloy is pro-

posed based on the experiments.

1. Introduction

The presence of intrinsic polarization ! in I1I-nitride semicon-
ductors have been used to generate high mobility 2D electron
gases (2DEGs) by utilizing the positive polarization disconti-
nuity across a heterointerface since the early 1990s. These have
yielded as-grown 2DEG densities 23! ranging from low-5 x 1012
to high 5 x 10" cm™ without the need of donor dopants.
These 2DEGs have a high room temperature mobility of
1400-1800 cm? V7! s7! resulting in low sheet resistances
<200 Q per sq. The recently discovered °! high-density 2D hole
gas (2DHG) in undoped GaN/AIN heterostructures have proved
that the same principle of polarization generates 2D confined
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holes at a negative polarization difference
interface without acceptor doping. Com-
pared to the inefficient p-type acceptor
doping using magnesium (Mg), [ these
polarization-induced 2DHGs enable some
of the highest conductivity single-channel
p-type layers in GaN. The densities of
5 x 108 cm™ in these structures represent
some of the highest 2D hole gas densities
among Ill-nitride semiconductor hetero-
structures as they utilize the full intrinsic
polarization discontinuity between the
GaN and AIN, as opposed to previously
reported (Al,In)GaN/GaN or InGaN/GaN
interfaces.’ % 2D carrier densities higher
than 1 x 10" cm™ have not been measured
in Ill-nitride semiconductor heterostruc-
tures so far, neither in an as-grown struc-
ture nor field-effect induced channel, for electrons or holes.
Even though these GaN 2DHGs typically have resistances
which are orders of magnitude higher than those of 2DEGs, these
are critical to realize GaN p-channel field effect transistors (FETS).
These p-channel FETs combined with GaN n-channel high elec-
tron mobility transistors (HEMTSs) will enable complementary
GaN circuits ! for energy efficient electronics in the future.
Recently, the aforementioned GaN/AIN high-density 2DHGs
were used as the channel to break the GHz-speed barrier for the
first time in GaN p-channel FETs [ with record high on-cur-
rents greater than 0.4 A mm™ and f;/f;,,, of 23/40 GHz. In these
devices, the as-grown 2DHG density is partially depleted under
the gate using a recess etch. However the access resistances are
determined by the as-grown 2DHG conductivity and therefore
the density. If the 2DHG density is engineered to be higher in
the access regions, the resultant lower access resistance should
further enhance the on-currents, transconductance and there-
fore operation speeds of these state-of-art GaN p-channel FETs.
In this work very high 2DHG densities >1 x 10" cm2 are
demonstrated in carefully designed and grown pseudomorphic
InGaN layers on thick, relaxed AIN buffer layers. It is shown
that introduction of indium in the strained GaN channel of a
GaN/AIN structure boosts the resulting mobile charge densi-
ties, primarily because of the increase in piezoelectric compo-
nent of polarization in the strained InGaN layer. This work rep-
resents the first report of polarization-induced carrier densities
greater than 1 x 10" cm™ at a single I1I-nitride heterointerface,
which is just an order below the atomic limit of 10 cm™2. The
best hole mobilities in these high-density 2DHGs are found to
be =5 cm? V' s at 300 K and =15 cm? V! s7' at 10 K. These are
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Figure 1. a) Metal-polar undoped InGaN/AIN heterostructure with the expected 2DHG at the interface studied in this work. b) A simulated band dia-
gram and charge profile for 11 nm Ing 4;Gag 93N on AIN buffer layer, showing the negative polarization-induced fixed sheet charge o, at the InGaN/AIN
interface which is partly compensated by the mobile 2DHG of density p;. c) Contour plot of the expected o in this hetereostructure as a function of
the InGaN layer relaxation r and In composition x in the InGaN layer. d) The 1D profiles along the r=0 and r=11is plotted. An increase in polarization
fixed charge is expected on increasing In composition while maintaining pseudomorphic compressive strain in the layer.

lower than =25 cm? V™' s™'and =200 cm? V™! s7' at 300 and 10 K
respectively seen in GaN/AIN 2DHGs. These lower mobilities
are shown to be due to the dominance of alloy disorder scat-
tering at room temperatures. By comparing the experimental
data to a simple scattering model, the InGaN/AIN 2DHG
system allows the direct measurement of the alloy fluctuation
potential of 1.0 eV for holes in InGaN.

2. Heterostructure Design

When a metal-polar GaN or InGaN crystal is epitaxially grown
on a thick AIN buffer layer, as shown in Figure 1a, a fixed nega-
tive sheet charge o, arises due to the intrinsic polarization field
discontinuity (AP) at the InGaN/AIN interface. The polarization
in Ill-nitride semiconductors has two components—the spon-
taneous polarization Pgp and the piezoelectric polarization Ppy.
Assuming a linear interpolation between the physical proper-
ties!®l of InN and GaN, the polarization-induced fixed sheet
charge oy is given byl

_ plnGaN AIN InGaN
Og(x,7)=Pp " —Pyp — P

C

InGaN AIN 13

=Py~ —Pyp —fox(esl—eu_
Csy

=Apsp_zm(eﬂ_e” &)
C33

Ao
where e3;/33 are the piezoelectric coefficients and C3/33 are the
elastic constants of InGaN. g, is the isotropic in-plane strain
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in the InGaN layer, given by €., = (a(r) — ag)/day Where a, is the
relaxed in-plane lattice constant of InGaN, and a(r) is the lat-
tice constant of the strained InGaN film on AIN. ay, €3133, C13/33
are functions of the indium composition x and are assumed to
be linear interpolation of corresponding values for GaN (x = 0)
and InN (x =1).

An InGaN layer grown on AlN is ideally expected to be com-
pressively strained throughout the composition range as both
GaN (ag™ = 3.189 A) and InN (ag™ = 3.553 A) have larger in-
plane lattice constant than AIN (a;™ = 3.112 A). However, a real
crystal tends to relax to release the built-up strain energy. The
actual epitaxial strain relationship between InGaN crystal and
AIN buffer layer underneath is represented by the relaxation r
through the relation a =r-(a, —a{?lN)+a§1N. r = 0 represents a
pseudomorphic InGaN layer on AIN whereas r = 1 represents a
fully relaxed InGaN layer on AIN. Therefore the o, is a function
of the InGaN composition x and film relaxation r.

The simulated charge and energy band profile for a metal-
polar 11 nm InGaN layer on AIN with x = 0.07 is shown in
Figure 1b. The polarization-induced negative fixed charge o, at
the InGaN/AIN interface is indicated in the charge profile. If
the InGaN layer is sufficiently thick, then o is partly compen-
sated by mobile holes which are confined by the valence band
offset at the InGaN/AIN interface to form a mobile 2D hole
gas (2DHG). Within this model, the o, therefore represents
the maximum achievable 2DHG density p; in a given InGaN/
AIN structure.

The upper limit of sheet density o, in metal-polar InGaN/
AIN heterostructures is calculated as a function of x and r using
Equation 1 and the known values of elastic and polarization

© 2022 Wiley-VCH GmbH
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constants.'¥] The results are shown as a contour plot in
Figure 1c. The profiles along r = 0 and r = 1 are plotted in
Figure 1d. At x = 0 and r = 0, that is, in a pseudomorphic GaN/
AIN structure, 0, = 5 x 101 cm™. This agrees with the experi-
mentally measured 2DHG densities in undoped GaN/AIN
interfaces.!l In a fully relaxed InGaN film (r = 1), o, decreases
with increasing In composition x. This is because InN has a
lower spontaneous polarization Pgsp than GaN. However, the
lattice mismatch between InGaN and AIN increases with
x, increasing the strain €,, and thereby increasing the Ppy
contribution to the o, The net effect is a boost in o, from
=5 X 10" cm™ for GaN/AIN to >1.5 x 10" cm™2 for InN/AIN.
Therefore, a pseudomorphically strained InGaN layer on AIN
should result in a higher o, and consequently higher 2DHG
concentrations than those in GaN/AIN structures.

The epitaxial growth of pseudomorphic InGaN layers on AIN
is particularly challenging due to different thermal stability and
lattice mismatch. InN starts decomposing at =630 °C, which is
below the optimal molecular beam epitaxy (MBE) growth tem-
peraturel”18 of AIN of =750-1000 °C. This necessitates a growth
interruption to lower the temperature before InGaN deposition.
Additionally, due to the lattice mismatch with respect to the AIN
substrate, there exists a finite InGaN coherent critical thickness
h. beyond which it relieves the strain energy by forming misfit
dislocations!®l and no longer remains pseudomorphic to
AIN. Using the Fischer model of strain relaxation, the critical
thickness h. of InGaN grown on (relaxed) AIN and GaN sub-
strates are calculated as a function of the In composition x. The
calculated values are plotted as solid lines in Figure 2a,b. Pre-
vious experimental reports of pseudomorphic InGaN grown on
GaN"Bl agree well with the calculation in Figure 2a, validating
the model. For InGaN on AIN heterostructures, the expected h,.
decreases with increasing In composition x—from 15 nm for
x =0, to 3 nm for x =1, as shown in Figure 2b. The h. of 15 nm
for GaN/AIN (x = 0) concurs with the previous experimental
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observationl of 13 nm pseudomorphic GaN on AIN. According
to this model, low-composition x < 0.1 InGaN layers thinner
than =15-10 nm should be pseudomorphically strained to the
underlying AIN, with expected charge o, > 5 x 10 cm™2.

Additionally, for the fixed charges o, to be compensated by a
mobile 2DHG, the InGaN layer needs to be thicker than a cer-
tain critical thickness d, beyond which the polarization dipole
is neutralized by carriers from the surface states. For example,
in an AIN/GaN 2DEG,?" 4, = 1 nm. For a GaN/AIN 2DHG,
this critical thickness has been experimentally found* to be
do =3 nm.

Thus, considering the above trade-offs, it is expected that
=3-15 nm thick, low-composition x < 0.1 undoped InGaN layers
grown on AIN should be pseudomorphically strained and yield
mobile 2DHGs with densities higher than 5 x 10 cm™

3. Results and Discussion

To test this, a series of InGaN on AIN heterostructures were
grown using plasma assisted MBE (PA-MBE). The details of
the growth are provided in Experimental Section. The struc-
tures grown and their transport properties are summarized in
Table 1.

Atomic force microscopy (AFM) scans of all samples except
sample F showed smooth surface morphology with root mean
square (rms) roughnesses of <1 nm. Sample F had a rougher
surface with island-like features and a rms roughness of >1 nm.
Scans from samples A and D are shown in Figure 3a. Atomic
steps were visible forming spiral features, a characteristic of
a screw dislocation mediated MBE-growth.?!l The other sam-
ples in Table 1 exhibited similar surface morphology. X-ray dif-
fraction (XRD) scans along (002) symmetric peak for selected
samples A, D, and G are shown in Figure 3b. The InGaN
compositions and the layer thicknesses are estimated from
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Figure 2. a) Previous experimental reports of pseudomorphic InGaN layers on GaN™™5l compared with the calculated critical coherent thickness!™
of InGaN on GaN to validate the model. b) The predicted critical coherent thickness'® of InGaN on AIN as a function of In composition. The experi-
mental data points from InGaN on AIN samples grown using MBE in this work are also included. The pseudomorphically strained InGaN layers on
AIN all lie below the critical thickness line, agreeing with the theoretical prediction. The X-ray diffraction reciprocal space maps of samples A and F
are shown in Figure 3c,d.
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Table 1. Structural details of the InGaN/AIN heterostructures studied in this work, with their corresponding 2DHG densities p;, mobilities 1, measured
via Hall-effect at 300 and 77 K. Sheet resistance R, of >10° kQ per sq. indicates resistive samples in which the transport could not be extracted using
Hall effect measurements. All samples had a =400 nm thick AIN buffer layer grown on metal-polar AIN on Sapphire template and were unintentionally-
doped (UID). The mean values of the Hall-effect results are shown here across multiple measurements on co-loaded samples. All conductive sam-

ples exhibited positive Hall-coefficient confirming the presence of mobile holes.

ID Channel layer p300K 101 cmY ‘LLSOOK [em2 V75T R300K [kQ2 per sq.] pI7K 10" cm2] ‘u;7K [em?V7sT] RI7K [kQ per sq]
A 11 nm IngyGagesN 143 36 16.2 0.56 9.84 10.6

B 4nm IngesGagesN 3.15 0.27 73.5 236 0.54 49

C 3.1 nm Ing0;Gag osN - - >10° - - >10°

D 6.2 nm Ing0sGagoiN 429 0.95 153 2.29 227 2134

E 15 nm In,06Gag ssN 15 22 17.6 0.52 9.5 10.7

F 50 nm Ing0;Gag e3N - - >10° - - >103

G 13 nm GaN 0.46 231 5.9 34 105 1.7

the (002) peak position and the fringe spacings respectively.
The extracted data for all samples are summarized in Table 1.
XRD reciprocal space mapping (RSM) around asymmetric
AIN (105) peak was performed to characterize the strain in the
InGaN layers and compare with the critical thickness predic-
tions. Apart from sample F, the InGaN layers in the other sam-
ples were also confirmed to be fully strained to AIN. One of
the scans from sample A with a 11 nm of In, ;Gag 3N layer is
shown in Figure 3c. The relative positions of the InGaN and
AIN (105) peaks clearly confirm that the InGaN layer is pseu-
domorphically strained to AIN. The experimental data for sam-
ples A-E, plotted in Figure 2b, lie below the predicted critical
thickness of InGaN/AIN, agreeing with the calculations. To
further validate this model, sample F with a thick =50 nm of
Ing 7Gag 93N layer on AIN was also grown under similar con-
ditions and characterized. Since 50 nm is above the predicted
critical thickness in Figure 2b, the film is expected to relax. The

XRD RSM for sample F, shown in Figure 3d, confirms that it
is indeed the case and that the 50 nm InGaN layer has partly
relaxed and is no longer pseudomorphic strained to the AIN.
A partial relaxation of =61% is extracted from the RSM. This
gradual relaxation of the thick InGaN film also leads to a spread
in In composition of 7 + 1% in sample F, which is attributed to
compositional pulling effects previously observed in AlGaN.[??
Such a spread of composition is not seen in the other pseu-
domporphically strained samples A-E. The strain relaxation
also partly explains the rougher surface morphology observed
in sample F. To the authors’ best knowledge, this is the first
controlled study of pseudomorphic epitaxial growth of InGaN
layers directly on AIN.

Thus, the InGaN/AIN samples A-E have the desired struc-
tures in which a high-density 2DHG is expected. Hall-effect
measurements were performed on the samples using soldered
corner indium contacts confirm the presence of the 2DHG.
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Figure 3. a) Representative AFMs of the surface of pseudomorphic InGaN/AIN heterstructures, samples A and D in Table 1. Atomic steps are visible
forming spirals around threading dislocations with a screw component. b) An X-ray diffraction (XRD) symmetric coupled scan along (002) showing the
position of the In peak change with the InGaN composition which allows estimation of the thickness and the composition of the layer. c¢) XRD reciprocal
space map (RSM) of sample A and sample F around the AIN (105) asymmetric peak confirming an 11 nm Ing ¢;Gag 93N layer is pseudomorphically-
strained to the AIN buffer whereas a 50 nm thick Ing;Gag 3N layer on AIN is relaxed. This agrees well to the calculated curves in Figure 2b of critical
thickness of InGaN/AIN.
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Figure 4. The 300 and 77 K Hall-effect measured 2DHG densities p; in the InGaN/AIN heterostructures plotted as a function of InGaN layer thickness.
The expected p; at 300 K from a self-consistent 1D Schrodinger Poisson solver are also plotted for comparison. No significant change in p; is expected

upon cooling to 77 K from the simulations.

First, a control sample with just the AIN buffer layer without
any InGaN grown on top was measured and confirmed to be
resistive. Any measured conductivity in the other samples
hence should arise from mobile carriers at the undoped InGaN/
AIN interface. All the samples except sample C and F showed
Hall conductivity with a positive Hall coefficient. The results
of the Hall-effect measurements are summarized in Table 1.
Sample G, the GaN/AIN sample, shows a 300 K 2DHG density
of =4.5 x 108 cm™ as expected.! Among the InGaN/AIN sam-
ples, sample C and F are found to be resistive. The polarization-
induced 2DHG density is most likely absent in Sample C as
the Ing 4, Gago,N thickness of 3.1 nm is very close to the critical
thickness dy = 3 nm to induce the 2DHG. High resistance in
sample F could be due to the high density of mistfit disloca-
tions at the InGaN/AIN interface generated by the relaxation
of the InGaN layer. Interestingly, the room temperature 2DHG
densities for all conductive InGaN/AIN samples are greater
than 1 x 10 cm~2, which is more than 2 x the GaN/AIN 2DHG
density! The Hall mobilities range around 0.5-4 cm? V! s7! at
room temperature, and increase to 2-10 cm? V! s7! at 77 K.
The carriers do not freeze-out at cryogenic temperatures and
show repeatable increase in mobilities upon cooling—con-
firming the presence of high-density 2DHGs in these undoped
InGaN/AIN heterostructures. The best measured Hall
mobilities and charge densities are 2.6/9.8 cm? V! s7! and
1.47/0.59 x 10™ cm™ at 300 K/77 K respectively for sample A
with 11 nm Ingy;Gage3N. These represent the first time that
such high 2D charge densities are measured in a single channel
[II-nitride semiconductor system.

Figure 4 compares the experimentally measured 2DHG Hall
densities in the InGaN/AIN samples to the expected densities
ps calculated using a self-consistent 1D Schrodinger Poisson
solver.2sl The densities are calculated as a function of InGaN
thickness for the grown compositions. The simulations assume
a temperature of 300 K, however no significant variation in p is
observed on lowering the temperature to 77 K in the simulation.

Adv. Electron. Mater. 2022, 2101120
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The GaN/AIN 2DHG density (sample G) agrees with what is
expected. A clear discrepancy is observed in the expected and
observed InGaN/AIN 2DHG densities. The expected hole den-
sities for the InGaN/AIN with low In composition of 2-9% is
expected to have 2DHG densities in the range of =6 x 10* cm™.
However we observe high 2DHG densities of >1 x 10" cm™ at
room temperatures in all the grown samples, which is 2 x the
expected value. The measured 2DHG densities decrease upon
cooling for all the samples, including the GaN/AIN 2DHG. This
temperature-dependent 2DHG density behavior is similar to
previously reported GaN/AIN 2DHGs.*?4 The Hall densities are
however repeatable across Hall-effect measurements and sam-
ples grown on different MBE systems. The reason for this dis-
crepancy is not yet understood and needs further investigation.

Sample A with 11 nm Ing;Gay9;N 2DHG was chosen for
further investigation of hole transport in this high-density
2DHG system in comparison to the control sample G. Figure 5
shows the temperature-dependent Hall-effect measurement
results from 300 K down to 10 K on samples A and G. The
InGaN/AIN 2DHG density show a 2x increase compared to
the GaN/AIN 2DHG density throughout the temperature range
down to 10 K, as seen in Figure 5a. This also shows the robust-
ness of the 2DHG with temperature. The InGaN/GaN 2DHG
mobility is =3 cm? V™! s7! at 300 K and increases with cooling,
reaching =15 cm? V™! s7! at 10 K, as seen in Figure 5b. The
trend in temperature-dependent mobilities is similar to what
is observed in GaN/AIN 2DHGs. The GaN/AIN 2DHGs show
mobilites =25/190 cm? V-1 s at 300 K/10 K. The InGaN/GaN
2DHG mobilities are considerably lower than GaN/AIN 2DHG
mobilities, albeit at a higher charge density. Their high charge
density however results in a InGaN/GaN 2DHG sheet resist-
ance of =15/10 kQ per sq. at 300 K/10 K, which is comparable to
the GaN/AIN 2DHGs used in state-of-art p-channel FETs.[1%%°]
Hence, even with the lower room temperature hole mobilities,
the InGaN/GaN 2DHG is suitable for device applications as
source and drain regions to prevent source starvation.

© 2022 Wiley-VCH GmbH
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Figure 5. Temperature dependent Hall-effect measurement results for an InGaN/AIN 2DHG (sample A) and a GaN/AIN 2DHG (sample G). a) The
InGaN/AIN 2DHG charge density is double that of the GaN/AIN 2DHG throughout the temperature range. b) The 2DHG mobility however is about
10x lower in the InGaN/AIN 2DHG, with a 300 K (10 K) mobility of =3 cm? V' s (=18 cm? V™' s7). ¢) The InGaN/AIN 2DHG room temperature sheet
resistance of =15 kQ per sq. is competitive to the other 2DHGs demonstrated in IlI-nitrides.

How do we increase the room-temperature moblities of
these high-density 2DHGs? To answer this, first the limiting
carrier scattering mechanism needs to be understood. In GaN/
AIN 2DHGs, the room temperature mobilities are limited by
acoustic phonon (AP) scattering.??”] The acoustic-phonon lim-
ited hole mobility uap for a 2DHG with density p, at tempera-
ture T under the single parabolic valence band approximation
is given by (%8l

16e p v2 1’
3ksT DL m” (x) b(p., %) (2)

Uap(ps, %) =

where where e is the electron charge, h is the reduced Planck’s
constant and kg is the Boltzmann constant. D,. = 6.2 eV is the
acoustic phonon deformation potential.?’} m*(x) is effective
mass of holes in InGaN of composition x, interpolated between
the effective heavy-hole mass of GaN (2m) and InN (1.6 my),
where my is the free electron mass. Note that the m* for holes
in InGaN is lower than that of GaN. b(p, x) = [(33m*(x)e?ps)/
(8h2ee,)]M? is the variational Fang-Howard wavefunction para-
meter that quantifies the spatial spread of the 2DHG.

Because of the =2 X higher carrier density p;, acoustic
phonon scattering limited mobility u,p is expected to be lower
in the InGaN/AIN 2DHG system compared to GaN/AIN. Addi-
tionally, scattering is also expected from mechanisms specific
to alloyed crystal channels. In particular, carriers experience
scattering from the disorder they see in the crystal potential,
that is, alloy disorder scattering. Quantitatively, under a single
parabolic valence band approximation, the alloy disorder lim-
ited mobility fay0, of 2D hole carriers in an alloy channel with
composition x is given by 2]

en’ 16
m’(x)* Qo(x)* Us x(1-x) 3b(p,,x) 3)

.ua]loy(ps :x) =

Adv. Electron. Mater. 2022, 2101120

2101120 (6 of 10)

where Qo(x)=~/3 /2 a(x)* ¢o(x) is the volume of the wurtzite
unit cell, where ay and ¢, are the interpolated in-plane and
out-of-plane lattice constants of InGaN. Uy, the alloy fluctua-
tion potential, is the on-site potential difference if Ga atom is
replaced an In atom or vice versa. The value of Uy, represents
the strength or sensitivity of the alloy scattering, and is typically
on the order of the corresponding band offset between the con-
stituents of the alloy. U,y for an alloy is typically extracted by
fitting to experimental data. Effect of alloy disorder scattering
on electrons has previously been investigated in III-nitride
semiconductors, both for 2D electrons in AIGaNBY and InGaN
channels,3% and bulk polarization-doped graded structures.*?!
Similar investigations of alloy scattering of holes have not yet
been reported. Hole transport has been studied in Mg-doped
bulk alloys. In Mg-doped InGaN,*4 a decrease in room temper-
ature hole mobility with increasing In concentration upto x =
0.25 was observed, mobilites remaining below 10 cm? V! g7
throughout. However, the added presence of impurity scat-
tering and the freezing out of holes at low temperatures in Mg-
doped InGaN layers do not allow for an in-depth probe of the
alloy disorder scattering. The polarization-induced, undoped
InGaN/AIN 2DHG therefore offers an unique opportunity to
study this scattering mechanism.

Using Equations (2) and (3) , tap and pyjey for In,Ga; N/
AIN 2DHG at room temperature are calculated as a func-
tion of indium content x = 0 to 0.1 for 2DHGs densities of
ps = (0.5, 1, 1.5) x 10" cm™2. GaN physical constants of density
p = 6.15 x 10 kg m~3 and sound velocity v, = 7963 m s7! are
used as an approximation for low-composition InGaN with
x < 0.1. The total mobility 4, limited by AP and alloy disorder
scattering is then calculated according to Matthiessen’s Rule
Uit = Ualoy + Uap . The results are plotted in Figure 6, along
with the measured Hall data of InGaN/AIN 2DHGs from
Table 1. Note that the Hall factor is unity because of the heavily
degenerate 2DHG density.
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Figure 6. The experimental and theoretical room-temperature total hole mobility as a function of the InGaN composition. The model considers scat-
tering due to acoustic phonons (AP) and alloy disorder, for different 2DHG densities p a) 5% 10" cm™2, b) 1x 10" cm2, and c) 5 x 10" cm2. Unlike
the case of GaN/AIN 2DHGs,!?% alloy disorder scattering is expected to dominate in InGaN/AIN 2DHGs, limiting the hole mobilities to below the
intrinsic phonon limit at room temperature. The experimental data measured in this work concurs with the theoretical predictions for an alloy disorder

potential Uy =1 eV.

A reasonable agreement is observed between the calculated
hole mobilities with U, = 1.0 €V and the experimentally meas-
ured Hall mobilities. It is observed that AP scattering does not
change significantly within the indium concentration range of
x =0 to 0.1. The alloy disorder limited scattering is observed to
be the dominant scattering mechanism for 2DHGs in InGaN/
AIN with In composition x > 0.01. 4, is a strong function
of x, and decreases down from =50 cm? V™! s7' at x = 0.01 to
=6 cm? V7' sl at x = 0.1 for p; = 5 x 10"* cm~2. The observed
deviation from the calculated value in sample B is attributed
to the InGaN layer being very thin (4 nm) and therefore the
2DHG being very close to other possible remote scattering
centers on the surface.®® The alloy fluctuation potential
Uar = 1.0 eV for holes in InGaN agrees with reported the
valence band offset®® between InN and GaN AE, = 1.07 eV.
Interestingly, this potential is lower than the U, = 1.68 eV
for electrons in InGaN.*? This is physically expected since the
effect of Ga by In cation substitution has a lower effect on the
p-orbital like valence bands which primarily from the N atoms,
than the s-orbital like conduction bands. If ©(x) is considered
to be the effective volume Ga or In cation occupies in the unit
cell as Qq(x)=~/3/8-a,(x) co(x), then Uy = 1.9 eV results in
the best fit to the experimental data.

It is clear from the calculated model and supporting experi-
mental data that, unlike the case in Si/SiGe,””) the effect of
alloy scattering in these InGaN/AIN 2DHGs dominate over the
effect of decreasing hole effective mass in the alloy. Hence, a
path to higher 2DHG mobility through alloying might not be
feasible. However carefully engineered in-plane strain (2638
could potentially be used to boost the mobility of these InGaN/
AIN and decrease their sheet resistances further. Application of
uniaxial, in-plane 1) compressive strain in the direction of hole
transport, or 2) tensile strain applied perpendicular to the hole
transport have been predicted?® to reduce the valence band
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hole effective mass m*, which should translate to a higher alloy
scattering limited hole mobility through Equation (3).

4. Conclusions

To summarize, this work reports of the observation of very high
2D hole densities of >1 x 10 cm™ in thin, pseudomorphic, low-
In-composition InGaN layers on AIN. It is observed that intro-
ducing indium in the GaN channel layer of a GaN/AIN 2DHG
boosts the 2DHG densities. The high in-plane lattice mismatch
between InGaN and AIN leads to a high piezoelectric polariza-
tion component which in turn boosts the 2DHG densities. The
theoretical critical thickness of pseudomorphic InGaN layers on
AIN is calculated using Fischer’s strain-relaxation model, and is
used as a guide to design and grow these pseudomorphic layers
using MBE. Temperature dependent Hall-effect measurements
confirm the high densities of 2DHG in these layers. The hole
densities measured in this work are the highest charge densi-
ties measured at a single III-nitride interface. Figure 7 shows a
benchmark plot comparing InGaN/GaN 2DHGs to other semi-
conductor 2D hole systems. InGaN/GaN 2DHGs have among
the highest densities across all material systems, and just an
order lower than the 2D crystal limit of =10"> cm™. The large
density of holes provide an epitaxial platform for investiga-
tion of scientific phenomena by possible integration of other
compatible materials?! such as ferrimagnetic Mn,N. AlGaN/
AIN heterostructures designed using similar principles as
presented here could be used for applications which need
Ps <5x 108 cm™

The room temperature sheet resistances of these InGaN/
AIN 2DHGs are =15 kQ per sq., which make them candidates
for enabling low-resistance p-type regrown contacts to the
GaN/AIN 2DHG for device applications. As-grown p++InGaN
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Figure 7. Benchmark plot comparing the 2DHGs in this work with the previously reported 2DHGs in IlI-nitride semiconductor heterostructures, and
other material systems. The InGaN/GaN 2DHGs are amongst the highest density hole channels reported across material systems including Ge chan-

nels, GaSb channels, Si p-MOSFET channels, diamond, and oxides.

contact layers to the GaN/AIN 2DHG channel have enabled the
lowest p-type contact resistivities!?” in GaN/AIN pFETs.['?l How-
ever, the presence of these p-doped contact layers require com-
plicated fabrication process to monolithically integrate the GaN/
AIN pFET with its n-type analog, the AIN/GaN/AIN HEMTs.!
The demonstration of the InGaN/AIN 2DHG opens up the
possibility of a better alternative in the form of selective-area
regrown InGaN contacts. In a GaN/AIN heterostructure, the
GaN layer is etched away selectively in photolithographically-
defined ohmic/access regions and InGaN is regrown in those
regions. This should yield high-density InGaN/AIN 2DHGs in
the ohmic/access regions which makes a 2D-2D valence band
contact to the GaN/AIN 2DHG under the gate. This should
lower the p-type contact resistances in these pFETs even fur-
ther, while maintaining integration possibilities for wide-
bandgap CMOS.M* Additionally, the in-plane strain in these
regrown InGaN regions can be engineered to test the effect on
2DHG mobility.12¢!

The survival of the InGaN/AIN 2DHGs at cryogenic tempera-
tures offers a unique platform of studying alloy disorder effects
on the hole transport when phonons are frozen out. This study
presents the first such investigation of the alloy disorder scat-
tering of holes in III-nitride semiconductors. It is found that
the room temperature mobilities in these 2DHGs are limited
by alloy disorder scattering as opposed to acoustic phonon
scattering. A characteristic alloy-disorder potential of 1.0 eV is
extracted for holes in InGaN. This results in room-temperature
2D hole mobilities in InGaN to be lower than in GaN, albeit at
higher charge densities. This is contrary to observations®” in
narrow bandgap semiconductor channels such as SiGe, where
the phonon scattering dominates over the alloy scattering
at room temperature, and therefore alloying leads to higher
mobility holes compared to Si due to lower hole effective mass.

These InGaN/AIN 2DHGs have been grown on different
wafers and MBE systems and are found to be robust and
repeatable. Even though these 2DHG densities are expected
to be higher than those of GaN/AIN 2DHGs, quantitatively
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the densities are much higher than predicted. These values
cannot be explained by the accepted polarization theory:!
or the recently proposed corrected polarization constants !
for III-nitride semiconductors. The origin of these large hole
densities is therefore presented as an open question which
requires further investigation. A controlled study of transport
in InGaN/AIN samples with series of InGaN thickness by
keeping the composition constant, or vice versa should yield
valuable insights and help provide the answers. Tracking the
strain in higher In composition InGaN layers should also help
provide insights into the strain evolution in these InGaN/AIN
heterostructures better. Although Fischer model can explain
the trend in the experimental data in Figure 2b, more experi-
mental points at higher compositions will allow for better
comparison to other critical thickness models.*?! The recent
advancementsP'®#] in homoepitaxial growths of AIN provide
an ideal platform for such studies in structurally and chemi-
cally pure heterostructures.

5. Experimental Section

Molecular Beam Epitaxy of InGaN/AIN Heterostructures: InGaN on AIN
heterostructures studied in this work were grown using plasma assisted
molecular beam epitaxy (PA-MBE) on metal-polar MOCVD-grown AIN
on sapphire templates. Diced 8 mm x 8 mm substrates pieces were
ultrasonicated in acetone/methanol/propanol for 10 min each, and then
mounted on lapped Si wafers using molten indium. The substrates were
outgassed at 200 °C for 7 h and 500 °C for 2 h before introducing into
the growth chamber with idle pressure of 107 Torr. The growth rate
of 0.42 um h7" was controlled by the N-plasma RF power of 400 W. A
~400 nm thick AIN buffer layer was grown at T, = 790 °C in metal-
rich conditions.*l Impurity blocking layers (IBLs) were incorporated
into the AIN buffer layer?’] to minimize the effect of impurities from
the substrate on the 2DHG transport and compensation. After the
growth of AIN buffer layer, the substrate was cooled down to Ty, =
655 °C for the growth of the InGaN layer during an =2.5 min growth
interruption. Different InGaN layer thicknesses and compositions
were obtained varying the Ga (®g,) and In (®,,) fluxes with respect to
active N flux (®y) and shutter open times. The relative flux conditions
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of ¢, + @), > Py, P, < Oy were maintained to ensure N-limited
InGaN MBE growth conditions.*>#l All the layers were unintentionally-
doped. The surface crystal structures were monitored using an in situ
reflection high-energy electron diffraction setup, which remained streaky
throughout the growth. After unloading from the MBE system, all the
samples were dipped in concentrated HCl solution for =15 min to
remove any excess metal droplets of Ga or In present on the surface
before any further characterization.

Hall-effect Measurements of the 2DHG: The Hall-effect measurements
performed in this work were performed on unprocessed, 8 mm x 8 mm
sample pieces. Ohmic contacts to the 2DHG buried in the InGaN layer
were made using soldered Indium dots, <1 mm? in size, at the four
corners of the sample in a Van der Pauw configuration. The Hall-effect
measurements at 300 and 77 K were performed using a nanometric
Hall-effect system HL5500, using a 0.32 T magnetic field provided by a
permanent magnet. Liquid nitrogen was used to immerse the sample for
the obtaining the data at 77 K.

The temperature dependent Hall-effect measurements were
performed in a Lakeshore Cryogenics Hall-effect measurement system at
magnetic field of 1 T. The temperature was varied from 300 to 10 K using
a closed-cycle cryogenic stage.
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