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ABSTRACT

We develop a two-carrier Hall effect model-fitting algorithm to analyze temperature-dependent magnetotransport measurements of a
high-density (! 4! 1013 cm"2) polarization-induced two-dimensional hole gas (2DHG) in a GaN/AlN heterostructure. Previous transport
studies in GaN 2DHGs have reported a twofold reduction in 2DHG carrier density when cooled from room to cryogenic temperature. We
demonstrate that this apparent drop in carrier density is an artifact of assuming one species of charge carrier when interpreting Hall effect
measurements. Using an appropriate two-carrier model, we resolve light hole (LH) and heavy hole (HH) carrier densities congruent with
self-consistent Poisson-k#p simulations and observe an LH mobility of !1400 cm2/Vs and HH mobility of !300 cm2/Vs at 2 K. This report
constitutes the first experimental signature of LH band conductivity reported in GaN.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0248998

I. INTRODUCTION

P-type polarization doping in metal-polar GaN/Al(Ga)N het-
erostructures has been developed1 as an alternative to chemical
doping, which suffers from the lack of a shallow acceptor dopant in
GaN (activation energy 135–170 meV for Mg2–5). Polarization dis-
continuity at the hetero-interface, combined with piezoelectric
charge from epitaxial strain of the GaN layer, can produce a two-
dimensional hole gas (2DHG) confined to the GaN,6 even without
intentional chemical dopants, as recently demonstrated by
Chaudhuri et al.5 and Beckmann et al.7

In a singular undoped GaN/AlN heterojunction,5,8 the
2DHG density is ! 4! 1013 cm"2. The lack of parasitic electron
channels and ionized impurities from chemical dopants in this
material stack greatly minimizes extrinsic carrier scattering,
boosting cryogenic hole mobility. Recent growths of GaN/AlN
2DHGs by molecular beam epitaxy (MBE) have also utilized

buried impurity blocking layers8 and single-crystal AlN sub-
strates9 to reduce impurity and dislocation scattering, respec-
tively, enabling a sheet resistance in a GaN 2DHG below 1 kΩ/
□, and reported mobility above 280 cm2/Vs at 10 K.9 This high
mobility (relative to what has previously been reported in p-type
GaN) makes this material system well-suited to study hole trans-
port phenomenon in GaN. However, the high carrier density in
the GaN/AlN 2DHG presents experimental complications to
accurately characterizing its transport.

Classical Hall effect measurements10 are a standard means of
characterizing transport in semiconductors. With a source current
I, the sheet resistance is determined from a zero magnetic field
measurement of the longitudinal voltage Vx ,

Rsh ¼ fRxx ¼ f
Vx

I
¼ 1

qnμ
, (1)
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where q is the electron charge, f is a geometric factor, and the
transverse voltage Vy under a perpendicular magnetic field B gives
the Hall coefficient,

RH ¼
Rxy

B
¼

Vy

IB
¼ 1

qn
: (2)

These equations decouple the free carrier density n ¼ 1=qRH and
mobility μ ¼ RH=Rsh in terms of the measured quantities. Because
Vy is expected to vary linearly with B [see Eq. (2)], most quick-
feedback Hall effect measurement systems only measure Vy at one
or two low magnetic field points to calculate Rxy (typically ! 0:5 T
for a tabletop Hall setup).

However, these equations assume a single-carrier population
with uniform mobility. Due to its high carrier density, self-
consistent Poisson-k#p simulations of the GaN/AlN 2DHG place
the Fermi level 40–60 meV below the heavy hole (HH) Γ-point and
25–35 meV below the light hole (LH) Γ-point, degenerately occu-
pying both bands11 (see band structure inset in Fig. 1). The LH

band also exhibits a higher group velocity than the HH band, so
the LH and HH carriers conduct in parallel, with different densities
and mobilities. In such cases, Rxy(B) and Rxx(B) become nonlinear
in B and must be analyzed with a Hall effect model that accounts
for the plurality of carrier species.

This report applies a classical Drude model for isotropic mag-
netotransport of a two-carrier system. It then outlines a fitting pro-
cedure by which the total carrier density and mobility can be
estimated from Hall effect measurements taken with sufficiently
high magnetic field to capture nonlinear field dependence in
Rxx(B) and Rxy(B). In the case where the two carriers populations
have the same charge polarity (q1 ¼ q2), we demonstrate that a
single-carrier interpretation [Eqs. (1) and (2)] of low magnetic field
measurements will always underestimate the total carrier concen-
tration (thus overestimating the mobility). This is shown in Fig. 1
and discussed in Sec. II B.

This insight elucidates previous reports of temperature-
dependent Hall effect measurements in (In)GaN/Al(Ga)N
2DHGs,5,7,9,12–15 all of which utilize a single-carrier interpreta-
tion for low-field measurements, and report a roughly twofold
decrease in hole density between room and cryogenic tempera-
tures. In these reports, this temperature dependence is either
ignored or temporarily attributed to dopant activation or tem-
perature dependence of the GaN-air surface barrier height, pie-
zoelectric constants, or spontaneous polarizations of the
constituent materials. However, no model invoking these mecha-
nisms has been adequate to account for this magnitude of
change in carrier density. Using the two-carrier model, we dem-
onstrate that this apparent reduction in carrier density can be
explained by an increase in the LH-to-HH mobility ratio with
decreasing temperature.

II. THE TWO-CARRIER TRANSPORT MODEL

The isotropic conductivity σ of m parallel-conducting carrier
populations subject to a perpendicular magnetic field B can be
expressed as16

σxx(B) ¼
Xm

i¼1

σ i

1þ (μiB)
2 ¼

Xm

i¼1

qiniμi
1þ (μiB)

2 , (3a)

σxy(B) ¼
Xm

i¼1

σ i(μiB)
1þ (μiB)

2 ¼
Xm

i¼1

qiniμ2i B
1þ (μiB)

2 , (3b)

with the convention that qi and μi carry the same sign.17 From the
conductivity tensor equation,

J ¼ σxx σxy

"σxy σxx

! "
E() Rxx Rxy

"Rxy Rxx

! "
J ¼ E, (4)

the longitudinal and transverse resistances are expressed as

Rxx(B) ¼
σxx(B)

σ2
xx(B)þ σ2

xy(B)
, (5a)

FIG. 1. Ratio between the apparent Hall mobility and true mobility μapparent=μ
(red), and likewise for the carrier density napparent=n (blue), obtained from a
single-carrier interpretation of low-field Hall effect measurements of a system of
two conducting channels with the same charge polarity (q1 ¼ q2): n ¼ n1 þ n2;
μ ¼ (n1μ1 þ n2μ2)=n. Both are plotted as a function of the fraction of carrier in
the 2nd channel β ¼ n2=n and the ratio of mobilities between the two channels
γ ¼ μ2=μ1. Errors peak when the conductivities of both channels are equal
(n1μ1 ¼ n2μ2).
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Rxy(B) ¼
σxy(B)

σ2
xx(B)þ σ2

xy(B)
: (5b)

In the case of a single-carrier species (m ¼ 1), Eqs. (1) and (2) are
recovered. In the case of two carrier species, the resistance tensor
components become

Rxx ¼
σ1 1þ (μ2B)

2# $
þ σ2 1þ (μ1B)

2# $

σ2
1 1þ (μ2B)

2# $
þ 2σ1σ2 1þ (μ1μ2B2)ð Þ þ σ2

1 1þ (μ2B)
2# $ ;

(6a)

Rxy ¼
σ1(μ1B) 1þ (μ2B)

2# $
þ σ2(μ2B) 1þ (μ1B)

2# $

σ2
1 1þ (μ2B)

2# $
þ 2σ1σ2 1þ (μ1μ2B2)ð Þ þ σ2

1 1þ (μ2B)
2# $ :

(6b)

This tensor-style derivation of these equations is given in many
places.16–19 Example use cases include parallel conduction in
bulk and surface states,16,20 parallel conduction of electrons and
holes,21 multi-sub-band occupation in quantum well hetero-
structures,22 and dual-band occupation in high-density n-type23

and p-type24 semiconductors. In any case, the mobility and
density of each conducting channel are determined as free fitting
parameters.

More complex Quantitative Mobility Spectrum Analysis
(QMSA) algorithms have been developed25,26 which generalize
Eq. (3) to account for non-uniform group velocity and carrier
scattering within occupied bands. This is done by replacing the
discrete densities ni with “mobility spectra” n(μ) and making m
large such that the summations approximate integration, signifi-
cantly increasing the number of free fitting parameters. Such
models have been applied previously to characterize magnetotran-
sport in various n-type III-nitride semiconductor systems.27–29

However, the simpler four-parameter two-carrier model
employed in this paper proves adequate for distinguishing between
HH and LH band transport. Further, this model is also shown to
overfit measurements above !100 K due to the lack of polynomial
features in the fitted data; thus, employing a model with even more
free parameters is unwarranted.

A. Polynomial expansion coefficients of Rxx(B)
and Rxy(B)

Valuable insight and restructuring of Eq. (6) is obtained by
expanding in powers of B,

Rxx(B) (
1

q1n1μ1 þ q2n2μ2

zfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflffl{
c0¼1

σ¼Rsh

þ q1q2n1n2μ1μ2(μ1 " μ2)
2

(q1n1μ1 þ q2n2μ2)
3

zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{c2

B2

" q1q2n1n2μ31μ
3
2(q1n1 þ q2n2)

2(μ1 " μ2)
2

(q1n1μ1 þ q2n2μ2)
5

zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{
c4¼c23=c2

B4 þ # # # , (7a)

Rxy(B) (
q1n1μ21 þ q2n2μ22

(q1n1μ1 þ q2n2μ2)
2

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
c1¼RH

B" q1q2n1n2μ21μ
2
2(μ1 " μ2)

2

(q1n1μ1 þ q2n2μ2)
4

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
c3

B3

þ q1q2n1n2μ41μ
4
2(q1n1 þ q2n2)

3(μ1 " μ2)
2

(q1n1μ1 þ q2n2μ2)
6

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
c5¼c33=c

2
2

B5 " # # # : (7b)

Here, Rxx(B) and Rxy(B) are seen to have strictly even and odd
polynomial magnetic field dependence, respectively, with polyno-
mial coefficients that alternate signs.

The cj expansion coefficients in Eq. (7) satisfy a recursive con-
dition,

c j)2 ¼
c j"2
3

c j"3
2

¼ Rj
H

R j"1
sh

βð1" βÞðγ " 1Þ2γ j"1

1þ βðγ2 þ 1Þð Þj|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
!1

(8)

such that Rxx(B) and Rxy(B) in Eq. (6) are equivalently expressed
(without truncating the expansions) as

Rxx(B) ¼ c0 þ
c2B2

1þ c3
c2
B

& '2 , (9a)

Rxy(B) ¼ c1B" c3B3

1þ c3
c2
B

& '2 : (9b)

c0"3 are better-suited as fitting parameters for Rxx(B) and
Rxy(B) measurements [than, for example, σ1, σ2, n1, and n2 in
Eq. (5)] for three reasons. (1) Each fitting parameter pertains to a
unique polynomial feature of the data, minimizing covariance with
c0 or c1. (2) The covariance between c2 and c3 only influences how
well the fit captures the B.4 features of the Rxx(B) and Rxy(B) data
[see Eq. (7)]. (3) This parameterization guards against over-fitting.
If n1, n2, μ1, and μ2 are not known a priori, then four free fitting
parameters are required, and Rxx(B) and Rxy(B) must collectively
exhibit four or more polynomial features to constrain these param-
eters uniquely. If the c3B3 feature in Rxy(B) is poorly resolved above
the measurement noise, c3 will be unconstrained, signaling
over-fitting.

The band-resolved mobilities and densities are obtained from
the c0"3 coefficients by

n1 ¼
q1
q2

2c32 " c1c2c3 þ c3(c0c3 þ sgn(q2)c*)
2q(c1c3 " c22)c*

, (10a)

n2 ¼ " 2c32 " c1c2c3 þ c3(c0c3 " sgn(q2)c*)
2q(c1c3 " c22)c*

, (10b)

μ1
2
¼ c1c2 þ c0c3 + sgn(q2)c*

2c0c2
, (10c)
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where

c* ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c22(c

2
1 þ 4c0c2)" 2c0c1c2c3 þ c20c

2
3

q
: (11)

These equations hold for any combination of signs in q1 and q2.
In Sec. III A, this polynomial coefficient representation of the

two-carrier model is applied to temperature-dependent magneto-
transport measurements of a GaN/AlN 2DHG.

B. Error in single-carrier analysis of low-field Hall (for
q1 = q2)

We now assess the nature of errors that arise from single-
carrier Hall analysis of a system of two carriers with the same
charge polarity (q1 ¼ q2), as is the case for the GaN/AlN 2DHG
discussed in Sec. III.

From the first-order term of Rxy(B) in Eq. (7b) (with q1 ¼ q2),
we find that low-field Hall effect measurements (where B2þ terms
are imperceptible) that are interpreted with a single-carrier model
[see Eq. (2)] will infer an apparent carrier density of

napparent ¼
1

qRH
¼ n

(1þ β(γ " 1))2

1þ β(γ2 " 1)
, (12)

where n ¼ n1 þ n2 is the true carrier density, β ¼ n2=n is the frac-
tion of carriers in the 2nd channel, and γ ¼ μ2=μ1 is the ratio
between the two mobilities. The apparent mobility similarly differs
according to

μapparent ¼
RH

Rsh
¼ μ

1þ β(γ2 " 1)
(1þ β(γ " 1))2

, (13)

where μ is the ensemble mobility,

μ ¼ σ
qn

¼ σ1 þ σ2

q(n1 þ n2)
¼ n1μ1 þ n2μ2

n1 þ n2
: (14)

The ratios napparent=n and μapparent=μ are plotted in Fig. 1, as func-
tions of β and γ. This plot demonstrates that single-carrier inter-
pretations will always under-estimate total free carrier density and,
consequently, over-estimate ensemble mobility. These errors
magnify with increasing μ2=μ1 and are highest when σ1 ¼ σ2.
As expected, the measurement errors vanish for single-carrier-
equivalent conditions: μ2=μ1 ¼ 1, n2=n ¼ 0, or n2=n ¼ 1.

While this model is applied in this report to a degenerate hole
gas (example band structure plotted in the inset of Fig. 1), the
plotted errors apply to any system with isotropic parallel transport
of two species with the same charge polarity.

III. MEASUREMENTS AND ANALYSIS

The sample investigated in this report consisted of a 10 nm
thin film of undoped GaN on 700 nm of undoped AlN, grown by
MBE on a single-crystal aluminum nitride substrate [see Fig. 2(c)].
The details of the early growth and transport studies can be found
in Ref. 5, and the improved growth processes adopted in the
samples in this study are discussed elsewhere.8,9,14 The GaN/AlN

interface is the only conducting layer in this entire material stack,
as confirmed by previous studies30 and illustrated in the energy
band diagram in Fig. 2(c), calculated by self-consistent Poisson-k#p.
Hence, the 2DHG is the only conducting channel (there is no
buried 2DEG, such as in Ref. 12), and any signatures of parallel
conduction in this sample must arise from the occupation of multi-
ple hole sub-bands.

Magnetotransport measurements were performed in a
Quantum Design PPMS® DynaCool™ on a square as-grown sample
with soldered indium contacts in a van der Pauw geometry. An
excitation current of 100 μA was used at temperatures from 2 to
390 K, sweeping magnetic field to +9 T. Rxy was measured along a
single orientation, while Rxx was computed by the van der Pauw
equation from two orthogonal measurements.19 Rxx(B) measure-
ments were symmetrized in B, and Rxy(B) was anti-symmetrized to
account for thermal gradients and contact misalignment.31 The
measured magnetoresistance, MR(B) ¼ Rxx(B)"Rxx(0)

Rxx(0)
and Rxy(B), are

plotted in Figs. 2(a) and 2(b), respectively.

A. Fitting Rxx(B) and Rxy(B) with the cj coefficients

Measured Rxx(B) and Rxy(B) were fit to Eqs. (9a) and (9b),
respectively, with c0"3 as free fitting parameters. Three different
least-squares fits were performed (summarized in Table I):

• Measured Rxx(B) were fit independently with c0, c2, and c3 as
free parameters (the “XX fit”).

• Measured Rxy(B) were fit independently with c1, c2, and c3 as
free parameters (the “XY fit”).

• Rxx(B) and Rxy(B) were fit simultaneously with c0, c1, c2, and c3
as free parameters (the “Simultaneous fit”).

The residuals between the model and the measured data
points (Bi, Ri

xx , R
i
xy) were computed by

χixx(c0, c2, c3) ¼ Ri
xx " Rxx(Bi; c0, c2, c3), (15a)

χixy(c1, c2, c3) ¼ Ri
xy " Rxy(Bi; c1, c2, c3): (15b)

For each fit, the free parameters were varied to minimize the RMS
residual χRMS (equations given in Table I). While all three fits
should, in theory, yield equivalent band-resolved HH mobilities
and densities, fitting Rxx(B) and Rxy(B) in isolation enables us to
assess the degree to which the nonlinearity in each is described by
parallel conduction vs other sources of magnetoresistance. Below
30 K, weak localization was observed, so measured resistances with
jBj , 0:5 T were excluded from the fits.

The model results of the XX and XY fits are plotted against
the measured data in Figs. 2(a) and 2(b), respectively. The corre-
sponding values of χRMS

xx and χRMS
xy at each temperature are plotted

in Fig. 2(c), ranging from !10 to 100 Ω. Also plotted at each tem-
perature is cj ! (9 T)j, the jth-order contribution to Rxx (even j) or
Rxy (odd j) at B ¼ 9 T. c0 (or Rsh) increases from 0.33 kΩ/□ at 2 K
to 5.1 kΩ/□ at room temperature. c1 (or RH) decreases slightly
from 1=(2:3! 1013) cm3/q at 2 K to 1=(4:4! 1013) cm3/q at room
temperature, consistent with the apparent decrease in carrier
density seen in previous reports of GaN/AlN 2DHG
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transport.5,8,9,12 For all j . 2, the magnitude of the jth-order con-
tribution is suppressed monotonically with increasing temperature
in conjunction with the increase in Rsh [see Eq. (8)].

Below 350 mΩ, c3 ceases changing monotonically with tem-
perature, as anticipated from Eq. (8) and the observed trend in c0.
Fits at each temperature are only considered valid if the lower
uncertainty bound of all four free parameters lies above this noise
line, as any nonlinearity observed in Rxy(B) is not otherwise con-
vincingly attributable to two-carrier phenomena. The three fits are,
thus, cut off between 70 and 170 K.

The error bars in Fig. 2(c) indicate the range of parameters for
which χRMS differs from the minimum by *10%. This uncertainty
range is for larger j and increases at high temperatures where these
polynomial features lose prominence in the measured data. The
error bounds are discussed further in Sec. III C.

B. The HH and LH densities and mobilities
vs temperature

Figure 3 shows the GaN HH and LH (q1 ¼ q2 ¼ þq) (a) densi-
ties (pHH ¼ n1, pLH ¼ n2) and (b) mobilities (μHH ¼ μ1, μLH ¼ μ2),

TABLE I. Specifications for the three least-squares fits performed in this study.

Fit name Color Fitted data Free parameters Constrained parameters Minimized quantity

XX (Bi, Ri
xx) c0, c2, c3 c1—from XY χRMS

xx ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i χixx(c0, c2, c3)

2

N " 3

s

XY (Bi, Ri
xy) c1, c2, c3 c0—from XX χRMS

xy ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i χixy(c1, c2, c3)

2

N " 3

s

Simultaneous (Bi, Ri
xx , R

i
xy) c0, c1, c2, c3 … χRMS

sim ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i χixx(c0, c2, c3)

2 þ χixy(c1, c2, c3)
2

2N " 4

s

FIG. 2. Measured (a) MR(B) and (b) Rxy (B) of a GaN/AlN 2DHG, field-swept to B ¼ +9 T at select temperatures from 2 to 390 K. The four-point measurement configura-
tion is shown for each. (c) The RMS residuals of the fits in (a) χRMSxx (blue line) and (b) χRMSxy (red line) vs temperature, and the signal contributions of the jth polynomial
features of Rxx (B) (even j) or Rxy (B) (odd j) at B ¼ 9 T (the maximum measured field) for j ¼ 0 (circles), j ¼ 1 (squares), j ¼ 2 (Xs), j ¼ 3 (triangles), j ¼ 4 (diamonds),
and j ¼ 5 (stars). Points with an uncertainty bound below the 350mΩ noise line are dimmed. (Inset) GaN/AlN heterostructure, band diagram, and charge profile from self-
consistent Poisson-k#p simulation.
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and the corresponding values of (c) β ¼ pLH=(pHH þ pLH) and
(d) γ ¼ μLH=μHH obtained from the XX fit (blue), XY fit (red),
and simultaneous fit (green). As in Fig. 2(c), error bars indicate the
bounds of the parameter space in which χRMS is within 10% of
the minimum. Each fit is plotted until the temperature at which the
lower bound of one of the free parameters lies below the noise line
(350 mΩ).

In Fig. 3(a), the band-resolved densities are corroborated
against a self-consistent Poisson and multi-band k#p simulation of
the heterostructure’s band profile and valence band structure.
The details of this model are discussed elsewhere.11,32 Input parame-
ters were obtained from Ref. 33, accounting for temperature depen-
dence in the lattice34 and elastic35 constants of GaN and AlN. The
fermi level on the GaN surface is set to 2 eV above the valence band,
in accordance with contactless electro-reflectance measurements of
similar GaN/AlN 2DHG samples.30 The simulated band-resolved
carrier densities are plotted in Figs. 3(a) and 3(c).

The XX and XY fits both report pLH ! 0:5! 1013 cm"2, in
agreement with the simulation. pHH from the XY fit increases from
3:0! 1013 cm"2 at 2 K to 3:4! 1013 cm"2 at 90 K, while pHH from
the XX and simultaneous fits decreases to the same from
! 4! 1013 cm"2 at 2 K. The discrepancy in the results of these
fitting schemes points to additional sources of magnetotransport
not captured in this two-carrier model.

By contrast, the carrier density inferred from single-carrier
analysis of the low-field resistances (open gray circles) decreases by
almost 50% between 300 and 2 K, similar to the Hall results
reported previously for various GaN 2DHGs.5,7,9,12–15 This drop
coincides with a roughly twofold increase in γ over the same tem-
perature range. Inspecting Fig. 1 and Eq. (7b), such an increase in
γ at fixed β would produce an anomalous decrease in the apparent
carrier density. Thus, we assert that the previously reported
temperature-dependent carrier density below room temperature is
fully explainable as an artifact of parallel conduction.

Above room temperature, however, the density inferred from
single-carrier analysis increases to ! 5! 1013 cm"2 near 400 K,
well above the simulated value. Reference 15 reports a similar
approximately linear increase in the carrier density of a GaN/AlN
2DHG with increasing temperature, reaching ! 1! 1014 cm"2

near 800 K, albeit using a single-carrier interpretation. Under the
assumptions of the model derived in this report, the single-carrier
density is always an underestimate of the total density [per Eq. (12)
and Fig. 1]. Thus, these measurements imply an actual increase in
the GaN 2DHG density above room temperature. As mentioned
earlier, no definitive explanation yet exists as to a temperature-
dependent source or sink of charges. However, understanding the
origin of these carriers may prove crucial for the future utilization
of GaN 2DHGs in high-temperature applications.

FIG. 3. Measured LH (open circles) and HH (closed circles) (a) carrier density and (b) mobility, (c) β ¼ pLH=(pHH þ pLH ), and (d) γ ¼ μLH=μHH ratios from two-carrier
analysis by least-squares fitting of Rxx (B) (blue) and Rxy (B) (red) measurements, and both simultaneously (green). Gray Xs denote the total density and mobility inferred
from a single-carrier fitting of the low-field measurements. Black dotted lines denote Poisson-k#p simulation of the band-resolved densities. T0 and T"1 power laws are
plotted in (b) for reference.
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FIG. 4. Demonstration of least-squares fitting at representative temperatures: (a) 2, (b) 60, and (c) 150 K. Density plots in (c2, c3) space of the RMS residual of the two-
carrier model against (i) Rxx (B) and (ii) Rxy (B) measurements, and (iii) both simultaneously. Contours enclose the regions in which χRMS is within 10% of the minimum
when fitting Rxx (B) (blue), Rxy (B) (red), and both simultaneously (green). (iv) Measured Rxx (B) and (vi) Rxy (B)" RHB and the associated model results for the best-fit
parameters in (i)–(iii), with the corresponding points-wise (connected points) and RMS (horizontal dotted line) residuals plotted in (v) and (vii), respectively.
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The LH and HH mobilities in Fig. 3(b) saturate at tempera-
tures below 20 K, indicating extrinsically limited transport.
Between the three fits, HH mobilities measured at 2 K range from
222 to 393 cm2/Vs, and LH mobilities range from 1350 to
1580 cm2/Vs. In Fig. 3(d), the μLH=μHH ratio saturates between 3.7
and 6.1 near 10 K.

Above 20 K, the mobilities are phonon-limited and decrease
with a ! T"1 power law. This trend is consistent with simulations
of hole mobility in GaN/AlN 2DHGs11 which show that room
temperature transport is primarily limited by acoustic deformation
potential (ADP) scattering, which goes as μADP2d ! ð(m*)2kBTÞ"1

in two dimensions36,37 (m* is the effective mass). In the same
temperature range, the mobility ratio [in Fig. 3(d)] approaches
γ ¼ μLH=μHH ! 2:9. Although γ is not discernable at room tem-
perature due to the suppression of j . 2 polynomial features, this
saturation suggests that γ will be greater than 1. Thus, even if
Rxy(B) appears linear within the measured magnetic field range,
single-carrier estimates of the ensemble hole density and mobility
are still subject to the errors plotted in Fig. 1.

It is worth noting here that we have explicitly assumed a unity
Hall factor rH ¼ μH=μd , which relates the Hall (μH) and drift (μd)
mobilities. In the case of a single parabolic band (Ek ¼ !h2k2=2m*)
and scattering mechanisms of the form τk ¼ τ0ð Ek

kBT
Þp (τ0 is a char-

acteristic scattering time; kB is Boltzmann’s constant), the Hall
factor in a two-dimensional system is given by37,38

rH ¼ Γ(2pþ 2)
Γ2(pþ 2)

F2p(η)F0(η)
F2
p (η)

, (16)

where η ¼ EF=kBT and Fj(η) ¼ 1
Γ(jþ1)

Ð1
0

ujdu
1þeu"η is the Fermi–Dirac

integral. rH reduces to unity both in the η .. 1 limit, valid below
! 50 K for this system, and when p ¼ 0, which is the form of ADP
scattering in a two-dimensional system,36,37 which is the dominant
scattering mechanism in this system above ! 50K.11 However, the
temperature-dependent Hall factors for each band in this system,
accounting for all scattering mechanisms, interband scattering,
band-nonparabolicity, etc., have not been modeled to date.

C. Fitting discrepancies and error analysis

The nature of the discrepancy between the XX, XY, and simul-
taneous fit results and the size of the error bounds on the fit
parameters are demonstrated in Fig. 4. This discrepancy manifests
in the differing determinations of n1, n2, μ1, and μ2 seen at low
temperature in Fig. 3 and points to physics not contained in the
assumptions of the model.

Model fittings at representative temperatures T ¼ 2, 60, and
150 K are plotted in columns A–C, respectively. The top rows of
the figure show heat-density plots of χRMS (equations given in
Table I) for the (i) XX fit, (ii) XY fit, and (iii) simultaneous fit.
c0 and c1 are equal in all plots at a given temperature, while c2
and c3 are varied to encompass the three best-fit regions. The
plotted contours encompass all points in (c2, c3), where χRMS is
within 10% of the minimum. The darkened area in the lower-
right corner of these plots denotes the region below c3 ¼ c22=c1,
where the band-resolved densities change sign [see the denomina-
tor in Eqs. (10a) and (10b)].

Row (iv) plots the measured Rxx(B) and associated model
result [Eq. (9a)] for the best-fit parameters in the plots above. The
point-wise (connected points) and RMS (dotted line) residuals for
each fit are plotted vs magnetic field in row (v). Row (vi) similarly
plots the measured and modeled Rxy(B)" RHB, with the residuals
plotted below in (vii).

The region of best-fit (lowest χRMS
xx ) for Rxx (row i) appears as

a diagonal line in the (c2, c3) space at 2 K but becomes vertical at
higher temperature as the 4th-order features are suppressed and
cannot dictate the value of c3 [by Eq. (8)]. Consequently, the
contour of best fit in Fig. 3(Ci) becomes large, as do the error bars
on c4 in Fig. 2(c).

Similarly, the best-fit (lowest χRMS
xy ) region for Rxy (row ii)

draws an “L”-shaped contour in the (c2, c3) space. At lower temper-
atures, the XY best-fit sits higher on the “L,” indicating a strong
c5B5 signal [again, see Eq. (8)], while at higher temperatures, the
XY best-fit sits in the horizontal region.

At 2 K, the XX and XY best-fit regions differ by !20% in c2
and c3. This discrepancy is seen visually in the model fits (Aiv, Avi)
and the trend in the residuals of the XY fit against the Rxx data (in
Av), and the residuals of the XX fit against the Rxy data (in Avii).
Consequently, the simultaneous fit is an imperfect representation
of both the Rxx(B) and Rxy(B) measurements, and a trend is seen in
the residuals of both data sets (see Av and Avi).

In the supplementary material, Figs. 2–4 are recreated for a
different GaN/AlN 2DHG sample capped with Mg-doped p-type
GaN and measured in a Hall bar geometry. The same qualitative
disagreement between the XX, XY, and simultaneous fits is
observed in these measurements, which signals that the discrepancy
between the XX and XY fits arises from additional physics not
accounted for in the present model, such as inter-band scattering
between the LH and HH bands22 or weak localization.

IV. CONCLUSIONS

The large polarization-induced hole density at the GaN/AlN
hetero-interface degenerately occupies both the HH and LH bands
of the GaN; thus, Hall effect measurements must be interpreted
using a proper multi-carrier model.

This work describes an isotropic Drude model of two
parallel-conducting carrier populations with the same charge
polarity. We apply this model to fit 2DHG transport measure-
ments from 2 to 170K across a magnetic field range of +9 T.
We successfully resolve HH and LH carrier densities that are of
comparable magnitude to self-consistent Poisson-k#p simulations,
as well as band-resolved mobilities, observing cryogenic mobilities
of μHH ! 300 and μLH ! 1400 cm2/Vs. Although it does not rep-
resent ensemble conduction, this LH mobility is the largest hole
mobility reported to date in GaN.

The three fitting approaches presented in this study (XX, XY,
and simultaneous) provide a helpful gauge for the adequacy of the
two-carrier model to explain the magnetotransport in the system
under test. The level of agreement between the mobilities and den-
sities extracted from the XX and XY fits indicates the degree to
which parallel conduction adequately explains the magnetotran-
sport. In the case where they disagree (e.g., below 20 K in this
study), a more complicated physical model with additional
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parameters is needed. The simultaneous fit allows one to extend
the two-carrier fitting into regimes (e.g., up to 170 K in this study)
where Rxx(B) and Rxy(B) have insufficient polynomial features on
their own to constrain the XX or XY fits, but collectively have four
polynomial features. We suggest that all three fitting approaches be
exercised for a given problem to evaluate the accuracy and error
bounds of the two-carrier modeling procedure outlined in this
study.

These results offer a credible experimental signature of LH
band occupation in GaN and elucidate previously reported
temperature-dependent transport results in GaN 2DHGs, which
suggested an unexpected decrease in carrier density with decreasing
temperature. The polarization-doped high-density p-type GaN
employed in this study, which has only become available in recent
years,5 provides an unprecedented platform to interrogate the
valence band properties of GaN.

In future transport studies of GaN 2DHGs (or similar systems
with multiple parallel-conducting channels), if the sample’s sheet
resistance is too large or sufficiently large magnetic fields are not
available to observe higher-order polynomial features in Rxx(B) and
Rxy(B), transport simulations should predict and be corroborated
against measurements of Rsh and RH , which are directly measur-
able, rather than n and μ.

SUPPLEMENTARY MATERIAL

In the supplementary material, Figs. 2–4 are recreated for
magnetotransport measurements of a GaN/AlN 2DHG sample
with a Mg-doped p-type GaN cap, measured in a Hall bar geome-
try up to +9 T from 3 to 390 K.
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