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ABSTRACT

The recent discovery of highly conducting two-dimensional hole gases (2DHGs) in GaN/AlN heterojunctions has opened the door to efficient
complementary GaN electronics, a long-standing challenge in wide-bandgap semiconductor device physics. Electrical transport studies and
simulations indicate that both heavy- and light-hole valence bands are occupied in these 2DHGs, but direct experimental characterization of
the fundamental parameters of the mobile holes remains at an early stage. Here, we use time-domain terahertz spectroscopy and pulsed mag-
netic fields up to 31 T to directly measure cyclotron resonance of the mobile 2D holes in these GaN-based 2DHGs at low temperature (8 K),
revealing key material properties including effective masses, densities, scattering times, and mobilities.

VC 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/10.1063/5.0273413

Gallium nitride (GaN) has emerged as one of the most impactful
semiconductors in modern materials science, due to its wide bandgap,
exceptional thermal stability, and high electron mobility. These prop-
erties have made GaN as a cornerstone material in a broad range
of applications, ranging from light-emitting devices to high speed tran-
sistors to power electronics.1–3 Spontaneous polarization effects at
GaN-based heterointerfaces can create high-mobility two-dimensional
electron gases (2DEGs),4,5 enabling, for example, field-effect transistors
operating at microwave frequencies.6 However, the advance of GaN-
based electronics has been limited by the challenge of realizing the
analogous hole-doped (p-type) counterpart of such heterostructures,
which is crucial to achieving integrated complementary electronics.
The difficulty arises from GaN’s wide bandgap, which results in
valence bands with large masses lying deep in energy, making them
difficult to chemically dope and inherently low in mobility.7

Recently, however, high-density 2D hole gases (2DHG) were real-
ized in epitaxially grown GaN/AlN heterostructures without any dop-
ing.8 The 2DHG carrier density is one of the largest among all known
semiconductors, leading to high sheet conductance despite low carrier

mobilities. While theoretical modeling suggests the splittings and dis-
persions of the valence bands in GaN/AlN structures, experimental
measurements of the 2DHG properties are still at an early stage. In
particular, one of the most fundamental material parameters relevant
to any 2D system of mobile carriers is their effective mass meff , which
in GaN-based 2DHGs is typically assumed from theoretical modeling,9

and was only very recently inferred from Shubnikov–de Haas (SdH)
oscillations in electrical resistance.10

Arguably the most direct experimental measure of meff arises from
studies of cyclotron resonance (CR),11 where the frequency of cyclotron
motion of the mobile carriers, xc, in an applied magnetic field B directly
reveals their mass via xc ¼ eB=meff . Widely employed for decades in
narrower-gap semiconductors using small B and microwave (GHz) fre-
quencies,12 CR is a contactless measurement amenable for rapid feed-
back on the quality and uniformity of epitaxially grown wafers.
However, resolving the CR of holes in GaN is challenging because it
requires both large (THz) frequencies and very large B (many tens of
teslas). This is because holes in GaN have short scattering times (� 1ps),
such that the linewidth of their CR peak in the frequency domain is

Appl. Phys. Lett. 126, 213102 (2025); doi: 10.1063/5.0273413 126, 213102-1

VC Author(s) 2025

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

 06 January 2026 17:48:19

https://doi.org/10.1063/5.0273413
https://doi.org/10.1063/5.0273413
https://doi.org/10.1063/5.0273413
https://www.pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0273413
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0273413&domain=pdf&date_stamp=2025-05-28
https://orcid.org/0000-0003-0133-673X
https://orcid.org/0009-0004-1017-284X
https://orcid.org/0000-0002-3863-598X
https://orcid.org/0000-0002-7892-7231
https://orcid.org/0000-0002-2326-5605
https://orcid.org/0000-0002-7784-7432
https://orcid.org/0000-0002-4076-4625
https://orcid.org/0000-0002-2709-3839
https://orcid.org/0000-0001-7553-4718
mailto:djena@cornell.edu
mailto:grace.xing@cornell.edu
mailto:crooker@lanl.gov
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/5.0273413
pubs.aip.org/aip/apl


quite broad (� 1THz), and also because holes in GaN are expected to
have large masses, so that large B is required to shift the CR peak by an
appreciable fraction of its linewidth so that the cyclotron shift can be
resolved. Moreover, the 2DHGs in GaN populate both heavy-hole (hh)
and light-hole (lh) valence bands, meaning once again that large B are
needed to spectrally distinguish the CR peaks from the two hole species.
These challenges stand in contrast to CR studies of high-mobility ligh-
ter-mass 2D holes in GaAs13 or Ge,14 for which low fields suffice.

Finally, we emphasize that the properties of mobile hh and lh car-
riers, such as their precise masses, densities, and scattering times,
depend sensitively on the band splitting and 2DHG Fermi energy, and
therefore on the details of the heterostructure layers and growth
parameters. Thus, it is desirable to measure these key parameters in a
direct way, and CR in high B provides such a route. To this end, we
perform time-domain THz spectroscopy of a GaN/AlN 2DHG in
pulsed magnetic fields up to 31T and resolve the CR of both heavy
and light holes. These data reveal the effective masses, densities, scat-
tering times, and mobilities of the mobile holes. Our results comple-
ment and are compared to values recently inferred from electrical
transport studies of related 2DHGs.10,15

Figure 1(a) depicts the GaN/AlN 2DHG structure grown by
molecular-beam epitaxy on an AlN substrate.8 It comprises an AlN
buffer layer (700 nm thick), followed by an undoped 8.2nmGaN layer.
A high density 2D sheet of mobile holes is created by the large intrinsic
and strain-induced polarization at the GaN/AlN interface.4,5,16 Figure
1(b) shows the calculated splitting and dispersion of the GaN valence
bands near the interface,17 indicating that the 2DHG populates both
hh and lh valence bands.

The experimental setup is shown in Fig. 1(c). The samples are
mounted in vacuum on the sapphire cold finger of a small helium

cryostat, which is positioned within the 15mm bore of a small pulsed
electromagnet. The magnet consists of 144 turns of high-strength cop-
per–silver wire (1mm diameter), and is powered by a purpose-built
4.4mF capacitor bank.18,19 The commercial (Toptica) THz system is
based on electronically controlled optical sampling (ECOPS), which
permits detection of an entire THz pulse waveform, EðtÞ, in tens-of-
microseconds timescales, and at repetition rates up to 1.6 kHz.20,21

Picosecond pulses of free-space THz radiation are generated in a fiber-
coupled photoconducting antenna, then linearly polarized (vertically,
at 0�) and focused through the sample. The transmitted THz pulses
then pass through a second linear polarizer (oriented at 645�), and
their final electric field waveform EðtÞ is detected by a photoconduct-
ing receiver. Measurements are performed in the Faraday geometry,
i.e., with B applied along the direction of light propagation and perpen-
dicular to the sample surface.

Figure 1(d) shows a typical field profile of a 31T magnet pulse,
along with the THz signal. An expanded view of a measured THz
waveform EðtÞ at peak field is shown in Fig. 1(e). The usable band-
width of the THz pulses spans approximately 0.4–1.6THz. To improve
signal-to-noise, the THz waveforms are typically averaged over 10–20
magnet pulses.

It is essential in these studies to measure the sample’s optical con-
ductivity, rðxÞ, in a basis of circular optical polarization, as it is the
natural eigenbasis of cyclotron motion. We therefore measure the
complex (real and imaginary) THz transmission spectrum, TðxÞ, in a
645� linearly polarized basis (by rotating P2), and then transform into
a left- and right-circular basis. First, the normalized THz transmission
is obtained as Tðx;BÞ=Tðx; 0Þ ¼ F½Eðt;BÞ�=F½Eðt; 0Þ�, where
F½Eðt; BÞ� and F½Eðt; 0Þ� are the (complex-valued) Fourier trans-
forms of the THz waveforms measured in applied field B and in B¼ 0,

FIG. 1. (a) Schematic of the sample structure and band alignment. The 2DHG is created by the large intrinsic and strain-induced polarization at the GaN/AlN interface. (b)
Schematic of the calculated dispersion of the GaN valence bands; the 2DHG populates both heavy- and light-hole bands. (c) Experimental schematic. Samples are mounted
on the sapphire cold finger of a helium cryostat, the end of which is positioned within a small pulsed magnet. An ECOPS-based time-domain THz spectrometer generates THz
optical pulses using a fiber-coupled photoconducting transmitter (Tx). The THz light is collimated and focused through the sample by off-axis parabolic (OAP) mirrors, and then
re-focused to a THz receiver (Rx). Wire-grid linear polarizers P1 and P2 control the THz polarization (set to 0� and 645�, respectively). (d) The field profile of a 31 T magnet
pulse, and the simultaneously measured THz electric field EðtÞ, shown vs lab time. (e) Expanded view of the measured THz electric field EðtÞ measured at 31 T, plotted vs opti-
cal time delay.
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respectively. This is performed with P2 oriented at þ45� and then at
�45�. Then, the diagonal and off diagonal components of the sample’s
linear transmission matrix are calculated via T645� ¼ ðTxx6TxyÞ=

ffiffiffi

2
p

.
Right- and left-circular transmission spectra are then obtained using
Tr;lðxÞ ¼ TxxðxÞ6iTxyðxÞ, from which the right- and left-circular
optical conductivity, rrðxÞ and rlðxÞ, are determined (described in
more detail below).

Cyclotron resonance is most clearly represented when rrðxÞ and
rlðxÞ are plotted together vs positive and negative frequencies, respec-
tively.19,22,23 In the simplest model of CR, each mobile carrier species
contributes a Drude-like conductivity peak centered at x¼ 0 at B¼ 0.
This Drude peak shifts to higher frequency with increasing B at a rate
that is inversely proportional to its effective mass meff , a consequence
of the 2D electronic density of states breaking up into equally spaced
Landau levels that are separated by the cyclotron frequency. At high B,
CR from carriers with different masses can therefore be spectrally dis-
tinguished and accurately analyzed.

Figure 2(a) shows a simple simulation for a minimal model sys-
tem containing both heavy and light holes. For each carrier species, the
Drude model gives a complex conductivity,

rðx;BÞ ¼ �0x2
p

1=s� iðx� xcÞ ; (1)

which is a Lorentzian oscillator centered at the cyclotron frequency
xc ¼ eB=meff , where e is the electron charge (positive for holes). The
width of the Drude peak in the real part of rðxÞ is given by the inverse
carrier scattering time 1=s, and the spectral weight of each carrier spe-
cies is given by its plasma frequency x2

p ¼ Ne2=�0meff , where N is the
carrier density. The cyclotron energy �hxc is just the spacing between
the Landau levels that develop when B > 0. When multiple carrier
species exist, each species contributes to rðxÞ independently.

Figure 2(a) shows rðxÞ for a model system containing both
heavy and light holes, using mlh ¼ 0.5me and mhh ¼ 2.5me (values
estimated from band structure calculations of GaN). For simplicity,
both carrier species are assigned the same spectral weight and equal
scattering times s¼ 0.4 ps (estimated from Hall mobility studies). At
B ¼ 0, the Drude conductivity peaks of both species are centered at
zero frequency (xc ¼ 0), forming a single peak. However, when
B > 0, the two Drude peaks shift in frequency and separate due to
their different masses. In this example, the two conductivity peaks
become well separated and spectrally resolvable in high fields B� 20
T, enabling the characterization of both carrier masses, as well as their
spectral weights and scattering times.

The experimentally measured optical conductivity from the
2DHG structure is shown in Fig. 2(b). Both Re[r] and Im[r] at high
magnetic fields closely follow the trends anticipated by the minimal
model described earlier [cf. Fig. 2(a)]. The data clearly show the emer-
gence and separation of two distinct conductivity peaks shifting toward
positive frequencies, confirming the presence of both heavy and light
holes in the 2DHG. The dashed lines show fits to the data based on the
minimal Drude model discussed earlier.

The fitted CR frequencies, shown in Fig. 3, increase linearly with
B, with slope that reveals meff . We find that mhh ¼ 2:6me and
mlh ¼ 0:57me. We emphasize that these data represent the first mea-
surement of hole CR in GaN-based semiconductors, which is made
experimentally challenging by the larger masses and lower mobilities
of holes (compared, e.g., to mobile electrons in GaN, or to carriers in

narrower-gap semiconductors), and the consequent need for both
high B and broad (THz) detection bandwidths to spectrally distinguish
their broad Drude conductivity peaks.

In addition to effective mass, the spectrally resolved CR peaks in
rðxÞ also reveal the heavy- and light-hole densities N, and their scat-
tering times s from which mobilities l can be independently deter-
mined, complementing and validating material parameters inferred
from electrical transport studies. These important parameters are
measured as follows: As outlined above, the complex optical transmis-
sion spectrum in applied B, normalized to its value at B¼ 0, is
obtained as Tðx;BÞ=Tðx; 0Þ ¼ F½Eðt; BÞ�=F½Eðt; 0Þ�. For 2D
mobile carriers at the interface between two media, this quantity can
be approximated as24

Tðx;BÞ
Tðx; 0Þ ¼

rðx; 0Þ þ Y
rðx;BÞ þ Y

; (2)

FIG. 2. (a) Simulation of the left- and right-circularly polarized complex optical con-
ductivity, rl;r ðxÞ, from a 2D layer containing two species of mobile hole carriers
having effective masses meff ¼ 0:5me and 2:5me. Each species is assigned the
same spectral weight, and same scattering time s¼ 0.4 ps. Negative and positive
frequencies correspond to rlðxÞ and rr ðxÞ, respectively. Each species contributes
a Drude-like conductivity (with real part Re[r] and imaginary part Im[r]), given by a
complex Lorentzian oscillator centered at the cyclotron frequency xc ¼ eB=meff.
The conductivity peaks from the two species become separated and easier to indi-
vidually resolve at high B, due to their different meff and xc . (b) The measured com-
plex optical conductivity of the 2DHG, at 8 K and in the high B indicated. The
dashed lines are fits using a simple Drude model with both hh and lh carriers.
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where r is the sheet conductivity, and Y ¼ Y1 þ Y2 is the
effective admittance defined as the sum of the admittances of the two
media. Here, the 2DHG can be taken to reside at an interface
between vacuum (Y1 ¼ Yvac ¼ 1=377X) and the AlN substrate
(Y2 ¼ nAlNYvac � 2:8Yvac), because the ultra-thin semiconducting
GaN layer gives little contribution at 8K. The sheet conductivity is
given by a two-carrier Drude model,

rðx;BÞ ¼ �0x2
p;hh

1=shh � iðx� xc;hhÞ þ
�0x2

p;lh

1=slh � iðx� xc;lhÞ : (3)

These two expressions give the normalized complex transmission spec-
trum as a function ofmhh,mlh, Nhh, Nlh, shh, and slh. All six parameters
can be extracted by simultaneously fitting the real and imaginary parts
of the measured complex transmission at high B, and rðxÞ can be
reconstructed by substituting the fit parameters into Eq. (3).

The ability to extract all six parameters from a single fit is aided
by two noteworthy advantages of the THz experiment: First, large B
forces the spectral separation of the hh and lh CR peaks, which can
then be fit essentially independently. For 2DHGs in GaN, fields of
order 30T are needed because both carriers have relatively large mass
and short scattering times that lead to broad CR peaks. By forcing the
spectral separation of the CR peaks, not onlymeff but also s and N (via
the spectral weight) can be more accurately determined for each hole
species. We emphasize that without independent knowledge of meff

that is provided by the cyclotron shift, the spectral weight reveals only
the ratio N=meff .

Second, we measure the complex-valued THz transmission in a
circular polarization basis. Simultaneously fitting both the real and
imaginary transmission spectrum naturally puts additional constraints
on the fit and improves its accuracy. This is possible in time-domain
THz studies because both amplitude and phase are encoded in the
measured electric field EðtÞ, in contrast to phase-insensitive methods
that detect only optical intensities (/ EE�).

Table I shows the material parameters of these 2D holes, as deter-
mined by our CR experiments. Mobilities are calculated from the mea-
sured scattering times via l ¼ es=meff . We note that the larger
uncertainty in the parameters mhh and Nhh is due to the fact that the
peak of the heavy-hole CR does not quite fall within the detection
range [see Fig. 2(b)], which makes it more difficult to independently fit
the peak’s amplitude and central frequency. To improve accuracy, we
measured the low-temperature THz optical conductivity of the GaN/
AlN 2DHG structure at B¼ 0, referenced to a bare AlN substrate, and
extracted the total spectral weight from both carrier species by fitting
to a single Drude peak. This is a reasonable approach for a two-carrier
system when both species have similar scattering rates. The total spec-
tral weight is then used as an additional constraint, which reduces
uncertainty in Nhh and improves the fitting ofmhh.

For comparison, Table I also shows the corresponding heavy-
and light-hole parameters reported very recently in two electrical
transport studies of similar GaN/AlN 2DHGs grown in the same MBE
chamber10,15 (note, however, that the layer thicknesses were not exactly
the same, and some structures used in these transport studies also
incorporated an additional Mg-doped p-type GaN capping layer to
improve electrical contact to the 2DHG). In Ref. 15, magneto-
transport measurements up to 9T were fit to a two-carrier model of
the Hall effect, from which Hall mobilities and carrier densities were
inferred. In Ref. 10, Shubnikov–de Haas (SdH) quantum oscillations
from both heavy and light 2D holes were measured in pulsed magnetic
fields to 72T, providing a measure of carrier densities (via the SdH
oscillation frequency) and masses (via the temperature-dependence of
the SdH amplitude), along with an estimate of the quantum scattering
time sq (via the field-dependence of the SdH oscillations). Note that sq
is generally smaller than transport scattering times st , determined by,
e.g., Hall effects, because quantum oscillations are sensitive to all scat-
tering mechanisms and sample inhomogeneities.25–28

Overall, Table I shows a general agreement between the parame-
ters inferred from these different measurement techniques on these dif-
ferent 2DHG samples. Light hole masses and carrier densities are in
reasonable agreement. Low-temperature transport mobilities are in the
same general range (� 300 cm2/V � s for heavy holes, and on the order of
1500 cm2/V s for light holes), with variations likely arising from differ-
ences in sample quality. As expected, the quantum scattering times

TABLE I. Heavy-hole and light-hole parameters determined by cyclotron resonance
on this GaN/AlN 2DHG. Also listed are parameters inferred from electrical transport
studies of similar but different GaN/AlN 2DHGs. All reported mobilities are low-tem-
perature values (T< 10 K).

This work Reference 10 Reference 15

mhhðmeÞ 2:660:2 1.926 0.16 N/A
mlhðmeÞ 0:5760:01 0.536 0.01 N/A
Nhh (1013cm�2) 4:660:2 3.86 0.1 � 4
Nlh (1013cm�2) 0:6560:03 0.86 0.01 � 0.5
shh (10�13s) 3:960:2 (st) 1.7–2.4 (sq) N/A
slh (10�13s) 4:060:2 (st) 1.5 (sq) N/A
lhh (cm

2=V � s) 262630 (lt) � 400 (lt) � 300 (lt)
167–200 (lq)

llh (cm
2=V � s) 1242680 (lt) � 1900 (lt) � 1400 (lt)

3686 14 (lq)

FIG. 3. The measured cyclotron frequencies of light and heavy holes in the 2DHG.
The dashed lines are linear fits to fc ¼ xc=2p ¼ eB=2pmeff , from which the
heavy- and light-hole effective masses are directly revealed.
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inferred from SdH studies are shorter than scattering times determined
by transport or CR. Where the CR and SdH experiments differ most
noticeably is in the determination of the heavy-hole mass mhh (2.6me

vs 1.92me, respectively). In general, masses measured by SdH oscilla-
tions reflect the quasiparticle dispersion renormalized by both electron–
phonon and electron–electron interactions, and are therefore often
found to be heavier than the bare band mass.29 However, Kohn’s theo-
rem states that in a Galilean-invariant system, the cyclotron frequency
xc is unaffected by electron–electron interactions.30 Although electron–
electron interactions can enhance the cyclotron mass in high-density
systems where Galilean invariance no longer holds,31 or in systems
that have non-parabolic bands32 (in GaN, the bands are not perfectly
parabolic), it is still somewhat unexpected to infer a smaller mass from
SdH quantum oscillations in comparison with a cyclotron resonance
measurement. Despite the increased uncertainty in our determination
of mhh by CR (discussed above), a 30% discrepancy seems to be in
excess of experimental error and may hint at interesting underlying
physics. Further investigations of CR in higher magnetic fields, where
the heavy-hole CR peak can be more completely resolved, are needed
to resolve this puzzle.

In summary, we directly measured the cyclotron resonance of a
2D hole gas in a GaN/AlN heterojunction by THz spectroscopy in
pulsed magnetic fields up to 31T and revealed the effective masses,
densities, scattering times, and mobilities of both heavy and light 2D
holes. These are important material parameters for the design and
engineering of future complementary GaN-based electronics and pho-
tonics. Our results are in broad agreement with parameters inferred
from recent electrical transport studies, with the exception of an
intriguing difference in mhh that invites further exploration of this sys-
tem. This experimental capability demonstrates a viable method to
characterize wide-bandgap semiconductors, such as p-type ZnO and
Ga2O3, which have heavier carrier masses, and a path to study the elec-
tron–electron interactions in correlated systems through the direct
evaluation of cyclotron mass.
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