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ABSTRACT

This work investigates the thermoelectric properties of a gallium nitride (GaN)-based two-dimensional hole gas (2DHG) using a double het-
erojunction, which can be utilized in complementary GaN thermoelectric (TE) platforms for power generation in extreme environments.
A 5 x 102 cm™2 hole density, a Hall mobility of up to 20 cm? V™' s7!, and a Seebeck coefficient of 0.4mVK™" have been measured, resulting
in a power factor of 0.5-1.0mWm™' K2 over a 300-77 K temperature range. These results demonstrate the stability and usability of the
thermoelectric properties of GaN using hole conduction at sub-100 K temperatures, therefore providing clear evidence that GaN-based
2DHGs can function as a stable cryogenic TE platform, opening new opportunities for complementary device architectures (leveraging
both 2DHGs for p-type and two-dimensional electron gases for n-type) optimized for extreme environment electronics commonly encoun-

tered in deep-space missions, where other materials become unreliable.

© 2026 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/10.1063/5.0324609

Thermoelectric (TE) materials are used in thermoelectric genera-
tors (TEGs), which are typically bench-marked with the ZT figure of
merit. This zT has two key components, the power factor (PF) and
thermal conductivity (k), scaled by the applied thermal difference
(AT). While previous work has shown reducing k can improve zT,
this strategy is hitting practical and theoretical limits in most material
systems.' Furthermore, recent research in thin-film-based TE materi-
als show improved efficiency for electric power generation, as the cor-
relation between k and PF can be decoupled.” Therefore, the PF
should be increased, which is determined using PF = S?g, where S
represents the Seebeck coefficient and ¢ the electrical conductivity.
State-of-the-art p-type Sb,Te; thin films have recently demonstrated
competitive room-temperature performance, achieving power factors
as high as 1.94mWm™ K2, yet these studies remain focused on
room-temperature and above,” leaving their behavior and stability in
cryogenic regimes largely unexplored. Moreover, bulk TE materials
are dominated by Bismuth-based materials, such as p-type doped
CsBi;Te; and Bi,_Ca,Se; alloys, due to their high room-
temperature PF of up to 5 and 0.8mWm™! K2, respectively.4'5 These

materials rely on heavy doping to achieve optimal carrier concentra-
tions, making them susceptible to carrier freeze out at cryogenic tem-
peratures, which leads to reduced PF as well. For example, the PF of
CsBi, Te; falls below ImWm™" K2 at 150 K.* This freeze out behav-
ior limits the ability of doped TE platforms to maintain performance
across a broad temperature range, particularly in cryogenic environ-
ments.” In addition, integrating these materials into micro-TEG plat-
forms remains challenging, as their deposition, doping profiles, and
packaging requirements are often incompatible with standard IC fab-
rication workflows.

Gallium nitride (GaN), known for its wide bandgap and
temperature-independent polarization-induced carrier formation,
provides a reliable platform in both cryogenic and high-temperature
operation.” Its intrinsic polarization limits carrier freeze out, ensuring
reliable performance at temperatures as low as tens of Kelvin since it
does not rely as heavily on dopant activation.” Earlier works have
investigated the thermoelectric properties of AlGaN/GaN two-
dimensional electron gases (2DEGs), where a constant PF of

4-7mWm~! K=2 was measured at temperatures of 50-300 K,‘)’ll in
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which a significant increase in the PF due to phonon-drag has been
measured.'”

Beyond the extensively studied 2DEGs, recent work has demon-
strated that polarization-induced GaN/AlGaN heterostructures can
also support high-density two-dimensional hole gases (2DHGs), with
sheet densities exceeding 10'* cm™ at cryogenic temperatures.' '
Additionally, GaN is inherently well-suited for monolithic integra-
tion, enabling the seamless co-fabrication of diverse high-
performance electronic and optoelectronic devices on a single chip.
Double-heterojunction designs have been shown to simultaneously
host a 2DHG and a complementary 2DEG, whilst being isolated,"*
providing a robust platform for complementary 2DHG and 2DEG
studies. Despite these advances, the thermoelectric properties such as
S and PF of GaN 2DHGs have not yet been experimentally character-
ized. In contrast to the well-studied cryogenic behavior of 2DEG-
based TEGs, the thermoelectric response of GaN 2DHG devices
remains largely unexplored, despite their potential for enabling highly
efficient complementary micro-TEGs."” This work investigates the TE
properties of a 2DHG as a p-type GaN thermoelectric material, allow-
ing the use of complementary micro-TEGs in cryogenic environ-
ments. This approach enables more efficient power generation in
harsh environments, such as those encountered by rovers or satellites
in outer space.

A GaN double-heterojunction structure supporting both a
2DHG and a complementary 2DEG was grown using metal-organic
chemical vapor deposition (MOCVD) by Dowa Electronics Materials
Co., Ltd. The stack consists of a GaN/AlGaN/GaN/p-GaN double het-
erojunction, as shown in Fig. 1(a). The 30 nm thick top p-GaN layer
is doped with a 3 x 10" cm™ magnesium concentration to elevate
the valence band as seen in Fig. 1(b), promoting the formation of a
2DHG in the 20 nm thick unintentionally doped GaN layer.'* The
Mg-doped p-GaN also reduces the Schottky barrier height, enabling
low-resistance Ohmic contacts.'®'”

The AlGaN layer is carefully chosen to optimize the PF of the
2DHG, as determined through Schrodinger—Poisson-based simula-
tions using Nextnano'® in combination with S and mobility estima-
tion models. By adjusting the aluminum (Al) content (x) in the

(a) (b)
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20 nm| 2DHG GaN N2PHG
8 50 nm AlGa.xN
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FIG. 1. (a) Schematic drawing of the 2DHG double heterojunction (not to scale)
and (b) its energy band diagram.
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AlyGa;_xN barrier, the sheet hole density of the 2DHG (p;) can be
effectively controlled. Increasing the Al content results in higher
2DHG densities, which enhances the conductivity of the 2DHG. The
conductivity can be estimated using

0 = qPsky, (1)

where g is the elementary charge and g, is the mobility of holes in the
2DHG.

The Seebeck coefficient of solely the 2DHG in this stack can be
estimated using

) J(E — |E, — E|)o(E) dE
§=—— , (2)
9T JO’(E) dE

where T'is the absolute temperature, o(E) is the differential conductivity
of holes, and |E, — Ep| represents the energy difference between the
valence band edge and the Fermi level extracted from Nextnano'® simu-
lations. Whenever the sheet density is increased by raising the Al con-
tent (x), the semiconductor becomes more degenerate, increasing
|E, — Ep|, which reduces S. This highlights the trade-off in selecting x,
where higher Al content not only increases conductivity through a larger
hole density but also decreases S, which together determine the achiev-
able PF. An Al content of x = 0.2 was chosen to provide an optimal
balance between achieving a high PF and maintaining practical feasibil-
ity, considering the maximum possible stress in the layer. The AlGaN
layer thickness was determined to ensure the polarization of the 2DHG
within the u-GaN layer using Nextnano, ® whilst being limited by the
maximum thickness to prevent detrimental cracking during epitaxy.

Under the polarizing Aly,Gag N layer, a 1 um thick uninten-
tionally doped Gan (u-GaN) layer is located, in which a 2DEG is
formed through similar polarizing effects of the AlGaN layer. The
2DEG electron density is expected to match the 2DHG density
according to Nakajima e al."” and estimated using Nextnano.'®

A Ni 20 nm/Au 20 nm metal contact layer was deposited on the
p-GaN surface by physical vapor deposition and patterned using a
lift-off process to create electrical contacts to the 2DHG. The contacts
were annealed at 550 °C for 20 min in ambient air to promote low-
resistance p-type tunneling-contact behavior.'™"” Two different
device structures were fabricated to enable thermoelectric characteri-
zation. Configuration 1 uses 25 x 5mm” dies with metal contacts
deposited at both ends, designed to mount onto a printed circuit
board (PCB) to measure S. Configuration 2 uses 10 x 10 mm?® dies
featuring four 1 x 1 mm? corner contacts, which are used to form van
der Pauw geometries for measuring sheet resistance (configuration
2a), Hall mobility, and sheet hole density (configuration 2b) of the
isolated 2DHG.

The Seebeck coefficient was measured using configuration 1, a
cantilever PCB mounted on a cryocooler as seen in Fig. 2, where seven
individual samples from the same wafer were fabricated and thermally
mounted between a cold copper-mounted section and a resistively
heated hot section, mechanically isolated by a long thermal path.
Silicon diode temperature sensors on both sides are used to measure a
temperature difference of up to 10 K and average sample temperatures
between approximately 65 and 300 K, ensuring reliable characteriza-
tion. The generated Seebeck voltage across the semiconductor strip is
measured to determine S using S(Thg) = — %, with error bars
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FIG. 2. Photograph and pictogram of diving-plank setup with GaN die (configura-
tion 1) mounted on a PCB with thermal isolation to perform Seebeck coefficient
measurements.

describing the standard error of the mean between seven individual
measured samples. A positive S has been measured [Fig. 3(a)], indi-
cating that the majority charge carriers are holes. To confirm that S
originates from the 2DHG rather than the p-GaN capping layer, the
impact of the p-GaN layer to the S measurements is estimated using

o 2,‘8,‘6,‘
B >0

where S and the conductivity (¢) of parallel TE materials can be used
to determine the total S or the impact of a singular layer to the

S (3)

ARTICLE pubs.aip.org/aip/apl

complete stack. Using Eq. (3), the impact of the top p-GaN layer com-
pared to the 2DHG is estimated to be 2% at 300K, decreasing to a
negligible impact (<0.1%) at 200K and below. Furthermore, accord-
ing to Brandt et al,”" S of the p-GaN layer is expected to have a strong
temperature dependence, converging toward zero, and even reverses
polarity below 120K due to Mg-acceptor freeze out, which is not
observed in this work. This indicates that the p-GaN layer’s contribu-
tion was negligible. S obtained in this work remains constant across
the measured temperature range, showing no polarity inversion or
decrease at low temperatures, confirming this theory. These different
behaviors and estimations suggest that the performed measurement is
primarily influenced by the 2DHG contribution, rather than the
p-GaN layer.

The simulated S is estimated using Eq. (2) and Nextnano'® to
determine the energy levels of the 2DHG. The effective hole mass of
the 2DHG is to be expected between 0.5, and 2.5m,,”” resulting in
a higher S compared to the much lower effective electron mass of
2DEGs as seen in Fig. 3(a). The measured S aligns closely with the
simulated trend, increasing with temperature at the same rate, while
the measured values remain marginally higher. At colder sub-100 K
temperatures, the measured data show a noticeable boosting effect
that does not appear in the simulations. This effect is accompanied by
an increase in the standard error of the mean, which could be caused
by tensile strain induced by differential thermal expansion rates of the
sample and PCB or could be more fundamental, such as phonon-
drag. For comparison, the results of two 2DEG systems are presented,
featuring thick (1.2 um) and thin (150 nm) u-GaN layers. The thick
u-GaN sample shows a similar boosting effect at lower temperatures,
as phonon-drag is more pronounced compared to the thin GaN sam-
ples.”” Confirming and individually separating the different boosting
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O Thin GaN (2DEG) [12] _ V[20]
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4 o
> = Q
E B 105F i85 00° 0©
~ 7] x=0.
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effects at low temperature, such as phonon-drag contributions to the
2DHG and the influence of added tensile strain, would require more
detailed measurements, such as on-chip measurement structures, to
avoid the need for an external PCB equipped with heaters and tem-
perature sensors to avoid thermally induced tensile strain, or varying
different structure compositions, which lie outside the scope of this
work. The sheet resistance is measured using configuration 2a and is
plotted in Fig. 3(b), the hole mobility and sheet hole density measure-
ments were measured using configuration 2b and are plotted in Figs.
3(c) and 3(d). The sheet resistance, hole mobility, and hole sheet den-
sity measurements were performed in a liquid nitrogen-cooled cryo-
stat for low-temperature control.

At room temperature, the 2DHG shows a sheet resistance of
131kQ/7, falling to 52kQ/[] when cooled to 77 K, showing metal-
lic behavior commonly seen in two-dimensional carrier gasses. Figure
3(b) compares the temperature-dependent sheet resistance of 2DHGs
of similar double-heterostructures with different Al contents in the
AlGaN barrier. The 2DHG measured in this work (x = 0.2) exhibits
a sheet resistance that falls between previously reported structures
with x = 0.18, which has a higher resistance, and x = 0.26, which has
a lower resistance.”’ This trend is consistent with the expected
increase in hole sheet density with higher Al content, resulting in
lower sheet resistance. Additionally, previously reported structures by
Shao et al.,” shown in Fig. 3(b), use a three times thicker and partially
heavier doped (5 x 10! cm™) p-GaN capping layers, resulting in a
transition between approximately 180 and 230K from low-
temperature metallicc, 2DHG dominated transport to high-
temperature thermally activated hole conduction. The structure in
this work uses a thinner p-GaN capping layer, leading to a much
weaker contribution from the p-GaN layer. As a result, a similar tran-
sition is expected to occur at a significantly higher temperature, esti-
mated to be around 325K, and therefore lies outside the temperature
range investigated in this study.

Hall measurements were carried out using a 594 mT magnetic
field to determine the sheet density and hole mobility. Figure 3(c)
plots the 2DHG sheet density over temperature, where the sheet hole
density is measured to be 5 x 10"2*=11% cm™2 over a temperature
range of 77-300 K. The experimental results are consistent with simu-
lations performed by Nextnano,'” indicating that no freeze out occurs
at lower temperatures. Additionally, the Hall-voltage polarity con-
firms that the majority carriers are holes, demonstrating that only the
2DHG is contacted. Furthermore, an estimate of the top-layer p-GaN
hole concentration (pg) is plotted using

N -E

Pmg A tpGaN - NA?ZCXP (ﬁ) (4)
where tyGax is the p-GaN layer thickness, Ny = 3 x 10 cm™ is the
Mg concentration, Ny is the effective density of states at the valence
band edge, go = 4 represents the acceptor degeneracy factor of GaN,
and E, = 168 meV the activation energy of the Mg dopants.”’ This
estimation of the sheet hole density of the p-GaN layer at cryogenic
temperatures is several orders of magnitude lower than the experi-
mentally measured values, indicating that the Mg-doped p-GaN layer
does not significantly contribute to the measured sheet hole density

and is effectively temperature-independent.
Figure 3(d) shows the measured Hall mobility of the 2DHG,
with 8cm?/Vs at 300K, initially increasing at a temperature

ARTICLE pubs.aip.org/aip/apl

dependent slope of T~>/2, indicating that acoustic phonon scattering

is dominant until the hole mobility saturates at 20cm? V™' s7! at
150K and below, becoming temperature independent, commonly
seen in similar 2DHG structures.”

While the individually measured thermoelectric properties pro-
vide an in-depth insight into the formed 2DHG, the PF combines the
individual measurements into a single performance indicator. The PF
is evaluated using

SZ

PF = ,
t- Rgp

(5)

where S is the measured Seebeck coefficient, Ry, is the sheet resis-
tance, and t is the effective thickness of the 2DHG. The 2DHG thick-
ness is extracted from Nextnano band diagram simulations, in which
the Fermi level is lower than the valence band. Using this method, ¢ is
determined to be 1.4nm at 50K and 0.5nm at 300K. In order to
make a fair, conservative, comparison with other non-polarizing TE
materials, ¢ is assumed to be 2nm over the complete temperature
range of this work while the PF is determined.

Figure 4 shows the derived PF of the measured 2DHG to be
0.5mWm™! K2 at 300 K, increasing to ImWm™' K2 at 77 K, because
S increases and resistivity decreases with lower temperatures. Overall,
the PF of the GaN 2DHG remains extremely constant over a tempera-
ture range of 77-300 K, unlike bulk Mg-doped p-GaN,”' where carrier
freeze out significantly decreases performance at lower temperatures.
While the Bi-based materials initially outperform the presented GaN
sample in typical temperatures, all three reference materials experience
a substantial decrease in their PF as temperature decreases.”” In con-
trast, the GaN-based sample maintains a nearly constant, even increas-
ing PF over the entire temperature range. Moreover, the 2DHG
surpasses the state-of-the-art BiCaSe in PF below approximately 100 K,
demonstrating its low-temperature stability and potential for cryogenic
thermoelectric applications over other materials. While this work
determined the PF of the generated 2DHG, previous studies suggest
that superlattice structures can further enhance the lateral power

Tl =
NI’\ i s -
\—x _3 i
IE 107 F % %_% _________
s $95%0 ¢
S [ (}) %?
» & This work
- — - - Bulk p-GaN [21] i
Commercial CsBiTe [4] s
1074 | — — — Sbl doped CsBiTe [4] 7
F - - - BiCaSe [5] 5%
" " L PR | | | - |
50 100 200 300 400

Temperature (K)

FIG. 4. Plot of determined PF of GaN 2DHG, includin% comparison to recent Bi-
based p-type TEG materials and bulk Mg-doped GaN.*>?'
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density.”*”” Exploring such superlattice-based approaches therefore

represents a promising direction for future improvement.

This work presents the first measurements of the TE properties
of a double heterostructure-based 2DHG in GaN, enabling the use of
complementary n- and p-type TEGs based on GaN. A Seebeck coeffi-
cient of 0.3-0.4mVK™!, a sheet resistance of 131-52 kQ/O0 with a
sheet hole density of 5x102cm™ and a mobility of
8-20cm? V157!, resulted in a stable PF of 0.5-ImWm™! K2 over a
temperature range of 70-300 K. This work is a key step toward the
use of complementary GaN micro-TEGs'® more suited for reliable
on-chip power delivery in extreme conditions, including cryogenic
and deep-space environments.

The devices were fabricated in Kavli Nanolab and the Else Kooi
Laboratory (EKL) at TU Delft. The authors acknowledge Lukasz
Pakula and Jeroen Francke of the Electronic Instrumentation Lab at
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