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In this paper, the thermoelectric properties of n-type GaN and a 2D electron gas
(2DEG) created from an AlGaN/GaN heterostructure are presented. Their
thermoelectric properties are essential in order to optimise the thermoelectric
devices they are used for, such as thermoelectric sensors, generators or coolers.
In this study, Seebeck coefficients of � 162 lV/K and � 86 lV/K and power
factor (rS2) values of 0.56 mW/(m K2) and 3.1 mW/(m K2) were obtained for n-
type GaN and the AlGaN/GaN heterostructure, respectively, at 430 K. Their
Seebeck coefficient and resistivity were also measured over a number of tem-
perature cycles, with no change in either of these measurements during the
cycling, implying that these materials are thermoelectrically stable. Seebeck
coefficients and thermoelectric properties of both materials remain
stable throughout the temperature changes. These characteristics show the
suitability of these materials for high performance thermoelectric sensors.

Key words: Thermoelectric properties, III-N materials, 2DEG,
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INTRODUCTION

Thermoelectric materials convert heat into elec-
tricity and electricity into heat. Their figure of merit
(ZT) is defined as1:

ZT ¼ S2rT
j

ð1Þ

where S, r, T and j are the Seebeck coefficient, the
electrical conductivity, absolute temperature, and
thermal conductivity, respectively. A high ZT is
required for efficient conversion from thermal to
electrical energy, corresponding to a high Seebeck
coefficient, high electrical conductivity and low
thermal conductivity. Opposing trends between S,
r and j typically exist: as r increases, S decreases
while increasing r also increases j. To achieve high
thermoelectric performance, the power factor PF =
rS2 is a key factor.

AlGaN/GaN materials are of great interest for
high power and high frequency application devices
due to their electronic properties. These properties
include a wide band gap, high saturation velocity
and high breakdown field.2 The large difference in
polarisation between these two materials creates an
accumulation of negative charges at the GaN sur-
face next to the AlGaN/GaN interface. This results
in the formation of a two-dimensional electron gas
(2DEG) which has low resistivity, high mobility and
a high sheet carrier density. This 2DEG is com-
monly used for high electron mobility transistors
(HEMTs).3,4 As for all transistors, if they are not
well managed, overheating can occur, leading to the
deterioration of their output signal, and even to
thermal runaway, destroying the component.

An effective way to measure temperature changes
and to manage the thermal exchange is by imple-
menting in situ thermoelectric sensors. Thermoelec-
tric sensors are composed of semi-conducting p-type
and n-type lines connected electrically in series and
thermally in parallel. Because of the Seebeck effect,
a potential is generated which is proportional to the(Received July 15, 2020; accepted November 25, 2020;
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difference in temperature within the sensor’s lines.
This potential difference is calculated from:

U ¼ N � Snp � DT ð2Þ

or

U ¼ N � Snp � u� Rth ð3Þ

where N, Snp, DT, u and Rth are the number of
junctions, the Seebeck coefficient of the two mate-
rials (Snp = Sp � Sn), the difference in temperature,
the heat flow and the thermal resistance within the
sensor, respectively. This type of integrated ther-
moelectric sensor has previously been developed
using silicon based materials to measure CMOS
transistor temperatures and heat flows.5 Thermo-
electric sensors using III-N materials are now being
developed in our laboratories for AlGaN/GaN
devices.

Thermoelectric sensors have several advantages
compared to resistance temperature sensors, which
are used in certain integrated circuits6:

1. No external energy is needed for thermoelectric
sensors to generate a readable signal, in con-
trast to sensors that use I–V measurements to
measure the resistance of a material, which
increases with temperature.

2. Resistance sensors only measure a temperature
at a specific time, while thermoelectric sensors
can also measure a heat flow, which can be used
to predict temperature variations (Eq. 3).

3. A more accurate measurement is obtained when
sensors are placed closer to the transistor. In
situ thermoelectric sensors are fabricated
simultaneously with an HEMT so that the
components can be placed very close together
on an integrated circuit. Resistance sensors are
not fabricated in situ so cannot be placed as
close to the device as thermoelectric sensors.

In situ fabrication imposes many constraints, such
as the choice of material: they must use the same
materials as an HEMT, GaN or AlGaN/GaN
heterostructures in this case, and must follow the
same fabrication and dimensioning rules. To design
an efficient thermoelectric sensor, the thermoelec-
tric properties of the material must be known. Only
a few studies can be found on their thermoelectric
behaviour as their application in the thermoelectric
field has not yet been developed.7–11 In this study,
we measure the electrical properties and Seebeck
coefficient of n-type GaN and an AlGaN/GaN 2DEG.

METHOD

The structures were grown by metal–organic
vapour phase epitaxy (MOVPE) on 200-mm-diame-
ter silicon (111) substrates. An AlN nucleation layer
is first grown on the substrate, followed by AlGaN
and GaN transition layers and an electrically

insulating carbon doped GaN layer. More details
of the growth and crystal quality can be found.12,13

For the n-type GaN layer, a silicon doped GaN layer
1100 nm thick, with a doping level of 5 9 1018 cm�3

was grown on top of the carbon doped GaN, as
shown Fig. 1a. For the AlGaN/GaN heterostructure,
a thicker carbon doped GaN layer was grown,
followed by 100 nm GaN channel. The AlGaN/GaN
heterostructure was composed of a 0.7-nm-thick
AlN layer and a 25-nm-thick Al0.22Ga0.78N, capped
with an SiNx passivation layer, as shown in Fig. 1b.
The AlN ‘‘spacer’’ layer grown between the AlGaN
and GaN layers generates improved confinement of
the electron gas and increased sheet carrier density.
Its energy gap is 6.2 eV, creating a deeper and
narrower well at the heterojunction compared with
a structure without AlN spacer.

The Seebeck coefficient was obtained using a
ZEM-3 ULVAC GmbH system. The measurement
system functions as follows: the sample is held
vertically in place between an upper and lower
block. The sample is heated and held at a specified
temperature. A gradient is then applied by heating
only the lower block. The Seebeck coefficient is
obtained by measuring the temperatures T1 and T2

with the two side thermocouples and then measur-
ing the thermal electromotive force between the
same two wires.

The electric resistance of the samples can also be
measured using the ZEM-3 system with the four-
terminal method. In this case, a current in applied
at the ends of the sample and the voltage drop is
determined between the side wires of the
thermocouple.

Samples measuring 20 mm x 7 mm were used for
these measurements, each with four contacts: two
outer contacts for the current and two middle
contacts for the thermocouples. The contacts used
are described in a seperate paper.14 For the n-type
GaN material, contacts are deposited and then
annealed at different temperatures. In the case of
the AlGaN/GaN heterostructure they are either
deposited on the GaN layer after SiN, AlN and
AlGaN etching or deposited on the AlGaN layer and
annealed at 850�C to diffuse across the AlGaN layer
to the 2DEG.

To avoid any current going through the silicon
substrate, electrically isolating tape is attached at
both ends of the substrate and silver paint is used to
electrically connect the upper and lower blocks to
the outer contacts.

Electrical resistivity and charge mobility at ambi-
ent temperature were measured by a simultaneous
Hall Effect and Van der Pauw method, which we
call the VDPH measurement. VDPH measurements
were performed on these samples to find the surface
and volume concentration of carriers, electron
mobility and electric resistivity. These measure-
ments were performed at room temperature on
20 mm x 20 mm samples, with ohmic contacts as
previously described located in each corner.
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RESULTS

Thermoelectric Property Measurements

The electrical properties, Seebeck coefficient and
power factor for the two structures are presented in
Tables I and II, and compared with data from
literature.

Measurements were performed at temperatures
from 350 K to 500 K corresponding to the typical
operating temperature range of the transistor, with
results of Seebeck coefficient and resistivity given
for a temperature of 430 K (which can be considered
the critical temperature for power circuits) in
Tables I and II for n-type GaN and AlGaN/GaN
heterostructure, respectively.

The exact depth of the 2DEG is not known
precisely; hence, density and resistance results for
the 2DEG are given in surface concentration and
sheet resistance. Its electrical resistance is also
given in electrical resistivity assuming a 5-nm
2DEG depth for an easier comparison with the n-
GaN material. The thickness of the 2DEG is calcu-
lated as being the region where the GaN is degen-
erated, i.e. the depth of the conduction band which
is lower than the Fermi band.7 Values are compa-
rable to those found in the literature, although not
all growth parameters are the same–different Al
concentrations in AlGaN layer and different GaN
and AlGaN thickness lead to different electrical
results. The Hall Effect measurements are also
similar to previous measurements performed on
similar structures.14

As expected, the 2DEG in the AlGaN/GaN
heterostructure has a lower electrical resistivity
than the nGaN at both room temperature and at
higher temperatures (2.2 9 10�4 X cm compared
with 4.3 9 10�3 X cm for the n-type GaN at room
temperature).

Figure 2 shows the average values of the Seebeck
coefficient for the n-type GaN and the AlGaN/GaN
heterostructure, with average values obtained from

measurements using the different contacts. We can
see that the Seebeck coefficient is higher for nGaN
than for the AlGaN/GaN heterostructure across the
whole temperature range.

As the voltage generated by a thermoelectric
sensor is directly proportional to the Seebeck coef-
ficient (Eqs. 2 and 3) and that the Seebeck coeffi-
cient of nGaN is higher than that of the AlGaN/GaN
heterostructure across the whole temperature
range, the sensor’s output will be more sensitive
using n-GaN than using the AlGaN/GaN
heterostructure. Figure 3 shows the average elec-
trical resistivity average and PF average, with
average values obtained from measurements using
the different contacts, as a function of the temper-
ature. From Fig. 3, we see that the electrical
resistivity of the AlGaN/GaN heterostructure is
much lower than that of the nGaN across the entire
temperature range, and despite the lower Seebeck
coefficient, the power factor is higher for the AlGaN/
GaN heterostructure. This will, therefore, also lead
to a greater PF.

Temperature Cycles

The Seebeck coefficient and resistivity were mea-
sured using temperature cycles with temperatures
ranging from 400 K to 520 K. Values were repeat-
edly taken over a number of temperature cycles.
Figures 4 and 5 are examples of cyclic Seebeck
coefficient, resistivity and PF measurements. The
Seebeck coefficient, resistivity and consequently the
power factor show reproducible results, which
implies that the materials are thermoelectrically
stable with temperature. There is a very slight
variability between cycles, but no systematic shift
across the cycles; therefore, this is due to errors
within the measurement not due to changes in the
materials. A thermoelectrically stable material is
very important for temperature sensors in inte-
grated circuits as they will be subject to many
temperature cycles.

Fig. 1. Schematic representation of (a) the n-type GaN structure and (b) the AlGaN/GaN structures.
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CONCLUSION

Electrical properties including electron mobility,
charge density and resistivity as well as the Seebeck
coefficient were measured on two materials: n-type
GaN and an AlGaN/GaN heterostructure. The
Seebeck coefficient is found to be higher for the n-
type GaN than for the AlGaN/GaN heterostructure,
so ideally n-GaN material would be preferred for
thermoelectric temperature sensors. However, as
both Seebeck coefficients are high enough to make
precise temperature measurements, for real devices
it may be preferable to integrate these sensors with
AlGaN/GaN heterostructures following a standard
HEMT fabrication process.

Good reproducibility and stability of the Seebeck
coefficient, not previously presented in the litera-
ture for GaN based materials, is shown here for
nGaN and AlGaN/GaN heterostructures when mea-
sured over many temperature cycles. This is a very
important criterion for devices that will endure a
large number of temperature changes.

These results show that nGaN and AlGaN/GaN
heterostructures are suitable materials for thermo-
electric sensors, with high sensitivity and good
stability. Because of the ability of these sensors to
be directly integrated using existing fabrication
processes, and as they do not require external
energy input, these are very attractive for integra-
tion into GaN based power electronic circuits.

Fig. 3. Temperature dependence of the average resistivity and PF of (a) n-type GaN and (b) AlGaN/GaN heterostructure.

Fig. 4. Temperature dependence of the Seebeck coefficient over 10
cycles, for (a) n-type GaN with a Ti/Au/Al contact annealed at 735�C
and (b) AlGaN/GaN heterostructure with a Ti/Al/Ni/Au contact
annealed at 735�C.Fig. 2. Temperature dependence of the average Seebeck

coefficient of n-type GaN and AlGaN/GaN heterostructure.
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Fig. 5. Temperature dependence of the electrical resistivity and PF over 10 cycles for (a) n-type GaN with a Ti/Au/Al contact annealed at 735�C
and (b) AlGaN/GaN heterostructure with a Ti/Al/Ni/Au contact annealed at 735�C.
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