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Abstract: In the present study, for the first time, aluminum-doped zinc oxide (AZO) thin
films with nanoinclusions of amorphous carbon have been synthesized via spin coating,
and the thermoelectric performances were investigated varying the aging period of the
solution, the procedure of carbon nanoparticles” addition, and the annealing atmosphere.
The addition of nanoparticles has been pursued to introduce phonon scattering centers
to reduce thermal conductivity. All the samples showed a strong orientation along the
[002] crystallographic direction, even though the substrate is amorphous silica, with an
intensity of the diffraction peaks reaching its maximum in samples annealed in the presence
of hydrogen, and generally decreasing by the addition of carbon nanoparticles. Absolute
values of the Seebeck coefficient improve when nanoparticles are added. At the same
time, electric conductivity is higher for the sample with 1 wt.% of carbon and annealed
in Ar with 1% of Hp, both increasing in absolute value with the temperature rise. Among
all the samples, the lowest thermal conductivity value of 1.25 W/(m-K) was found at
room temperature, and the highest power factor was 111 pW /(m-K?) at 325 °C. Thus, the
introduction of carbon effectively reduced thermal conductivity, while also increasing the
power factor, giving promising results for the further development of AZO-based materials
for thermoelectric applications.
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1. Introduction

Thermoelectric devices for energy harvesting have attracted interest in recent years
due to the need for more eco-friendly fuels to pursue the “energy transition” from fossil
to renewable energy sources [1-5]. Thermoelectrics are not the final solution to this envi-
ronmental issue, but they may constitute one of the many features of a new low-impact
energetical landscape. Thermoelectric devices do not have moving parts and just rely on
the thermoelectric properties of the materials they are made of, and on the temperature
gradient they experience. To evaluate the performance of a thermoelectric material, and
hence of a thermoelectric device, it is necessary to refer to the figure of merit ZT, introduced
by Abraham F. Ioffe in his works on thermoelectricity [6-8]. As shown in Equation (1),
this value depends on the Seebeck coefficient (S), the electric conductivity (¢), and the
thermal conductivity (k), resulting from the sum of the electron (k) and the phonon (k)

contribution [8]:
21— 25 g &
kel + kph

Semiconductor materials, such as metal oxides for high-temperature applications [9],
clathrates [10], skutterudites [11], half-Heusler intermetallics [12], some Zintl com-
pounds [13], and chalcogenide compounds for low thermal conductivity and doping
possibilities [14], are the most promising thermoelectric materials due to their potential
various applications in this field [2,3,15].

Although most metal oxides usually show a low ZT due to their low ¢ and high k val-
ues, Al-doped zinc oxide (AZO) is among the compounds having moderate thermoelectric
properties, which makes it suitable for high-temperature applications, i.e., in the temper-
ature range where other thermoelectric materials with better performances are unstable.
Moreover, AZO is nontoxic, cheap, and easy to synthesize, thus favoring its large-scale
applications [16]. AZO has a ZnO hexagonal structure; namely, it is a semiconductor with
a wide band gap of 3.4 eV and has proper doping with 2% of aluminum, which increases
its electrical conductivity and therefore its power factor [17]. However, the high thermal
conductivity remains an issue, keeping the ZT value low. Nanostructuring, dimensionality
reduction, and the addition of nanoinclusions are approaches aimed at decreasing the value
of kyy, [18,19], as all of them introduce scattering centers for phonons, which are responsible,
along with conduction electrons, for thermal conductivity in crystalline solids. AZO thin
films have already been investigated to determine the influence of the reduced dimension-
ality and the corresponding microstructure effect on its electrical properties. In particular, it
has been found that the density of carriers and their scattering is mainly influenced by the
presence of grain boundaries at the studied composition [20], and some interesting results
are a resistance of 320 mQ2 in a film with a thickness of 780 nm [21], a power factor of 550
mW /(m-K?), and a thermal conductivity lower than 2 W/(m-K) [22,23], as well as a sheet
resistance of 2.08 (3/sq for a 1 um thick film [24]. These promising results call for tuning of
the thermoelectric performances of AZO through the control of morphology.

The subject of this work is the synthesis and the study of the thermoelectric properties
of thin films of AZO with nanoinclusions of carbon with an average size of the primary
particles being 12 nm, which can act as scattering centers for phonons reducing the value
of ky, without heavily affecting the other transport properties of the material. The carbon
nanoparticles have been chosen because of their low price and use in large-scale applica-
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tions. Since the approach consisting of the addition of nanoparticles to reduce the thermal
conductivity has already been successfully applied to other systems, the thermoelectric
performances of AZO thin films with nominal composition Al 2Zn 93O are expected to
be further enhanced. In particular, the figure of merit ZT of Ing 53Gag 47As was increased
by a factor of 2 with ErAs nanoparticles [25] and a thermal conductivity of 1 W/(m-K)
in Si has been achieved with the introduction of Ge nanoparticles with a tailored size
distribution [26]. Thin films were prepared by spin coating; the technique has been chosen
for its operational simplicity and tunability of the different parameters, such as the aging
period of the solution [27-31].

2. Materials and Methods

The solutions for the spin coating have been prepared dissolving Zn(CH3COO),-2H,0
(Kanto Chemical Co., Inc., Tokyo, Japan, 99.0% min) and AlICl3-6H,0O (Kanto Chemical
Co., Inc.,, Tokyo, Japan, 98.0%) in 15 mL of isopropanol and 5 mL of ethanol in due
amounts to obtain a solution of the precursor with a 98:2 ratio (0.15 mol/L for Zn and
0.003 mol/L for Al), corresponding to the chosen nominal composition. Then about 250 uL
of 2-aminoethanol (Kanto Chemical Co., Inc., Tokyo, Japan, 99.0% min.) was added under
stirring as a complexing agent, keeping the temperature at 60 °C until the volume of the
solution was halved. The ratio between Al and Zn was the same for all the samples. An
aging process, consisting of keeping the solution at room temperature for a certain time,
as a step for a modified sol-gel method, was carried out on all the solutions, prior to the
spin-coating process [24,27,28,30].

The series aged for different periods were prepared; they are referred to as “AZO
0 day” to “AZO 3 day”, thus containing the information about the days of aging undergone
by the spin-coating solution. Increasing the aging time results in an increasing opalescence
and viscosity of the sol. Two drops of these solutions were deposited on a silica substrate
(Crystal Base Co., Ltd., Osaka, Japan) of 10 mm x 10 mm with one smooth face, spun at
3000 rpm for 30 s with a K-35951 Kyowariken system, and fired at 350 °C for 10 min in
a tubular furnace (TMF-500N, AS-ONE Co., Osaka, Japan) in ambient atmosphere. After
repeating the process five times, films were annealed at 500 °C for 6 h under different
atmospheres: low vacuum, Oy, Ar, and Ar + 1% of H;. In Figure 1, the whole synthetic
procedure is schematized. Amorphous carbon nanoparticles (BLACK PEARLS®2000,
CABOT Co., Boston, MA, USA) were added in fractions of 0.5 wt.%, 1 wt.%, and 2 wt.%
related to the quantity of the resulting AZO. The addition was performed before an aging
process of 1 day in all the series and after the aging solely in the series annealed in Ar with
1% of Hj, using ultrasounds to homogenize the suspension. Samples added with carbon
nanoparticles before and after aging are named “AZO-C” and “AZO-C after”, respectively,
with the name followed by the weight fraction of particles and the annealing atmosphere.
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Figure 1. Synthesis protocol of the spin-coating film deposition of the samples.

Films were characterized through X-ray diffraction (XRD) by a SmartLab (Rigaku Co.,
Tokyo, Japan) using the wavelength Ko of Cu (voltage 40 kV, current 50 mA) in the range
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10-100° with a step of 0.02°, a speed of 2°/min, and a slit of 5 mm. The SEM imaging
was made with a JSM-7100F (JEOL Ltd., Tokyo, Japan) Field Emission Scanning Electron
Microscope using the secondary electrons signal and an operating voltage of 10 kV. The
thicknesses of the films were determined with an MI4050 Focused Ion Beam System (FIB)
(Hitachi, Tokyo, Japan) to etch the sample and then measure it via imaging mode. The
microstructure of the AZO thin films was analyzed by transmission electron microscopy
(TEM). For TEM investigations, a cross-sectional lamella was prepared by FIB, employing
an FEI Nova 600 Dual Beam system (Nanolab, Waltham, MA, USA), based on the procedure
described in this technical note [32]. The experiment was performed on the TITAN Themis
at 300 kV in Scanning TEM (STEM) mode with high-angle annular dark-field (HAADF)
and energy-dispersive X-ray spectroscopy (EDX). The STEM has been performed using a
semi-convergence of 20 mrad and a spot size of 0.5 nm. Preliminary room temperature
values of the Seebeck coefficient and sheet resistance (Rs) have been pursued via a Portable
Thermoelectric Meter-3 (JouleYacht, Wuhan, China) and a Loresta-FX MCP-T380 (NH
Instruments, Willich, Germany) using the RMH504 four-point probe (NH Instruments,
Willich, Germany). S and o were simultaneously measured by the four-probe method
using a ZEM-3 (ULVAC Advance-Riko, Yokohama, Japan) device in temperature under
partial helium pressure, from 25 °C to 325 °C with a step of 50 °C. The cross-plane thermal
conductivity (k) has been determined by a picosecond thermoreflectance method using a
front-heating front-detection setup [33].

3. Results and Discussion

The XRD patterns of all the samples exhibit a peak at 20 = 34.4° corresponding to
the [002] crystallographic direction of the P63mc ZnO wurtzite phase; just one other peak
appears at 26~73.6° related to the [004] direction. This evidence denotes a strongly oriented
growth of the diffraction domains of thin films, even if the deposition has been carried
on amorphous silica, also observed when depositing thin films of the same material by
pulsed laser deposition (PLD) [22,34,35]. The intensity of the [002] peak decreases with the
addition of carbon nanoparticles, and it depends on the annealing atmosphere, being the
highest for samples treated in Ar + 1%H,, followed by samples treated in Ar (Figure 2).
This result is in accordance with the observation of another study, that stated the suitability
of an annealing in the presence of H, with respect to one with air for AZO [36]. An intensity
decrease (Figure 3) and a peak area decrease (Figure 4) were observed when nanoparticles
were added to the spin-coating solution after the aging period. Using the relation between
dpi and lattice parameters in a hexagonal structure, the value of ¢ was determined to be
0.5080(2) nm for all the samples with the exception of the ones with nanoparticles annealed
in Ar + 1% H;, which show a slightly higher c value of 0.5085 nm. This value is significantly
lower than the one found in the literature for both ZnO and Fe-doped ZnO (c of 0.5205 nm
for the former and c of 0.5202 nm for the latter with 10% Fe) [37] and from the JCPDS
89-7102, as a consequence of the presence of the smaller Al instead of Zn.

The microstructure observed by SEM of the films without carbon consists of a homo-
geneous texture with surface ripples (Figure 5a,b), which seem to be reduced by longer
aging. The addition of carbon nanoparticles completely removes these deformations and
leaves a wave-like pattern of more rough regions with a radial distribution from the center
of the substrate, visible at lower magnification (Figure 5c). This is probably due to the
deposition method, which involves the spinning of the substrate around the normal axis
through its center. A peculiar morphology is present solely in the sample annealed in the
presence of hydrogen: some grains of the order of 100 nm seem to stand out from the
surface of the plain regions as well as of the rough ones (Figure 5d). These samples are
also the only ones whose color remains dark and resembles the respective spin-coating
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solutions after the thermal treatment, suggesting the preservation of the nanoparticles after
the thermal treatment.
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Figure 2. XRD patterns of samples without carbon nanoparticles and annealed under different
atmospheres, namely, Ar + Hj, A1, Oy, and vacuum. The calculated pattern for the wurtzite type ZnO
phase is shown as a reference [37]. The broad peak between 15° and 25° is due to the amorphous
phase of the silica substrate.
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Figure 3. XRD patterns of all the samples annealed in Ar + H.
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Figure 4. Areas of the [002] diffraction peaks in the series with the addition of nanoparticles before
the aging (AZO-C) and the series with the addition afterward (AZO-C after).
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Figure 5. SEM secondary electrons images of (a) AZO 1 day; (b) detail of the highlight in (a); (¢) AZO-
C 0.5% Ar + Hj with the limit of the center of the film and the direction of the wave-like pattern
marked; (d) detail of (c).

The observed thickness of the films from the cross-sectional HAADF images acquired
with the STEM is 161 & 3 nm for “AZO 1 day Ar + H,” and 123 + 3 nm for “AZO-C 1%
Ar + Hy”. The single-layer thickness is, on average, higher in “AZO 1 day” and has a lower
variability than in “AZO-C 1% Ar + Hy”. Moreover, in “AZO-C 1% Ar + H;”, the thickness
decreases from the first to the last layer in order of deposition; the grains are generally
smaller and their packing is less dense than in “AZO 1 day Ar + Hy”. Amorphous regions,
which may be in part the carbon nanoparticles, since some of them show dimensions and
shapes coherent with the nanoparticles employed, are found in this sample (Figure 6).
The resulting morphology, with more abrupt discontinuities, such as grain boundaries,
discontinuous interfaces, and amorphous portions of materials, can explain the further
suppression of the thermal conductivity observed in “AZO-C 1% Ar + H,”. The presence
of aggregates or nanoparticles of C, however, is not fully confirmed.

The results of the measurements of room temperature S and Rg have been used as
screening tests to determine the most promising samples in terms of thermoelectric per-
formance. All the samples show negative S, with AZO being an n-type semiconductor,
so the discussion below is based on the module of this quantity. The trends of S and Rg
are very similar through the same series. The aging period does not heavily influence
the value of S for up to two days, keeping a stable value of about —180 uV /K at room
temperature for the first three samples of the series (from AZO 0 day Ar + H; to AZO
2 day Ar + Hj). On the contrary, when the aging reaches three days (AZO 3 day
Ar + Hj), S and Rg abruptly decrease (Figure 7). These films have a rather low Rg at
room temperature, in the order of the tens of k(}/sq. Overall, taking into account the XRD
patterns, the thermoelectric features, and the complexity of the method, the best choice
seems to be 1-day aging. Therefore, the following discussions refer to samples synthesized
from a solution aged for 1 day.
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Figure 6. Cross-sectional TEM images of (a) AZO 1 day Ar + H; and (b) AZO-C 1% Ar + Hj,
highlighting the amorphous areas more likely to be carbon nanoparticles; and HAADF-STEM images
of (¢) AZO 1 day Ar + Hj and (d) AZO-C 1% Ar + Hy, with the layer structure highlighted.
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Figure 7. Preliminary room temperature values of S and Rg of the samples AZO without carbon and
annealed in Ar + Hj, showing the dependence on the aging period of the solution.

The addition of carbon nanoparticles, carried out to reduce thermal conductivity by the
introduction of scattering centers, has a different influence on the room temperature values
of S and Rg depending on the atmospheric conditions adopted for the annealing process, as
depicted in Figure 8. In samples “AZO-C” annealed in Ar and Ar + Hy, an overall reduction
in S and Rg can be observed with increasing the fraction of carbon nanoparticles. The trend
is inverted in the samples “AZO-C after” annealed in Ar + Hj, while no clear dependence
appears in samples annealed in O, and vacuum, whose higher sheet resistance and higher
Seebeck coefficient are a direct consequence of the far lower conductivity. The samples
annealed in Ar + Hj are the only two series that seem to preserve the carbon nanoparticles
after the thermal treatment, thanks to the mild reducing conditions. Out of these samples,
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the ones synthesized with the carbon introduced before aging also show a Rg lower by an
order of magnitude with respect to the others. The other annealing atmospheres, namely,
Ar (blue curve), O, (green curve), and vacuum (yellow curve), cause an abrupt increase in
Rs and consequently in S at room temperature compared to the ones annealed in Ar + Hj
(red curve), as shown in Figure 8. In particular, S ranges from —200 uV /K to —650 uV/K
in these samples against the values between —100 uV/K and —200 nV/K of “AZO-C Ar +
H,”, while Rg increases by almost two orders of magnitude, from around 0.04 M(}/sq to
values ranging from 0.2 MQ)/sq to 1.5 M()/sq. Therefore, the best compromise between S
and Rg stands in the samples annealed in Ar + H; with the carbon nanoparticles added
before the aging of 1 day.

-1000 22
1 - -~--8 C-Ar+H2 —+— Rs C-Ar+H2 20
=900 <
] = b =5 CAF ——Rs C-Ar Lim
=800 1 - -~ - S Cafter-Ar+H2 ——Rs C-02 ”
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= 1 AN 4 G
~—" 1 s ~ -')_’__/_ -
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0.0 0.5 1.0 1.5 20 00 0.5 1.0 1.5 2.0
C nanoparticles % C nanoparticles %

(@) (b)

Figure 8. Preliminary room temperature values of S (a) and Rs (b) of samples AZO, as a function of
C addition in the 1-day aging samples, annealed at 500 °C in various atmospheres.

From the room temperature thermoelectric performances and the considerations about
the retention of the nanoparticles, the samples that show the best trade-off between low
resistance and high Seebeck coefficient, while seemingly preserving the carbon nanopar-
ticles, are the samples “AZO-C Ar + H,”. Out of these, “AZO-C 1% Ar + H,” has been
chosen as a representative sample of the series. Therefore, “AZO-C 1% Ar + H,” has been
measured, along with “AZO 1 day Ar + H,"” as a reference without carbon, with the ZEM-3
system under partial helium pressure and ¢ was calculated using the thickness obtained via
TEM observations. Both S and ¢ increase with temperature and show a hysteresis between
heating and cooling, as evident from the data depicted in Figure 9. These show anomalous
behavior with abrupt modifications of their properties when heated for the first time,
without changes in the appearance of the thin film, probably because the measurement
itself acted as an annealing, as observed in other studies [38,39]. S seems to increase when
the nanoparticles are added, in contrast with what was observed at room temperature,
even though the values are comparable between the samples with different fractions of C.
Instead, no meaningful conclusions can be drawn for the dependence of ¢, which is higher
for “AZO-C 1% Ar + H,” even in comparison with “AZO 1 day Ar + H”. The power
factor reaches its maximum of about 111 uW/(m-K?) at 325 °C in “AZO-C 1% Ar + H,”
(Figure 9c), which also shows the lowest value of k. The values of k at room temperature of
the thin films have been calculated from the thermoreflectance data and assuming the heat
capacity and density of AZO being 480 J/(kg-K) and 5.195 g/cm?, respectively. The sample
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“AZO 1 day Ar + Hy” shows a kg, of 2.55 + 0.28 W/(m-K), against 1.25 4+ 0.15 W/(m-K)
of “AZO-C 1% Ar + Hy”. This means that the carbon addition caused a lowering of k,
although the details of the mechanism that causes this suppression and the presence of
carbon are yet to be confirmed. Furthermore, these values are both significantly lower
than 10 W/ (m-K), the value typically encountered in films of the same material obtained
by pulsed laser deposition [40], suggesting the influence of the deposition method. In
particular, the layer-based morphology resulting from the spin-coating method introduces
interfaces and discontinuities that act as scattering centers for phonons, at least for the
cross-plane direction of the thin film.
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Figure 9. S (a) and o (b) of samples “AZO 1 day Ar + H,” and “AZO-C Ar + Hy”, as a function of
temperature during heating and cooling; (c) calculated power factor of the samples “AZO 1 day Ar
+ H” and AZO-C 1% Ar + Hy” showing the dependence with respect to the temperature during
heating and cooling.

4. Conclusions

The [001] oriented AZO thin film samples, synthesized via spin coating, showed en-
hanced thermoelectric performance, thanks to both the chemical deposition method and
the introduction of nanoparticles. The lowest thermal conductivity value was 1.25 W/ (m-K)
at room temperature, and the highest power factor was 111 pW/(m-K?) at 325 °C. The crys-
tallinity degree increases with the aging period of the spin-coating solution and decreases
if the carbon nanoparticles are added. The amorphous carbon nanoparticles, which seem
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to be retained only after annealing in Ar + Hp, cause inhomogeneity in the morphology of
the thin films and do not heavily influence the values of the Seebeck coefficient, though
electrical conductivity slightly increases, and the cross-plane thermal conductivity is ef-
ficiently suppressed. In this respect, carbon seems to induce a slight strain in the lattice,
as suggested by the values of the c-axis, and mass fluctuations without dampening the
electrical conductivity, giving better results when the addition is performed before the aging
process. Further studies on spin-coated AZO thin films are to be pursued, for instance, to
evaluate the layers’ thickness dependence from the synthetic protocol and its drawbacks
on the thermoelectric properties, and to optimize the method. Moreover, further investi-
gation about the retention (through Raman Spectroscopy or Induction-Coupled Plasma
Optical Emission Spectroscopy, for instance) and the exact role of the carbon nanoparti-
cles in the k¢, suppression are necessary to better apply this solution to this and other
thermoelectric materials.
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