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ABSTRACT
Introduction: Zinc oxide (ZnO) is well-known as a promising thermoelectric material owing to its
safety, inexpensiveness, and thermal stability. This research provides an overview of thermoelec-
tric potentials, including structure, electrical conductivity, Seebeck coefficient, and power factor of
pure ZnO semiconductor synthesized in bulk and thin-film forms. Methods: The ZnO bulk was
synthesized by solid-state reaction at high temperature, while the thin film was prepared by d.c.
magnetron sputtering technique. The temperature-dependent thermoelectric properties of all the
samples were measured by the Seebeck LSR-3 system. The crystallographic and surface morpho-
logical informationof the sampleswere obtainedbyusingX-ray diffraction (XRD) and field-emission
scanning electron microscopy (FESEM), respectively. Results: The XRD results confirm that both
the bulk and thin-film have polycrystalline structure and characteristics of hexagonal-wurtzite ZnO.
Through the FESEMobservation, the bulk iswell densified under high-temperature condition, while
the thin-film achieve good orientation and close-packed grains. At 573 K, the obtained thermo-
electric properties (electrical conductivity, Seebeck coefficient, and power factor) are respectively
352.4 S/cm, -89.5 µV/K and 282.5 µW/mK2 for the ZnO bulk; and 289 S/cm, -113.8 µV/K and 374.3
µW/mK2 for the ZnO film. Conclusion: The comparative study shows the good thermoelectric
potential of ZnOmaterial in both forms of bulk and thin film. Among them, the thin film has better
results, especially in the Seebeck coefficient and power factor than one.
Key words: Thermoelectrics, ZnO, bulks, thin films, power factor

INTRODUCTION
At present, energy deficiency, air pollution, and global
warming are essential problems in human lives and
production activities. One of the important solutions
is to explore renewable energy resources alternative
for fossil fuels with low efficiency of energy produc-
tion due to heat loss. Thermoelectrics (TE) emerges
as a potential candidate that has attracted a massive
number of scientists over the world1,2. TE materials
are well-known to convert waste heat directly to elec-
tricity according to the Seebeck effect. This technol-
ogy has a lot of advantages, such as eco-friendliness,
noiselessness, durability, and simple structure3–5.
With the aim to harvest electricity from large waste-
heat sources such asmetallurgical industrial furnaces,
petroleum exploitation, and transportation vehicles4,
high electrical power is believed to produce. A char-
acteristic quantity for the power production ability of
a TE material is a power factor (PF) defined as PF =
σS2, where σ and S are electrical conductivity and
Seebeck coefficient, respectively. Among TE materi-
als, ZnOpossesses preeminent properties such as rela-

tively high Seebeck coefficient, inexpensiveness, non-
toxicity, and stability at high temperature6,7. How-
ever, these properties of the pure ZnO material vary
and depend significantly on dopants and structure
(bulk and nanostructures). Recently, there has been
a lot of studies on nanostructure-based ZnO mate-
rials, including nanorods, thin films, and nanoparti-
cles because of their high conductivity and Seebeck
coefficient8–11. Additionally, in forms of nanostruc-
tures, typically thin films, their TE characteristics
can be controlled by changing thickness, structure,
shape, and chemical stoichiometry 9,12. In this work,
we compare the crystalline structural, morphological,
and TE properties, especially the power factor of the
ZnO bulk and thin film, which has not been reported
previously.

MATERIALS –METHODS
ZnO powder (99.9%, Merck, Germany) was used to
synthesize the bulk sample by using the conventional
solid-state reaction method. The mixture of the pow-
der and distilled water with a ratio of 1:1 was ground
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in 5 hours by using planetary ball-millingwith a speed
of 300 rpm (Ceramic Instruments Srl, Italy). After the
wet ball-milling process, the powder slurry was dried,
cold-pressed at 14 MPa into 30×30×5 mm3 pellet,
and then sintered at 1400oC in 3 hours.
By using the same synthesis route, a 3-inch ZnO ce-
ramic pellet was employed as a sputtering target for
thin-film deposition. The 1000-nm-thick ZnO film
was deposited on a Corning glass substrate (Eagle XG,
Korea) by using d.c. magnetron sputtering technique
(Leybold Univex-450, Germany), in pure Ar atmo-
sphere. The substrate temperature, working pressure,
and sputtering power were fixed at 300oC, 3.5 mtorr,
and 60 W, respectively.
The bulk and film-on-substrate samples were cut into
2×2×15mm3 and 5×15×1mm3 pieces, respectively,
for measuring temperature-dependent electrical con-
ductivity and Seebeck coefficient (Linseis LSR-3, Ger-
many). From these data, the power factor of the sam-
ples was calculated. Crystalline structure of the sam-
ples was analyzed by using X-ray diffraction method
(XRD, Bruker D8-Advance, Japan), with CuKα X-
ray source (λ = 0.154 Å) and θ -2θ configuration.
The surface morphology of the samples was observed
by using field-emission scanning electronmicroscopy
(FESEM, Hitachi S4800, Japan). The carrier concen-
tration of the samples was obtained from Hall mea-
surement (Ecopia HMS3000, Korea) at room temper-
ature. The measurement of bulk density is based on
Archimedes’ method by using an electronic weighing
balance with error margin of 0.1 mg (Sartorius BSA
224S-CW,Germany), combiningwith a density deter-
mination kit (Sartorius YDK03, Germany).

RESULTS
Figure 1 shows that the ZnO bulk has crystal growth
along many different planes, which are in accordance
with the characteristic structure of the wurtzite-ZnO
(JCPDS No. 36-1451). In contrast, only one crys-
talline orientation along (002) plane perpendicular
to the substrate is observed in the XRD pattern of
the ZnO film. The results are completely in line
with the others2,13. The XRD intensity in the pat-
tern of the film is much higher than that of the bulk,
indicating better crystalline orientation in the ZnO
film. To estimate crystallinity of the samples quan-
titatively, however, average crystal size (D) is calcu-
lated from the Debye-Scherrer’s formula as given by
D = 0.9λ /(βcosθ ), where λ = 0.154 nm is the X-ray
wavelength, β is the full width at half maximum, and
θ is the Bragg diffraction angle. The crystallographic
data of the samples are listed in Table 1.

The average crystal sizes along the (100), (002), (101),
(102), and (110) planes for the bulk and along the
(002) for the film are calculated in Table 1. The re-
sults show that the bulk has larger crystal sizes than
the film, regardless of different orientations. It sug-
gests that despite worse crystalline preferred orienta-
tion, the bulk still has better crystallinity as compared
to the film, due to the direct sintering from powder
particles at high temperature. This result can be con-
firmed through the morphology observation of the
samples in Figure 2.
Figure 2 shows the surface morphology of the two
samples. The ZnO bulk has good densification as a
result of sintering at 1400oC1. The bulk density is
found to be 5.073 g/cm3 equaling 90.5% of the the-
oretical density of ZnO (5.606 g/cm3)14. The crys-
talline grains have random shapes, unclear bound-
aries, and large sizes from several to tens of microm-
eters. However, there are some interstitial voids be-
tween grains, which is known as a drawback of the
solid-state reaction method. The formation of the
voids can also originate from the size of the precur-
sor ZnO powder particle. By the mechanical wet ball-
milling technique, the limited particle size can be ob-
tained about 1 µm15. The larger powder particle size
is, the much interstitial voids create. On the other
hand, the ZnO film has polyhedral grains, clear grain
boundaries, and average grain size of approximately
200 nm, which is much smaller than that of the bulk
sample. Unlike the bulk, the surface morphology of
the film is uniform, close-packed without interstitial
voids.
Next, residual stress (ε) in the samples is considered
as given by10:

ε =[
2C2

13 −C33(C11 +C12)

2C13

](
Cs −Co

Co

)
(1)

where Cij are the elastic constants for ZnO
(C13=104.2 GPa, C33 = 213.8 GPa, C12= 119.7
GPa and C11=208.8 GPa), cs and co = 5.2066 Å
are the lattice constants “c” of the samples and
the standard ZnO, respectively. The “c” constant
of the samples is calculated from the Bragg’s law
defined as λ = 2d sinθ = csinθ , where d = c/2 is
the interplanar spacing of the hexagonal ZnO{002}
planes16. Besides, the “a” constant of the bulk sample
is derived from d = a for the ZnO{100} planes. The
calculated results are shown in Table 2.
It is seen that the small difference in “c” constant can
give rise to a significant difference in residual stress
between the bulk and film samples. The positive stress
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Figure 1: XRD patterns of the ZnO (a) film, and (b) bulk samples. The identification of crystalline planes is
confirmed by the standard XRD pattern of ZnO powder (JCPDS No. 36-1451).

Table 1: The crystal sizes along themain preferred orientations of the ZnO bulk and film

ZnO bulk ZnO film

Planes (100) (002) (101) (102) (110) (002)

2θ (deg.) 31.88 34.57 36.36 47.65 56.69 34.39

β (deg.) 0.1280 0.1263 0.1530 0.1279 0.1280 0.2515

D (nm) 65.52 65.98 54.03 68.87 71.58 33.05

Figure 2: FESEM images of the ZnO (a) bulk, and (b) film samples. The surface morphologies of the two
samples are relatively uniform, with different densification and grain size.

Table 2: Lattice constants and residual stress of the ZnO bulk and film

Samples Lattice constant Residual stress (GPa)

a (Å) c (Å)

Bulk 3.240 5.184 4.99 Tensile

Film – 5.212 -1.36 Compressive
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means the existence of tensile stress in bulk, whereas
the negative stress shows compressive stress in the
film sample. The tensile stress in bulk can be ex-
plained in terms of oxygen evaporation from ZnO
particle surface during the high-temperature sintering
process5. The increase in oxygen vacancies results in
the shrunk unit cell. On the other hand, the compres-
sive stress in the film is mainly attributed to the lattice
mismatch between the film and the substrate.
Figure 3 illustrates the variation of electrical conduc-
tivity of the samples as a function of temperature. It is
seen that the opposite tendency between the two sam-
ples. The conductivity of the film increases slightly
280.5 to 289.0 S/cmwith increasing temperature from
300 to 573 K, which behaves as a semiconductor. Fur-
thermore, the obtained value of the film is higher than
that of the other reports, as listed in Table 3. It can
be due to its stability at high temperatures, good ori-
entation, and close-packed structure, which is men-
tioned above in the FESEM analysis. In contrast, the
decreased conductivity from 424.4 to 352.4 S/cm ver-
sus the temperature of the bulk characterizes a degen-
erated semiconductor.
Figure 4 exhibits the variation of Seebeck coefficient
of the samples as a function of temperature. All the
Seebeck coefficients are negative, which reflects the n-
type semiconductor behavior of the two samples. Ex-
cept at 300 K for the bulk, the increased rate in See-
beck coefficient versus temperature of the two sam-
ples is quite similar. When the temperature increased
from 300 to 573 K, the |S| value increases from 43.8
to 89.5 µV/K, and from 79.9 to 113.8 µV/K for the
bulk and film samples, respectively. The value of See-
beck coefficient tends to be inversely proportional to
the conductivity, which will be discussed later.
Figure 5 shows the variation of the power factor of
the samples as a function of temperature. The power
factor of the two samples tends to increase signifi-
cantly with increasing temperature. At 573 K, the
highest power factor can be achieved 282.5 µW/mK2

and 374.3 µW/mK2 for the bulk and film samples, re-
spectively. The high power factor is a combination of
high Seebeck coefficient and/or high electrical con-
ductivity. Consequently, the better power factor of
the film as compared to that of the bulk is mainly de-
cided by the Seebeck coefficient.

DISCUSSION
As mentioned in Figure 3, the electrical conductiv-
ity of the bulk is completely higher than that of the
film over the investigated temperature range. It is
due to the good crystallinity with large grain size and
fewer grain boundaries in the bulk sample, which is

indicated in the XRD (Figure 1) and FESEM results
(Figure 2). Another problem is that the ZnO bulk has
higher electrical conductivity but a lower Seebeck co-
efficient as compared to the ZnO film. To understand
the trade-off between σ and S values, the Pisarenko’s
relation is considered as21:

S =
8π2k2

B

3eh2 m∗
dT

( π
3n

)2/3
(2)

where kB is the Boltzmann constant, h is the Planck
constant, e is the elementary charge, md

∗ is the
density-of-state effective mass, T is the temperature,
and n is the carrier concentration. In Figure 3, it is
seen that the temperature-dependent conductivity of
the two samples depends strongly on carrier concen-
tration regardless of degenerated or non-degenerated
behaviors. Thus, the carrier concentration can be
a major factor controlling the conductivity and See-
beck coefficient. The values of carrier concentra-
tion at room temperature of the samples are typically
checked and listed in Table 4.
It is clearly seen that the high carrier concentration
can be responsible for the high conductivity of the
bulk. Furthermore, based on equation (2), the See-
beck coefficient is inversely proportional to the carrier
concentration. Thus, the bulk with a higher n-value
also has a lower |S| value, as compared to the film sam-
ple. As a result, the trade-off between σ and |S| values
of the ZnO bulk and film samples is demonstrated.
Another characteristic of the ZnO film is that both its
conductivity and its Seebeck coefficient increase with
increasing temperature. It can be explained in terms
of the energy filtering effect, which is an interesting ef-
fect in low-dimensional or nano-structures22,23. Un-
der thermal impact, the conductivity of the film in-
creases because defect-induced carrier concentration
increases. The low-energy carriers can be suppressed
by potential barriers at grain boundaries, which exist
much in the ZnO film. It leads to large charge accu-
mulation, high potential difference and thus increases
the Seebeck coefficient. As a result, the power factor
of the ZnO film is significantly enhanced.

CONCLUSION
In this work, the crystalline structure, surface mor-
phology, and thermoelectric properties of the ZnO
bulk and thin film are investigated and compared. The
ZnO bulk is synthesized through solid-state reaction
while theZnOfilm is deposited by the sputtering tech-
nique. The trade-off between electrical conductivity
and Seebeck coefficient of the samples is indicated
through the opposite dependence on carrier concen-
tration. In which, the film has lower conductivity but
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Figure 3: Temperature-dependent electrical conductivity of the ZnObulk and film. The variation tendency
in conductivity of the two samples tends to be opposite. The error margins of the conductivity and tem-
perature are approximately 5%.

Table 3: Comparison of electrical conductivity of someworks on ZnO thin films

Methods Measuring
temperature (K)

Electrical conductivity
(S/cm)

Ref.

Solgel 300 7.19 17

Solgel 473 4.5 18

Chemical spray pyrolysis 300 0.015 19

Ion beam sputtering 300 100 20

DCmagnetron sputtering 383 52.5 10

DCmagnetron sputtering 300 6.25 16

DCmagnetron sputtering 573 289.0 This work

Figure4: Temperature-dependentSeebeckcoefficientof theZnObulkandfilm. The |S| values of the two sam-
ples tend to increase with increasing temperature. The error margins of the Seebeck coefficient and temperature
are approximately 5%.
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Figure 5: The temperature-dependent power factor of the ZnO bulk and film. The power factors of the two
samples tend to increase monotonically with increasing temperature. The error margins of the power factor and
temperature are approximately 5%.

Table 4: Room-temperature carrier concentration, electrical conductivity, and Seebeck coefficient of the ZnO
bulk and film samples

Samples n (1019 cm−3) σ (S/cm) |S| (µV/K)

Bulk 6.4± 0.3 424.4± 13.2 43.8± 2.0

Film 4.3± 0.2 280.5± 6.1 79.9± 2.2

higher Seebeck coefficient, as compared to the bulk.
Furthermore, combining with the energy filtering ef-
fect, the ZnO film achieved the highest power factor
(374.3 µW/mK2), which enhanced by 33% as com-
pared to that (282.5 µW/mK2) of the ZnO bulk at 573
K.

LIST OF ABBREVIATIONS
σ : Electrical conductivity
n: Carrier concentration
PF: Power factor
S: Seebeck coefficient
TE: Thermoelectric
XRD: X-ray diffraction
ZnO: Zinc oxide
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