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ABSTRACT
Introduction: ZnO-based bulk materials are known as high-temperature thermoelectric mate-
rials due to their high thermal stability and large Seebeck coefficient. The biggest handicaps of
pure ZnO are normally its low electrical conductivity and weak thermoelectric power factor. This
work aims to improve the electrical and thermoelectric properties of pure ZnO bulks by Ga doping.
Methods: Pure ZnO and Zn0.98Ga0.02O bulks were fabricated by a solid-state reaction in air at high
temperature. The crystalline andmicrostructural properties of the samples were analyzed by using
X-ray diffraction and field-emission scanning electron microscopy, respectively. The dependence
of the electrical conductivity, Seebeck coefficient, and power factor on temperature were recorded
by using a commercial LSR-3 system. Results: Ga doping increases the carrier concentration and
density-of-state effective mass, leading to simultaneous improvements in the electrical conductiv-
ity and Seebeck coefficient of ZnO. At 500◦C, the thermoelectric power factor of the Zn0.98Ga0.02O
bulk is remarkably enhanced by 36% to 169.8 µV/mK2 compared to ZnO. Conclusion: Ga doping
shows not only a significant improvement in the power factor but also the potential for reducing
the thermal conductivity due to spinel phase segregation. Thus, this work provides a promising
solution for controlling the thermoelectric performance of ZnO by doping Ga.
Keywords: Thermoelectric properties, Ga-dopedZnO, power factor, crystalline structure, ceramics

INTRODUCTION
Renewable energy harvesting has been well-known
as an essential solution in the current imperative
situation of fossil resource depletion and climate
change. One of them is thermoelectric (TE) technol-
ogy, which scavenges electricity from unlimited waste
heat sources. The extension ability of TE technology
mainly depends on the development of TE semicon-
ductors, including inorganic1, organic2, and hybrid
materials3. Large power production from TE mate-
rials is one of the prerequisite requirements for high-
efficiency TE harvesting devices4. It is characterized
by a quantity called the power factor, PF = S2 σ , where
S is the Seebeck coefficient and σ is the electrical con-
ductivity. However, the improvement in the PF is hin-
dered by the opposite dependences on the carrier con-
centrations of S and σ .
Oxide semiconductors such as ZnO, In2O3, SrTiO3,
etc., are potential TE inorganic materials due to their
good thermal stability and high TE performance5–8.
Among them, ZnO has attracted much attention ow-
ing to its nontoxicity, abundance, and low-cost pro-
duction5. However, pure ZnO normally has low elec-
trical conductivity, leading to aweak power factor9,10.

There have been many reports on doping foreign el-
ements to improve the TE properties of ZnO 11–14.
Specifically, the IIIA-group elements (Al, Ga, In) are
often chosen due to their similar ionic radii to Zn2+

and n-type dopant behaviors15–17. Most of these
studies have preferred to employ spark plasma sinter-
ing (SPS) for material synthesis with good densifica-
tion, nanostructure formation, and high TE perfor-
mance. However, the biggest drawbacks of the SPS
method are its expensiveness, complexity, and small
sample size. On the other hand, a traditional synthe-
sis technique, i.e., Solid-state reaction sintering has
some advantages, such as simplicity, low cost, and
mass production ability. Therefore, the aim of this
study is to solve two problems: (i) improving the TE
properties of pure ZnO material by dopants and (ii)
using a simple method for the sintering process. In
this work, we synthesize Ga-doped ZnO bulks by us-
ing the solid-state reaction sintering technique. De-
spite causing a small amount of secondary phase seg-
regation, the Ga dopant shows good incorporation in
the ZnO lattice, leading to enhancement in the TE
properties of ZnO.
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MATERIALS –METHODS
Pure ZnO and Ga-doped ZnO bulks were prepared
by solid-state reaction sintering at high temperature.
Commercial ZnO (99.9% purity, Merck, Germany)
and Ga2O3 (99.99% purity, Sigma Aldrich, US) pow-
ders were used as startingmaterials. The powdermix-
ture with a Ga ratio of 2 at% was wet ball-milled for
5 hours (Ceramic Instruments Srl., Italy). After that,
the mixture was dried for 24 hours to remove wa-
ter (Shellab, UK). The dried mixture was uniformly
screened through a 100-mesh sieve and then slowly
pressed at 14 MPa into 30´30´5 mm3 pellets by a hy-
draulic compressor. Finally, the green compact body
was continuously sintered for 3 hours at 1400◦C in air
(NaberTherm 1550, Germany).
The samples were cut into 2´2´15 mm3 bars to mea-
sure temperature-dependent TE properties (Seebeck
coefficient, electrical conductivity, power factor) from
room temperature to 500◦C in a helium gas ambiance
(Linseis LSR-3, Germany). The carrier concentra-
tion and mobility of the samples were obtained from
Hall effect-based measurements at room temperature
(Ecopia HMS-3000, Korea). A powder X-ray diffrac-
tion apparatus (Bruker D8-Advance, Japan) with the
θ -2θ configuration and a CuKa source (0.0154 nm)
was employed to analyze the crystalline structure of
the samples. The microstructural morphology of the
samples was observed by using field-emission scan-
ning electron microscopy (Hitachi SU8010, Japan).
Based on the Archimedean method, a density deter-
mination kit (Sartorius YDK03, Germany) attached to
an electronic precision balance (Sartorius BSA 224S-
CW, Germany) was used to investigate the bulk den-
sity of the samples. In addition, the mechanical hard-
ness of the samples was determined by using a dia-
mond Vickers indentation probe (Nanovea, US).

RESULTS

Structural characteristics
Figure 1a shows that all the bulk samples crystallized
with the characteristic orientations of the wurtzite
ZnO structure (JCPDS 36-1451). This indicates
that the sufficient incorporation of Ga dopant does
not destroy the host ZnO lattice. However, some
small peaks belonging to the spinel Ga2Zn9O12 phase
(JCPDS 50-0448) are observed in the Zn0.98Ga0.02O
bulk. To evaluate the effects of the Ga dopant on
the crystalline structure of the bulks, some crystallo-
graphic parameters, such as the mean crystal size, lat-
tice constants, unit-cell volume, and residual stress,
are considered.

First, the mean crystal sizes (D) of some preferred
orientations, as shown in Figure 1 b, are determined
from Scherrer’s formula18, D = 0.9l/cosθ , where l is
the CuKa X-ray wavelength (0.154 nm), is the full
width at half maximum of peaks, and θ is the Bragg
diffraction angle. Ga doping significantly improves
the crystal size along the (100) plane. In contrast, the
crystal size along the (002) plane of Zn0.98Ga0.02O
bulk is strongly reduced. Thus, the spinel phase tends
to compete with the (002) plane and refine smaller
crystals/grains. This was confirmed later through mi-
crostructure observation.
ZnO is known as an anisotropic crystal; thus, its elec-
trical conductivity can be mainly contributed by the
preferred (100), (002), and (101) planes. Among
these planes, the (100) is the m-plane orientation of
the wurtzite structure, which is nonpolarized and has
good ordering with fewer defects 19. Thus, crystal
growth along the (100) plane can improve the con-
ductivity of ZnO. Indeed, Ga doping significantly in-
creases the crystal size along the (100) plane, as shown
in Figure 1 b. This can contribute to the enhancement
in electrical conductivity for the Zn0.98Ga0.02O bulk,
as discussed later in the thermoelectric results.
Second, the lattice constants c and a are calculated
from the 2θ position of the (002) and (100) planes,
respectively, by using the relationship20:

1
d2
(hkl)

=
4
3

(
h2 +hk+ k2

a2

)
+

l2

c2 (1)

where d(hkl) = l/2sinθ is the interplanar spacing ac-
cording to Bragg’s law. From these calculations, the
c/a ratio and unit-cell volume as given by Vcell = a2

c
√

3/2 are derived.
Third, the residual stress (ε) depends on the lattice
constant c, as given by ε =A(c – co)/co, where co is the
standard value of stress-free powder (0.52066 nm),
and A is deduced from the elastic constants of ZnO (–
232.8 GPa)21. All the results of the lattice constants,
unit-cell volume, and residual stress of the ZnO and
Zn0.98Ga0.02O bulks are listed in Table 1.
Upon Ga doping, the c value decreases, while the a
value remains nearly unchanged. This leads to a de-
crease in the c/a ratio of the Zn0.98Ga0.02O bulk. The
difference in the c/a ratio tends to broaden compared
to the standard value of ZnO (c/a = 1.6033)22. Conse-
quently, Ga doping increases the degree of deforma-
tion of the ZnO lattice. To make it clearer, Vcell and
ε are considered. The ε values are positive, indicating
that all the bulks have tensile stress. The shrinkage of
the unit-cell volume is in good agreement with the in-
crease in tensile stress. This can be explained in terms
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Figure 1: (a) XRDpatterns and (b) comparison of themean crystal size –Dbetween the preferred crystalline planes
of ZnO and Zn0.98Ga0.02O bulks.

Table 1: Crystallographic information of ZnO and Zn0.98Ga0.02O bulks.

Samples c (nm) a (nm) c/a Vcell (10-3 nm3) ε (GPa)

ZnO 0.5192 0.3241 1.6020 47.2 0.65

Zn0.98Ga0.02O 0.5110 0.3240 1.5772 46.5 4.32

Figure 2: Microstructural morphology of (a) ZnO and (b) Zn0.98Ga0.02O bulks.

of Zn2+ substitution by smaller-radius Ga3+ (0.074
and 0.068 nm, respectively23).
Figure 2 exhibits the microstructural morphology of
the bulk samples. The two bulks are well sintered,
with high densification. Most of the crystalline grains
are large, from several to tens of micrometers in di-
ameter, with long grain boundaries. However, many
smaller grains can be observed to be interleaved in the
Zn0.98Ga0.02O sample. This can be due to the strong
reduction of crystal size along the (002) plane and the
spinel phase segregation by Ga doping, which is con-
sistent with the XRD analysis. To support bulk densi-

fication, the relative density and hardness of the two
samples are investigated.
Figure 3 describes the mechanical properties (den-
sity and hardness) of the bulk samples. Based on
the Archimedean method, the relative density is de-
termined to be 91.0% TD and 92.3% TD for the
ZnO and Zn0.98Ga0.02O bulks, respectively, where
TD is the standard density of ZnO material (TD =
5.606 g/cm3)24. The bulk density results indicate that
the two samples sintered by the solid-state reaction
at high temperature have good densification (>90%
TD). Similarly, an increased tendency of hardness is
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Figure3: Variation in the relative intensity andhard-
ness of ZnO and Zn0.98Ga0.02O bulks.

observed for the Zn0.98Ga0.02O sample. Combin-
ing the XRD, density, and hardness results, it can be
suggested that the existence of small grains at inter-
stices and spinel phase segregation in the crystalline
microstructure make the Zn0.98Ga0.02O bulk more
close-packed, more densified, and harder.

Thermoelectric properties

Figure 4: Electrical conductivity –σ of ZnO and
Zn0.98Ga0.02O bulks as a function of temperature.

Figure 4 illustrates the dependence of the electrical
conductivity of the bulk samples on temperature. The
σ of the ZnO bulk increases with temperature, while
the value of the Zn0.98Ga0.02O bulk is reversed. This
indicates the semiconducting and metallic-like man-
ners of the ZnO and Zn0.98Ga0.02O samples, respec-
tively. When the temperature elevates from room
temperature to 500◦C, the σ of the Zn0.98Ga0.02O
bulk declines by 15% from 195.0 to 166.7 S/cm, which
is still greater than that of ZnO. Meanwhile, the σ of
the ZnO bulk improves by 31% from 96.5 to 126.6
S/cm. Thus, Ga doping produces donors, resulting in
the degeneracy of the semiconducting behavior of the
Zn0.98Ga0.02O sample.

Figure 5: Seebeck coefficient –S of ZnO and
Zn0.98Ga0.02O bulks as functions of temperature.

Figure 5 displays the dependence of the Seebeck co-
efficient of the bulk samples on temperature. All the
S values are negative, indicating the n-type majority
carriers (electrons) in both samples. The absolute See-
beck coefficient |S| strongly increases with tempera-
ture. More concretely, the |S| values of the two bulks
have a large difference at low temperature but tend to
be asymptotic at high temperature. At 500◦C, the |S|
values of the Zn0.98Ga0.02O and ZnO bulks are im-
proved to 100.9 and 99.3 µV/K, respectively.

DISCUSSION
In TEmaterials, the variations in TE parameters (σ , S,
…) are not independent but are proportional to each
other. Thus, it is necessary to balance these param-
eters to optimize the TE performance. As shown in
Figure 4 andFigure 5, theZn0.98Ga0.02Obulk has bet-
ter σ and |S| than the ZnO bulk. Normally, σ is di-
rectly proportional to carrier concentration n, while
|S| is inversely proportional to n; thus, σ and |S| are
opposite to each other. It is expressed by the follow-
ing relationships:

σ = nµe (2)

|=
8π2k2

B
3eh2 m∗

dT
( π

3n

)2/3
(3)

where kB and h are the Boltzmann and Planck con-
stants, respectively; e is the elementary charge;md

∗ is
the density-of-state effective mass; and T is the abso-
lute temperature.
From equations (2) and (3), it is difficult to obtain si-
multaneously high σ and |S| values by increasing n.
Thus, the high σ and |S| of the Zn0.98Ga0.02O bulk
can be due to the improvement in µ and/or md

∗. To
consider this, the carrier concentration and mobility
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Table 2: Comparison of electrical properties obtained fromHall measurement and LSR-3 at room temperature
of ZnO and Zn0.98Ga0.02O bulks.

Samples Hall measurement LSR-3 measurement

n (1019 cm−3) µ (cm2/Vs) σ (S/cm) σ (S/cm) |S| (µV/K)

ZnO 3.4± 0.2 16.7± 0.3 90.8± 7.1 96.5± 6.0 58.1± 1.4

Zn0.98Ga0.02O 12.1± 0.3 11.4± 0.5 220.7± 15.4 195.0± 5.1 70.4± 2.6

at room temperature of the two samples are shown in
Table 2.
It is seen that the σ obtained from the Hall measure-
ment is consistent with the result from the LSR-3 anal-
ysis, with error margins less than 10%. Despite hav-
ing a high value (1.2´1020 cm−3), the | | value of the
Zn0.98Ga0.02Obulk is still larger than that of the ZnO
bulk. This suggests that the dependence of S on the n
value is minor, and thus, the contribution of md

∗ be-
comes dominant. This result is compatible with other
papers that stated that the incorporation of dopants
could increasemd

∗ by flattening the conduction or va-
lence band of ZnO 25,26.
In addition, the µ of the Zn0.98Ga0.02Obulk is also re-
duced compared to that of the ZnO sample. This is ex-
plained by the existence of small grains and the spinel
phase segregation in the Zn0.98Ga0.02O samples, as
demonstrated in the results of the crystalline structure
(Figure 1), microstructural morphology (Figure 2),
and hardness (Figure 3). Hence, the improvement in
σ of the Zn0.98Ga0.02O bulk is attributed to the in-
crease in n.
Consequently, Ga doping not only supports free elec-
trons but also increases the density-of-state effective
mass, leading to simultaneous improvements in the
electrical conductivity and Seebeck coefficient. This
facilitates a remarkable enhancement in the TE power
factor.
Figure 6 shows the dependence of the power factor
of the bulk samples on temperature. The PF values
of both samples remarkably increase with tempera-
ture. Specifically, the PF values of the Zn0.98Ga0.02O
bulk are maintained to be higher than those of the
ZnO bulk over the investigated temperature range. At
500◦C, the PF values are found to be 169.8 and 124.9
µV/mK2 for the Zn0.98Ga0.02OandZnO samples, re-
spectively. This is a result of not only a high electrical
conductivity but also a large Seebeck coefficient.
Table 3 lists the TE properties of some previous re-
ports on IIIA-group-doped ZnO bulks. Despite be-
ing prepared by a simple solid-state reaction route,
the obtained Zn0.98Ga0.02O bulk in this work shows
a significantly enhanced power factor. However, this
result is still lower than some others, suggesting that

Figure 6: Power factor –PF of ZnO and
Zn0.98Ga0.02O bulks as functions of tempera-
ture.

the composition and the preparation process have not
been optimized.

CONCLUSION
In this study, the crystalline structure, microstruc-
tural morphology, and electrical and thermoelectric
properties of pure ZnO and Zn0.98Ga0.02O bulks are
investigated. The Ga dopant is not only incorpo-
rated into the ZnO lattice but is also segregated in
the spinel phase. The incorporation of Ga dopant in-
creases the carrier concentration and density-of-state
effective mass, leading to enhanced electrical conduc-
tivity and Seebeck coefficient, respectively. As a re-
sult, the power factor of the Zn0.98Ga0.02Obulk is im-
proved by 36% to 169.8 µV/mK2 at 500◦C compared
to the ZnO bulk. On the other hand, spinel phase seg-
regation tends to refine small crystalline grains, which
has the potential for reducing thermal conductivity.
The thermal properties of the bulk will be studied in
future work.

LIST OF ABBREVIATION
µ : Mobility
σ : Electrical conductivity
n: Carrier concentration
PF: Power factor
: Seebeck coefficient
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Table 3: Comparison of the Seebeck coefficient, electrical conductivity, and power factor at 500◦Cwith those of
other works.

Materials Methods S (µV/K) σ (S/cm) PF (µW/mK2) Ref.

Zn0.995Al0.005O
Zn0.99Al0.01O
Zn0.98Al0.02O
Zn0.95Al0.05O

Solid-state reaction -310
-190
-250
-175

18
23
100
28

170
83
625
85

27

Zn0.9975Al0.0025O Microwaving -280 25 200 28

Zn0.95Al0.05O Coprecipitation -300 2.2 19.8 29

Zn0.995In0.005O
Zn0.99In0.01O
Zn0.98In0.02O
Zn0.95In0.05O

Solid-state reaction -93
-92
-90
-97

430
454
450
256

370
380
365
240

30

Zn0.995In0.005O Microwaving -300 80 720 31

Zn0.99Ga0.01O Hydrothermal -250 33 200 32

Zn0.995Ga0.005O Spark plasma sintering -70 850 420 33

ZnO-Ga2O3 Solid-state reaction -95 125 110 34

Zn0.98Ga0.02O Solid-state reaction -100.9 166.7 169.8 This work

TE: Thermoelectric
XRD: X-ray diffraction
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