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A B S T R A C T

ZnO, a wide bandgap (3.3 eV) semiconductor has been expected to be a transparent thermoelectric material for
the purpose of energy harvesting application because it is a low-cost and ubiquitous element material with a high
optical transmittance and a high power factor. Bulk Ga-doped ZnO (GZO) is expected to have higher electrical
conductivity and lower thermal conductivity than bulk Al-doped ZnO. However, because reports on their
thermoelectric properties of GZO films have been scarce up to now, it has been unclear what film characters
affect the thermoelectric properties effectively. In this work, GZO thin films with different characters (c-axis
orientation, crystal domains and the domain interfaces, and carrier activation rate) were fabricated by two
different methods, sol-gel method and pulsed laser deposition. All samples have optical transmittance over 80%
in visible range. The highly-oriented GZO films exhibit the highest power factors up to 2.8 μWcm−1 K−2 in the
reported GZO materials and low thermal conductivities of 8.4 Wm−1 K−1 (1/4 as high as that of bulk GZO). This
enhanced thermoelectric performance is attributed to the high carrier activation rate, and the interfaces of
highly-oriented crystal domains with the small carrier scattering effect.

1. Introduction

Thermoelectric materials have attracted much attention as an ap-
plication for energy harvesting from global waste heat sources, such as
stand-alone power sources of sensors for IoT society or supplemental
clean energy sources for solving global warming issue. Among many
applications of thermoelectric materials, we focused on transparent
thermoelectric film devices for opening up an application to the stand-
alone energy sources placed on the hot glass windows of the building
and cars, and on displays of PC or smart phone. Materials for the above
applications have to satisfy the following conditions. First, they must be
thermoelectric films with high thermoelectric dimensionless figure of
merit ZT (=S2σT/κ), where S is a Seebeck coefficient, σ is an electrical
conductivity, T is an absolute temperature, and κ is a thermal con-
ductivity. Second, these films must have a high optical transmittance in
the visible range for the transparency. Third, the film materials should
be non-toxic and cost-effective for global applications.

In this sense, conventional heavy metal thermoelectric materials,
such as Bi2Te3 and PbTe [1,2], are not suitable for the global energy
harvesting applications because they are expensive and toxic. Recently,

it was theoretically predicted that the use of nanostructures or film
structures could elevate ZT value of materials, where S is enhanced by
quantum confinement [3] or energy filtering effect [4] and κ is reduced
by phonon scattering effect [5–7]. Therefore, the nanostructure [8–11]
or film structure composed of ubiquitous materials with transparent,
cost-effective, and non-toxic nature became a potential thermoelectric
material for the global energy harvesting applications.

A transparent wide bandgap (~3.3 eV) semiconductor zinc oxide
(ZnO), which bulk [12,13] and nanostructures [14–17] have been in-
tensively studied, is a promising material in various application fields:
transparent electrode [18], gas sensor [19,20], piezoelectric device
[21], and so on. Bulk ZnO materials exhibit a high power factor S2σ (~
10–20 μWcm−1 K−2) [12,22,23] but also high κ [12,22,24]. The high κ
bottlenecked their thermoelectric applications. As for the films, J.
Loureiro, et al., reported thermoelectric properties of Al-doped ZnO
(AZO) films fabricated by the magnetron sputtering where low κ value
was reported at 300 K [25]. However, κ reduction sacrifices their S2σ
values to some extent [25]. Thus, S2σ enhancement as well as κ re-
duction of ZnO thin films are required for their transparent thermo-
electric applications.
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We focus on the Ga-doped ZnO (GZO) films instead of AZO films for
the following reasons. In terms of electron transport, GZO is expected to
realize a higher electron mobility than AZO because a substitutional Ga
at Zn site in GZO induces smaller local lattice deformation than that in
the AZO case due to the bond length of GaeO (0.192 nm) closer to
ZneO (0.197 nm) than that of AleO (0.181 nm). [26] As for the phonon
transport, GZO is expected to have lower than AZO due to the effective
phonon scattering at heavy Ga ions. [12] Moreover, GZO has an ap-
plication advantage: higher resistivity to oxidation degrading the
electrical conductivity than AZO [27], and lower stress-strain con-
straints on doping, and so on. [28] Unlike AZO films, however, the
reports on the thermoelectric properties of GZO films are scarce up to
now [29,30]. A report about non-oriented sol-gel GZO films grown by
isopropyl alcohol (IPA) solution process [29] exhibited low thermo-
electric power factor, S2σ (1.9 μWcm−1 K−2) due to poor electron mo-
bility in low crystal quality films. This implies a possibility that en-
hancement of film crystal quality increases the electron mobility
resulting in large S2σ. Thus, the systematic investigation of the relation
between film crystal quality and thermoelectric performance is im-
portant, but there have been no reports about impacts of film characters
on thermoelectric properties in GZO films: crystal orientations, crystal
domain sizes and the interfaces. Unlike non-oriented sol-gel films
[29,30], oriented GZO films by pulsed laser deposition (PLD) and sol gel
processes have not been studied for its thermoelectric application al-
though films have better controllability of crystal domain orientation
than bulk GZO [31].

In this work, we thoroughly investigate the thermoelectric proper-
ties depending on the structural characters of GZO films. To control the
orientation, size and interfaces of crystal domains, oriented sol-gel films
synthesized by 2-methoxyethanol solution process [31] and highly-or-
iented PLD films were fabricated. The crystal orientation of GZO films
would rather be a key for the thermoelectric performance than the in-
terface density and the domain size. As a result, highly-oriented GZO
films exhibited the highest S2σ of ~2.8 μWcm−1 K−2 in the reported
GZO materials although the carrier concentration is not optimized yet.
The thermal conductivity at the out-of-plane direction exhibited ~1/4
reduction (~8.4Wm−1 K−1) compared with bulk GZO
(κ~29Wm−1 K−1) [32], demonstrating that the highly-oriented films is
a promising for thermoelectric film devices.

2. Experimental methods

To investigate the impact of the film characters, we fabricated the
films with various qualities as follows. As moderate quality films,
(0001)-oriented polycrystalline GZO films were synthesized by sol-gel
process, while as high quality films, highly-oriented polycrystalline
GZO films were fabricated by PLD process.

For PLD of GZO thin films, GZO targets with nominal Ga content of
0.1–2.0 at% were fabricated by sintering process; mixed powder of ZnO
(99.999% purity) and Ga2O3 (99.99% purity) was pressed at the pres-
sure of 8MPa followed by being sintered at 1100 °C for 24 h. The above
GZO targets, the quartz glass (5×10×0.5mm3), and the undoped Si
(111) substrates (5×10×0.3mm3) were introduced into PLD vacuum
chamber at a base pressure of ~1×10−6 Pa. The GZO targets were put
40mm away from the substrates (quartz glass and Si). The GZO films
were grown on these substrates for 2 h at the temperature of 325 °C in
oxygen partial pressure of 0.2 Pa (as-grown sample), where ArF excimer
laser (wavelength of 193 nm, pulse energy of 60mJ, and pulse repeti-
tion rate at 10 Hz) was used for laser ablation of the above GZO targets.
Some of as-grown GZO film samples were annealed at 400 °C in vacuum
of 10−5 Pa for 10min to enhance the film crystallinity (annealed
sample).

For sol-gel synthesis of GZO films with better alignment of crystal
domain orientations than those reported [25,28], precursor solution
was prepared by dissolving monoethanolamine (0.5M), zinc acetate
dehydrate (Zn(CH3CO2)2∙2H2O, 0.5 M), and gallium chloride (GaCl3) in

2-methoxyethanol at 60 °C for 2 h. Ga molar ratio, [Ga]/([Ga]+ [Zn])
in the solution, which is nominal Ga content in the case of sol-gel
synthesis, was varied in the range of 0.5–2.0 at%. The quartz glass
(10×10×0.5mm3) and the undoped Si(111) substrates
(10×10×0.3mm3) were cleaned ultrasonically in ethanol, acetone,
and deionized water. These cleaned substrates were spin-coated with
the above precursor solution at the speed of 3000 rpm for 30 s. The
spin-coated films were dried in 350 °C for 10min in the air as preheat
treatment. This film coating process and preheat treatment were re-
peated 4 times. Finally, for the crystal growth, these spin-coated films
were postheated at 700 °C for 1 h under the N2 gas flow (1 L/min) at
atmospheric pressure, resulting in the formation of GZO films (as-grown
sample). Some of as-grown GZO film samples were annealed at 530 °C
in vacuum of 10−5 Pa for 2 h (annealed sample) to enhance the film
crystallinity.

The surface morphologies of the GZO films were observed by atomic
force microscope (AFM). The crystallinity of the GZO films was in-
vestigated by x-ray diffraction (XRD) using Cu Kα line (1.5406 Å in
wavelength). The transmittance of the samples was measured in the
wavelength range of 190–900 nm by ultraviolet-visible (UV–Vis) spec-
troscopy. The GZO film thickness and domain sizes were observed by
scanning electron microscope (SEM), where typical thicknesses of PLD
GZO films and sol-gel GZO films were around 200 nm and around
100 nm, respectively. Hall effect measurement of the GZO films/quartz
glass was performed to evaluate σ and electron mobility μ. S was also
measured by conventional apparatus (ZEM-3, Advance Riko Inc.). κ of
the GZO film/Si substrates was measured at the out-of-plane direction
by 2ω method (Advance Riko Inc.), where Cr films (~160 nm in
thickness) deposited on the GZO film surfaces were used both as Joule
heaters for the surface temperature modulation and as standard mate-
rials for the thermoreflectance (TR) measurement. [33] All thermo-
electric properties were measured at room temperature (RT). In this
work, films were formed on two kinds of substrates, quartz glass and Si.
For the thermal conductivity measurements, the films on undoped Si
substrates were used, while films on insulator quartz glasses were in-
vestigated for other measurements in order to get rid of the contribu-
tion of carrier transport in substrates.

3. Results and discussion

Fig. 1 shows XRD results of the sol-gel and PLD GZO films on quartz
glass substrates with nominal Ga content of 2.0 at%, respectively. In
addition to as-grown films, vacuum-annealed samples are also dis-
played. There are almost no differences between as-grown and an-
nealed samples in XRD results, indicating there are no changes of
crystallographic characters after annealing in vacuum. In XRD 2θ-ω
scan (Fig. 1(a)), all GZO films exhibited 0002ZnO and 0004ZnO diffrac-
tion peaks at around 34° and 72°, respectively. This indicates that

Fig. 1. XRD results of the sol-gel and PLD GZO films on quartz glass substrates
with nominal Ga content of 2.0 at%. In addition to as-grown films, vacuum-
annealed samples are also displayed. 2θ-ω scans (a) and ω scans around
(0002)ZnO diffraction spot with the FWHMs of the peaks (b).
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unlike the previous report of non-oriented sol-gel GZO films synthesized
by IPA solution process [29], our sol-gel films synthesized by 2-meth-
oxyethanol solution process were successfully oriented. Fig. 1(b) dis-
plays XRD ω scans (rocking curves) around 0002ZnO diffraction spot
with full-width-at-half-maximums (FWHM) of their peaks. PLD and sol-
gel GZO films exhibited sharp (FWHM of 4.5°-4.6°) and broad peaks
(FWHM of 6.8°-6.9°), respectively. Although these results indicated that
PLD and sol-gel GZO films were both oriented to (0001)ZnO, there are
some differences between them in terms of either the degree of or-
ientation or domain size; PLD films have either highly-oriented domains
or large domains compared with sol-gel films.

Figs. 2(a)–(f) show SEM images of PLD and sol-gel GZO films with

nominal Ga content of 0.5 and 2.0 at%. Average size of GZO crystal
domain, L is also denoted in each panel. AFM images in Figs. 2(g) and
(h) show surface morphologies of PLD and sol-gel GZO films with
nominal Ga content of 2.0 at%. Root mean square (RMS) value of the
surface morphology is denoted in each panel. These results demon-
strated that PLD GZO films have flatter surface structures with smaller
domains compared with sol-gel GZO films (rougher surfaces and larger
domains). By considering the results about the sharper peaks in XRD
rocking curves in PLD GZO films, it is proved that the PLD GZO films
were composed of relatively-small, but highly-(0001) oriented domains
with a high areal density, whereas sol-gel GZO films consisted of larger
domains with less degree of the orientation. Because crystal domain
orientation, domain size, and domain interface density strongly affect
the carrier transports in general, the two kinds of the films with such
different characters are useful to clarify which film characters (crystal
orientation, crystal domain size and domain interface character) affect
the thermoelectric properties effectively.

There are two common remarkable facts in both PLD and sol-gel
films: domain size decreased (domain interface density increased) with
increase of nominal Ga content GZO films, and vacuum-annealing
process increased domain size. Ga content dependence implies that Ga
atoms can supply nucleation sites resulting in the large number of do-
mains with smaller size (increase of the interface density).

The optical transmittance spectra of as-grown GZO films with dif-
ferent nominal Ga content up to 2.0 at% were measured in Figs. 3(a)
and (b).

It was confirmed that all samples had high optical transmittance
over 80% in visible range. The PLD GZO films exhibited oscillation in
the transmittance spectra due to the optical interference between the
flat film surfaces and the interfaces. The differences in peak wave-
lengths of the interference among spectra originated from the differ-
ences of film thicknesses (160–300 nm). Tauc plots [(αhν)2 vs hν] of as-
grown PLD and sol-gel GZO films were obtained from their optical
transmittance spectra as shown in Figs. 3(c) and (d), respectively,
where α is an optical absorption coefficient, h is Planck coefficient, ν is
photon frequency. Optical bandgap Egopt, corresponding to the x-in-
tercept in Tauc plot, increases with increase of nominal Ga content.
Fig. 3(e) shows Egopt as a function of electron concentration n obtained
from Hall effect measurement result. Both as-grown PLD and sol-gel
GZO films exhibited a monotonic increase of Egopt with n. This blue shift
of Egopt at higher n (higher Ga content) is accountable by Burstein-Moss
effect [34], which is described by the following equation,
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where Eg (0) is energy bandgap of undoped ZnO crystal, ΔEgBM is the
shift energy by Burstein-Moss effect and m* is electron effective mass in
conduction band. The data in Fig. 3(e) is fitted with Eq. (1) as shown in
the solid line when m⁎ is adjusted to be 0.3 times free electron mass m0.

The relation between electron Hall concentration n and nominal Ga
content is displayed in Fig. 4(a) with reference lines of carrier activa-
tion rates (0.01, 0.1 and 1), indicating the higher carrier activation rate
in PLD GZO films compared with sol-gel GZO films. This higher n in
PLD GZO films due to its higher carrier activation rate is consistent with
larger optical bandgap in PLD GZO films by Burstein-Moss effect than
sol-gel GZO films as shown in Fig. 3(e).

Figs. 4(b)–(e) show thermoelectric properties of our GZO films with
different nominal Ga content (solid (open) circles and squares for as-
grown (annealed) PLD and sol-gel films, respectively). The data of sol-
gel GZO films, sputtered AZO films, and bulk ones that are reported by
other groups [24,29,30,32] are also plotted for reference (triangles,
pentagons, crosses, and diamonds). Figs. 4(b) and (c) show σ and μ of
GZO films at different n. Solid lines are semi-empirical curves fitted to
the experimental plots for single-crystalline ZnO [35]. Our oriented sol-
gel GZO films (squares) exhibited higher σ and μ at the lower n region

Fig. 2. (a)–(d) SEM images of as-grown GZO films with nominal Ga content of
0.5 at% and 2.0 at% which were grown by PLD or by sol-gel method. (e)–(f)
SEM images of annealed PLD and sol-gel GZO films with nominal Ga content of
2.0 at%. (g)–(h) AFM images of as-grown PLD and sol-gel GZO films with
nominal Ga content of 2.0 at%.
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(< 5×1019 cm−3) compared with the non-oriented sol-gel films via
IPA solution process reported by other groups' (triangles) [29]. By
considering that our sol-gel films are oriented, and that previously-re-
ported films are non-oriented, this is a strong evidence of the large
influence of the crystal orientation on the σ and μ at lower n region.
However, at higher n regions, μ are dropped with increase of n (dotted
and dashed lines). Such a drop of μ was reported to be caused by do-
main interface scattering [36]. Furthermore, by considering that this
drop is smaller in annealed sol-gel films with larger domain size (small
domain interface density) than as-grown films with smaller domain size
(large domain interface density) as shown in Fig. 4(c), it was found that
at the higher n regions, in addition to the charged donor scattering,
electron scattering at domain interfaces also occurred, which strongly
depended on the domain interface characters, resulting in the reduction
of the μ. It is an open question of appearance of domain interface
scattering effect at the high n region in the sol-gel film case.

In contrast, PLD GZO films exhibited high σ (high μ) at high
n > 2×1020 cm−3 (chain line), despite the low σ and μ at the low n.
This is easy to understand by considering as follows: at lower n, electron
scattering at the domain interfaces are dominant because of its domains
with small size and high density. However, with increase of n, electron
scattering by charged donors becomes dominated. At the high n, carrier
transport is the same mechanism as that of the bulk with high μ shown

by the solid line at high n in Fig. 4(c). In this framework, it is assumed
that the contribution of domain interface scattering is negligible due to
the dominant charged donor scattering at high n. This does not always
work out. As mentioned above, in sol-gel films, interface scattering
appeared at high n in addition to charged donor scattering. On the other
hand, the lack of interface scattering in the PLD films is responsible for
good interface character due to the high orientation of the domains
forming the interfaces. Therefore, this bulk-like high μ is attributed
both to the high carrier activation rate of substitutional Ga and to the
better interface due to the high crystal orientation.

Fig. 4(d) shows S of the GZO films. For reference, S(n) lines of ZnO
films due to specific carrier scattering mechanisms were theoretically
calculated with Eq.(2) as shown by solid, dotted and dashed lines in
Fig. 4(d). The Eq. (2) is described as.

= ⎛
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where k is Boltzmann constant, e is electron charge, and y is a
scattering parameter [35]. Here, m* is found to be 0.3m0 from Burstein-
Moss effect. As for y, y=1.5 describes carrier scattering that is dom-
inantly caused by ionized impurities such as charged donors (solid
line). On the other hand, the dotted and dashed lines are calculated
ones of Eq. (2) with y=0 and− 0.5, respectively, where carriers are
considered to be scattered by neutral impurities or nonionized defects

Fig. 3. (a)–(b) optical transmittance spectra of as-grown GZO films with dif-
ferent nominal Ga content up to 2.0 at%, formed by PLD (a) and sol-gel method
(b), respectively. (c)–(d) Tauc plot [(αhν)2 vs hν] of as-grown PLD (c) and sol-
gel GZO films (d), respectively, obtained from their optical transmittance
spectra. (e) Optical bandgap of as-grown GZO films at difference carrier con-
centration. Line is a fitted curve with Eq. (1).

Fig. 4. (a) Electron Hall concentration of GZO films plotted against nominal Ga
content with reference lines describing carrier activation rates of 0.01, 0.1, and
1. (b)–(e) σ, μ, S, and S2σ of GZO films at different n. Lines in (d) are calculated S
values based on Eq. (2) with scattering parameter, y of −0.5 (the dashed one),
0 (the dotted one), and 1.5 (the solid one).
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dominantly. [35,37] Fig. 4(d) indicates that all PLD GZO films are
governed by charged donor scattering in their entire range. This is due
to high Ga carrier activation rates of the order of unity as shown in
Fig. 4(a). In contrast, at low n=8×1018 cm−3, sol-gel GZO films ex-
hibited small S due to carrier scattering effect by neutral impurity
(nonionized defects) compared with solid line (charged donor scat-
tering). The films are gradually dominated by charged donor scattering
with increasing n up to high value of 1× 1020 cm−3. The neutral im-
purity (nonionized defects) effect at low n comes from the low activa-
tion rates of sol-gel GZO films.

A S2σ of GZO films with respect to their n is shown in Fig. 4(e),
where previously reported data of GZO materials including the same
impurities (Ga) are shown to reveal electron transport in films with
various crystal domains in the same material system. Evidently, highly-
oriented PLD GZO films exhibited the highest S2σ (2.8 μWcm−1 K−2) in
the reported GZO materials (GZO bulks [32] and GZO films [29,30]). In
addition, our oriented sol-gel GZO films, which have the lower extent of
orientation than our PLD GZO films, exhibited higher S2σ than non-
oriented sol-gel GZO films reported previously. This suggested that the
domain alignment in (0001)-orientation is a key to suppress electron
scattering at crystal domain interfaces to enhance S2σ.

Out-of-plane thermal conductivities κ of GZO film/Si substrates with
various film thicknesses, d were measured by 2ω method, where Cr
films were formed on the film surfaces. The measured thermal re-
sistances Rtotal of 0.5 at% sol-gel GZO films were shown in Fig. 5. The
Rtotal values include a sum of thermal interfacial resistances Rint at two
interfaces of Cr/GZO and GZO/Si, and then we fitted Rtotal values with
Rtotal = Rint + d/κ weighted by their experimental errors (the broken
line) assuming negligible dependence of κ on d. This assumption may
not work in high quality films where there are phonons with longer
mean free paths (MFPs) than film thickness. This brings strong d de-
pendence of κ [38]. In the present sol-gel GZO films with poor crys-
tallinity, we were able to consider the small phonon MFP and the re-
sultant weak d dependence. Then, the values of κ and Rint were acquired
to be 8.4 ± 2.0 Wm−1 K−1 and 5.3 ± 5.7×10−9 m2KW−1 from the
slope and offset of the fitting line, respectively. The obtained Rint value
was roughly accountable by a sum of theoretical interfacial thermal
resistances of Cr/ZnO (1.4× 10−9 m2KW−1 [39]) and ZnO/Si
(1.9× 10−9 m2KW−1 [39]) although the deviation of Rint coming from
fitting error is large. The obtained κ is similar to the reported thermal
conductivity 4–7 Wm−1 K−1 of sputtered AZO films with 5% Al content
[40]. This low κ is 1/4 times as large as the bulk GZO (1.5 at%,

κ=29Wm−1 K−1 [32]). It should be noted that this κ value is the one
of formed ZnO material itself without the film structure effect: namely
phonon surface scattering effect and phonon interface scattering effect
between substrate and film because this κ value was obtained without
Rint from the slope of thickness dependence, not from one sample
measurement. Therefore, it is considered that this small κ value could
be attributed to the phonon scattering at the crystal domain interfaces
inside the polycrystalline GZO films.

Here, we discuss the thermoelectric performance of (0001)-oriented
PLD and sol-gel GZO films by considering the measurement direction
difference: in-plane σ and out-of-plane κ. The ZT value at RT was ten-
tatively estimated to be 0.01 (ZTlow) using in-plane σ and out-of-plane κ
for reference although the ZTlow value can be different from the real ZT
value measured at the same direction. The in-plane σ and out-of-plane κ
can be used to obtain the guideline for ZT enhancement of GZO ma-
terials for the following reason. The out-of-plane σ in GZO films is ex-
pected to be larger than experimental in-plane σ, indicating that the
ZTlow can be a lower limit of ZT. This is justified as follows. Electron
moving at the in-plane direction runs across crystal domain interface,
while electron can transport at the out-of-plane direction with almost no
interface scattering because both PLD and sol-gel GZO films were
(0001)-oriented and have domains elongated along [0001] direction, as
shown in Figs. 5(b) and (c). In a similar fashion, in-plane κ is expected
to be lower than that at out-of-plane direction, indicating ZTlow can be a
lower limit of ZT at both directions.

4. Conclusions

To investigate film characters on thermoelectric properties of
polycrystalline GZO, we formed two types of GZO films by sol-gel
method using 2-methoxyethanol solution and the PLD method, both of
which were (0001)-oriented, unlike reported non-oriented sol-gel GZO
films using IPA solution. The GZO films had greatly different film
characters depending on the fabricating technique. The PLD GZO films
had higher crystal orientation, higher carrier activation rate, but
smaller domain size (large domain interface density) compared with the
sol-gel GZO films using 2-methoxyethanol solution. The PLD GZO films
exhibited high S and μ in high n range (> 1019 cm−3) because charged
donor scattering dominates over domain interface scattering. This is
achieved both by the high activation rate (high n) and by the better
domain interface with negligible carrier scattering due to the highly-
oriented domains. Therefore, highly-oriented PLD GZO films exhibited
the highest S2σ (2.8 μWcm−1 K−2) in the reported GZO materials. In
addition, highly-oriented GZO films have low thermal conductivities
(κ=8.4Wm−1 K−1) significantly lower than bulk GZO. These results
demonstrated that the highly-oriented GZO film with controlled crystal
domain and domain interface is a promising transparent thermoelectric
material.
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