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We have prepared 2 % Al-doped ZnO (AZO) thin films on SrTiO3 substrates by
a pulsed laser deposition technique at various deposition temperatures
(T4ep = 300600 °C). The thermoelectric properties of AZO thin films were
studied in a low temperature range (300-600 K). Thin film deposited at 300 °C
is fully c-axis-oriented and presents electrical conductivity 310 S/cm with
Seebeck coefficient —65 uV/K and power factor 0.13 x 102 Wm~* K2 at 300
K. The performance of thin films increases with temperature. For instance,
the power factor is enhanced up to 0.55 x 1072 Wm ! K2 at 600 K, sur-
passing the best AZO film previously reported in the literature.
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INTRODUCTION

The need for energy production and conservation
in the industralized world has generated interest in
effective alternative energy approaches, to over-
come the dependence of mankind on traditional
energy sources (carbon, oil, and fossil fuel) and to
reduce CO, emissions. Thermoelectric materials are
considered extremely interesting from the sustain-
able point of view because they can convert thermal
energy to electrical energy.! The efficiency of ther-
moelectric energy conversion is determined by the
dimensionless figure of merit ZT = (6 x S2) x Tk
(where S is the Seebeck coefficient, ¢ is the electrical
conductivity, x is the thermal conductivity, and T is
the absolute temperature).? Because of their poor
conversion efficiency (below 20 % for BisTes-based
devices),®> thermoelectric materials have been
restricted for a long time to a scientific scope.*
Efforts have been made worldwide to enhance the
performance of thermoelectric materials® (i.e. the
value of ZT) by increasing values of S and ¢ and at
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the same time lowering the value of x as much as
possible.

In the past few decades, materials such as silicon-
germanium alloys,® metal chalcogenides,” boron
compounds,® and many more have been developed
for thermoelectric applications. The performance of
these materials have been remarkable. For exam-
ple, the value of ZT for metallic thermoelectric
Bi,Tes/SboTes multi-layered films was reported to
be up to 2.5 at T = 300 K.° However, their practical
applications have been limited because of low tem-
perature decomposition, oxidation, vaporization, or
phase transition. These limitations have stimulated
a lot of research on oxides as thermo-electric mate-
rials, because they are thermally and electrically
stable in air at high temperatures.

Among oxides, ZnO has always been attracted
much attention because of its versatile applications
such as optical devices in the ultraviolet region,’
piezoelectric transducers,'’ transparent electrodes
for solar cells,'? gas sensors,'®!* and many more. %1
A ZnO n-type semiconductor is a potentially low-cost,
nontoxic, stable thermoelectric material that can be
used up to very high temperatures because its
decomposition temperature is more than 2,000 °C.
Pure and doped bulk ZnO has been studied as
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thermoelectric materials for space applications,
solar-thermal and electrical-energy production, and
so on.1”1®

Thin film materials are advantageous over bulk
because of their light weight, quick response time,
and compact size for modules or sensors. For
example, enhancement of thermoelectric power in
Si-Ge-Au amorphous thin ﬁlms19 and BiyTes/SbsTes
super lattice thin films?® have been previously
reported. However, there are very few works on
thermoelectric ZnO thin films,?"*?* in which the
highest reforted value of the power factor is
1.79 x 10~* W/mK? at 643 K.%! Thermoelectric ZnO
thin films have not been sufficiently eX}z)lored even
if they are relatively easy to prepare. The main
reason is the practical difficulty in the measurement
of thermoelectric properties at high temperature. In
this work, we have investigated 2 % Al-doped ZnO
thin films (AZO) fabricated by pulsed laser deposi-
tion (PLD). We will discuss the structural, electri-
cal, and thermal properties of AZO thin films
deposited at different temperatures on SrTiO;
(STO) single crystals.

EXPERIMENTAL DETAILS

The AZO thin films were grown by the PLD

technique using a Nd:YAG laser (266 nm, 10 Hz). A
pellet of ZngggAly 20 (20 mm in diameter and
3 mm in thickness) prepared by spark plasma sin-
tering was used as the target to grow the thin ﬁlms
The 2 % Al was chosen as the best doping in bulk.?’
A detailed descrlptlon of sintered target growth is
reported elsewhere.?® The laser was fired onto the
dense AZO target with a energy density of about
4.2 J/em? for a deposition period of 30 min. Thin
films were deposited on SrTiOsz 100 (STO) sub-
strates at 300, 400, 500, and 600 °C under an oxy-
gen pressure of 200 mTorr. AZO thin films on STO
show lower lattice mismatch €, sr0 = —2 % than on
AlyOsec a1,0, = 18 %. Lattice mlsglatch €.) can be
calculated as foy_STO& €c. STO = “AZZ(;)S;O“STO and for
A1203, €c.Al,O3 = 7”\1203 Where aA70, ASTO, and
@Al 20_3 are a-axis lenéghs for AZO, STO, and Al,Os,
respectively. The target was rotated during the
irradiation of the laser beam. The STO substrates
were glued with silver paste on an inconel plate
customized for ultrahigh vacuum applications. The
thickness of the thin films were kept about 500 nm.
Deposition parameters, such as laser pulse fre-
quency 10 Hz, substrate-target distance about
35 mm, and rotation speed of the target 30 % rpm,
were kept unchanged during all the deposition
routes.

The structural characterization was done by x-ray
diffraction (XRD) (Bruker D8 Discover, USA) and
morphology was checked by scanning electron
microscope (SEM) (JEOL, FESEM, Japan). The
thickness and in-plane roughness were obtained by
3D-microscope Keyence VK-9700 (Keyence, Japan).
The electrical conductivity versus temperature
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(6—T) characteristics were measured by a conven-
tional four-probe technique from 300 to 600 K with a
hand-made apparatus consisting of a current source
(ADCMT 6144, ADCMT dJapan), temperature con-
troller (Cryo-con 32, USA), and nano-voltmeter
(Keithley 2182A, USA). The Seebeck coefficient was
measured by a commercially available system
(MMR Technologies, USA) in the temperature
range 300-600 K. Carrier concentrations at room
temperature were evaluated by means of a Quan-
tum Design PPMS (Quantum Design, USA).

RESULTS AND DISCUSSION

The effect of deposition temperature on AZO thin
films surface was investigated using SEM and is
shown in Fig. 1. Thin films deposited at 300 and
500 °C are highly connected and dense, presenting
round-shaped grains with diameters in the range
20-150 nm. The film deposited at 600 °C has a
completely different morphology, with smaller and
elongated grains (length ~50-100 nm and size
about 10 nm) with many pores and is less con-
nected. The 400 °C deposited samples is further
different: compact (no pores appear) with wider
distribution of grain sizes. It is very difficult to find
a simple correlation between deposition tempera-
ture and evolution of grain size and morphology.

Figure 2 shows XRD patterns of the films which
have only peaks belonging to a wurtzite hexagonal
structure. Secondary phases such as ZnAl,O, did
not form during the thin film deposition process.
Films deposited at 300 and 400 °C show only a (002)
peak indicating fully c-axis orientation of AZO on
STO. An additional (110) peak, corresponding to
a-axis orientation, appears on increasing the depo-
sition temperature to 500 and 600 °C. Indeed, the
sample deposited at 600 °C also presents the (100)
peak. The modulation of c-axis/a-axis orientations of
pure and doped ZnO thin films by single crystal
substrate engmeerln% has been extensively reported
in the literature.? According to the intensity of
the (002) peak, the sample deposited at 300 and
400 °C have the best crystallinity. The lattice mis-
match of AZO on STO can be calculated as —2 and
—6 % for c-axis and a-axis orientation, respectively.
Despite such relatively large values, there is no
effect on the crystalline parameters of the films,
which remain almost unchanged with respect to the
bulk values (Table I).

The dependence of grain size and lattice param-
eter (c-axis and a-axis length) on deposition tem-
perature is summarized in Fig. 3. Furthermore,
AZO films deposited on STO at 400 and 600 °C show
several pores, while the films fabricated at 300 and
500 °C are well connected.

Transport and thermoelectric properties of thin
films are summarized in Table I. Figure 4a shows
electrical conductivity versus temperature (6—T) for
AZO thin films. ¢ increases with temperature, with
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Fig. 1. SEM image of AZO thin films deposited at different temperature (T4e, = (a) 300 °C, (b) 400 °C, (c) 500 °C, and (d) 600 °C).
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Fig. 2. 20-XRD pattern of AZO thin films deposited at different
temperature (Tgep = 300, 400, 500, and 600 °C).

a typical semiconducting behavior. The increasing
deposition temperature leads to a decrease of elec-
trical conductivity. Focusing on room temperature

data, the film deposited at 300 °C shows the highest
electrical conductivity (about 310 S/cm) while the
film deposited at 600 °C shows electrical conduc-
tivity of 32 S/cm at room tem 2(();erature, lower than
the bulk material (206 S/cm).“** The trend of elec-
trical conductivity cannot be simply related to the
microstructure of the films, otherwise the samples
deposited at 300 and 500 °C, which present similar
amounts and sizes of grains, should have similar
values of . Indeed, as reported in Table I, there is
no direct proportionality between carrier concen-
tration and electrical conductivity: for example, the
sample with the highest carrier concentration
(T4ep = 400 °C) is the second sample in terms of g.
Furthermore, the carrier concentratlons of our films
are far from the value 10%° cm reported as opti-
mal for thermoelectric propertles this is proba—
bly due to the oxygen atmosphere used in the
deposition.

*For bulk AZO, the value of S, ¢, and power factor at 300 K are
taken by extrapolation of S and ¢ from Mele et al.?®
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Table I. Electrical and thermal parameters for thin films and bulk pellet of AZO at 300K/600K

Electrical Carrier Seebeck Power
a-axis c-axis conductivity concentration (n) coefficient factor (PF)
Sample A) A) (0) (S/cm) (10" ecm™3) S) (uV/K) (1072 W/m K?)
Tgep = 300 °C - 5.21 310/382 0.12 —65/—121 0.13/0.55
Taep = 400 °C - 5.20 98/133 2.55 —-90/-163 0.08/0.32
Taep = 500 °C 3.25 5.21 7177 0.02 —151/-245 0.15/0.43
Taep = 600 °C 3.25 5.21 32/45 0.03 —138/-214 0.06/0.19
Bulk AZO?® and see Footnote 1 ~ 3.25  5.20 206/152 - ~132/-150 0.35/0.34
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Fig. 3. Influence of deposition temperature on morphology and
structural properties of AZO thin films: grain size and a-axis (half-
filled symbol) and c-axis length (filled symbol).

Overall, to explain the electrical conductivity
behavior of the films, it is possible to invoke the
anisotropy of ¢ with the crystallographic orienta-
tion: fully c-axis-oriented samples (deposited at 300
and 400 °C) possess the highest electrical conduc-
tivity, followed by the sample with ¢- and a-axis
orientation (500 °C), and eventually by the poly-
crystalline sample deposited at 600 °C. This is quite
similar to the scenario reported by Abutaha et al.?®
for AZO films deposited on LaAlOg single crystals at
T =573-1,273 °C. The main difference with our
AZO-STO samples is their extremely large size (941
S/em at 300 K for best c-axis-oriented film) and the
presence of fully a-axis-oriented films. At the max-
imum 7T available (600 K), our films maintain the
same trend, decreasing with deposition tempera-
ture: the best value is 382 S/cm for the sample
deposited at 300 °C, while the sample deposited at
600 °C has only 45 S/cm.

Fig. 4. (a) Electrical conductivity vs temperature (6—T) characteris-
tics, (b) Seebeck coefficient versus temperature (S—T) characteris-
tics of thin films for various deposition temperatures (300—600 °C) at
different operating temperatures (300 K and 600 K).

The plots of Seebeck coefficient versus tempera-
ture (S-T) are reported in Fig. 4b. The trend of S
with the deposition temperature is opposite with
respect to o except for the sample deposited at
500 °C that has the largest values of S: —151 and
—245 uV/K at 300 and 600 K, respectively. In gen-
eral, we obtained larger values of S than Abutaha
et al.3° (—33 uV/S in their best case). Typical values
reported in the same range of temperature for thin
films and bulk materials (—150 uV/K at 673 K,'"
—110 uV/K at 650 K3¢) were also surpassed.

From the values of the Seebeck coefficient and
electrical conductivity, we have calculated the
power factor (PF) of thin films as PF = ¢ x S2
(Fig. 5a). At 300 K, the sample deposited at 500 °C
has the largest power factor, 0.15 x 102 W/mK?2,
due to the fact that S is very large (see Table I).
However, with increasing temperature, the PF of
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Fig. 5. (a) Power factor vsersu temperature plot, (b) Jonker plot
(Seebeck coefficient vs natural logarithm of conductivity) of thin films

for various deposition temperatures (300-600 °C) at different oper-
ating temperatures (300 and 600 K).

the sample deposited at 300 °C becomes the largest
and eventually is 0.55 x 10~2 W/mK? at 600 K. The
value of PF has enhanced in comparison with pre-
vious reports for AZO thin films (maximum value
regorted so far being 0.35 x 103 W/mK? at 740
K,*® while a typical value for bulk sample is
reported up to 1.5 x 10~® W/mK? at 1,000 °C.%"

The correlation of the power factor with carrier
concentration requires further investigations to be
clarified. For n-type semiconductors like AZO, at a
constant temperature the value of ¢ and S is
expressed as follows:

c=ne.un

1

S:—@<ln%+A> ’ W
e n

where n is the carrier concentration, u is the
mobility, kg is the Boltzmann constant, N, is the
density of states, and A is a transport constant.®®
The optimum condition to achieve the highest power
factor can be written from the above equation as

Noptimum = NceXP(A - 2) )
Ooptimum = Q#NceXP(A - 2) .

2149

a T,,=300°C e T, =400°C
200 A Ty,=500°C o T, =600°C
(a)
__ 300t u
£
& 200}
©
100 o o
ol @
200 | (b)
g |4
S
2 100} °
2 |
0_
_ 02—((;)
-
E |4 g
=
g @
" L 4
o
0.0
1E17  1E18  1E19  1E20

Carrier Concentration (cm's)

Fig. 6. Room temperature values of (a) electrical conductivity, (b)
Seebeck coefficient and (c) power factor in terms of logarithmic
carrier concentration for AZO thin films deposited at 300, 400, 500,
and 600 °C.

The value of eulN. exp(A — 2) can be estimated
from the Jonker plot®® which establishes a rela-
tionship between the Seebeck coefficient and con-
ductivity, i.e.

S = ls [lng — IneuN exp(A)], 3)

where k/e is the slope and lneuN.exp(A) is the
intersection with the x-axis of the plot of the See-
beck coefficient and the natural logarithm of con-
ductivity. The Jonker plot of thin films for various
deposition temperatures (300-600 °C) at different
operating temperatures (300 and 600 K) is shown in
Fig. 5b. The value of the slope of the data is 36 uV/K
for 300 K and 53 pV/K for 600 K which is lower than
k/e (86.15 uV/K). The maximum value of the power
factor can be predicted by Ioffe analysis®* by the
intersection (IneyN.exp(A)) derived from the Jonker
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plot. The maximum value of the power factor from
the intersection is 0.1 yW/m K* for 300 K and
0.6 xW/m K2 for 600 K.

The strong deviation of our experimental results
from the Jonker plot and Ioffe analysis may be as-
cribed to the non-linearity of mobility with carrier
concentration. It is reasonable to argue that the
nature of substrate, as well as the doping level, film
thickness, oxygen pressure, and deposition temper-
ature, play a crucial role in the mobility/concentra-
tion interplay. These aspects will be investigated in
our future work.

Trends of ¢, S and PF with carrier concentration
at room temperature are reported in Fig. 6. At 300
K, the sample deposited at 500 °C has the largest
power factor, 0.15 x 1073 W/mK?2, due to the fact
that S is very large. However, with increasing
temperature, the PF of the sample deposited at
300 °C becomes the largest and eventually is
0.55 x 1072 W/mK? at 600 K. The value of PF has
enhanced in comparison with previous reports for
AZO thin films (maximum value reported so far
being 0.35 x 102 W/mK? at 740 K,*® while a typi-
cal value for bulk sample is reported up to
1.5 x 10~% W/mK? at 1,000 °C.*"

SUMMARY

In summary, the thermoelectric material
Zng 9gAlg 020 (AZO) was grown as thin films by the
PLD technique at various deposition temperatures
(T4ep = 300, 400, 500, and 600 °C) on STO sub-
strates. The value of the electrical conductivity of
thin films deposited at 300 °C was 310 S/cm at 300
K, higher than for thin films deposited at 400, 500,
and 600. The absolute value of S for AZO thin
films was in the range of 90—-245 ;V/K and the value
of the power factor (PF) was in range of
0.06~0.55 x 1072 W/m K2. For the whole tempera-
ture range (300-600 K), we have observed that the
film deposited at 300 °C shows the highest value of
the power factor. Overall, the best performance
was observed in fully c-axis-oriented thin films
deposited at 300 °C with S = —121 uV/K, and
PF = 0.55 x 102 W/m K? at 600 K. This represents
the optimum data so far for AZO films deposited on
single crystals. We expect further improvements in
thermoelectric performance by carrying on the
deposition in reduced atmosphere to increase the
carrier concentration of the film, which is far from
the optimal value expected for thermoelectric
materials (10%° ¢cm3). The nature of the substrate,
the doping level, and film thickness may represent
other crucial parameters that will be investigated in
our future work.
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