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The influence of Y,05 nanolayers on thermoelectric performance and structure of 2% Al-doped
ZnO (AZO) thin films has been studied. Multilayers based on five 50 nm thick AZO layers alter-
nated with few nanometers thick Y,O; layers were prepared by pulsed laser deposition on Al,O4
single crystals by alternate ablation of AZO target and Y,O, target. The number of laser shots on
Y,0; target was maintained very low (5, 10 and 15 pulses in three separate experiments. The main
phase (AZO) presents polycrystalline orientation and typical columnar growth not affected by the
presence of Y,05; nanolayers. The multilayer with 15 laser shots of Y,04 showed best thermoelec-
tric performance with electrical conductivity o = 48 S/cm and Seebeck coefficient S = —82 uV/K,
which estimate power factor (S?- o) about 0.03 x 1072 W m~' K2 at 600 K. The value of thermal
conductivity (k) was found 10.03 W m~" K~ at 300 K, which is one third of typical value previ-
ously reported for bulk AZO. The figure of merit, ZT = S?. o - T/k, is calculated 9.6 x 10~* at 600 K.
These results demonstrated the feasibility of nanoengineered defects insertion for the depression
of thermal conductivity.
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1. INTRODUCTION

ZnO is a n-type semiconductor' with versatile applica-
tions such as optical devices in ultraviolet region,’ piezo-
electric transducers,® transparent electrode for solar cells,*
gas sensors.’ Apart from it, bulk ZnO was recognized as
good candidate for thermoelectric applications® due to its
low-cost, nontoxicity, and stability over a wide range of
temperature. Sintered ZnO was added with several kinds
of dopants in order to improve its thermoelectric perfor-
mance, expressed by adimensional figure of merit, ZT:

ZT = (0SH)T/k (1)

Where S: Seebeck coefficient; o: electrical conductivity;
K: total thermal conductivity T: absolute temperature.’

*Authors to whom correspondence should be addressed.
"These two authors contributed equally to this work.
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Review on bulk thermoelectric oxides can be found
in Ref. [8]: extensive comparison with other n-type and
p-type oxides reveals that ZnO (doped with Ga and Al)
is currently the bulk oxide with the largest ZT = 0.65 at
1000 C.° ZT of nanostructured Bi,Te;/Sb,Te, is superior
with ZT = 2.4 at 300 K,'® however is not sustainable due
to the high cost (Te) or toxicity (Bi) of the constituent
elements. On the other hand, ZT of ZnO surely requires
an enhancement to be disclosed to practical applications.
As suggested in 1993 by Hicks and Dresselhaus,'"!? one
possible strategy to enhance ZT is the depression of «
through reduction of the phonon mean free path. The nat-
ural defects of the material (such as grain boundaries, dis-
location, atomic defects, segregation of secondary phases,
and so on) may act as phonon scatterers being on the nano-
metric scale. This kind of approach is general and can be
applied to any category of material. However is apparent
that, respects to bulk materials, thin films allow control
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of the morphology and crystalline orientation at a supe-
rior level. This is how in the recent times the performance
of high-quality and dense ZnO thin films prepared by a
variety of techniques'*™ was reported as quite high, with
significantly low values of k =2~6 W/m K and high val-
ues of ZT = 0.016~0.05 at room temperature, surpassing
the performance of the corresponding bulk material.'3- 161
The highlight of this research are the RF sputtered AZO
films (grain size 30 nm)® presenting k = 1.19 W/m K and
ZT > 0.1 at room temperature. These outstanding results
have been realized thanks to the careful control of mor-
phology and crystalline orientation of the films. Especially,
the reduction of grain size to few tens of nanometers leads
to enhanced phonon scattering due to enhanced number of
grain boundaries and, at last, to low thermal conductivity
and high ZT.

Furthermore, it is possible to incorporate in the thin
films additional artificial nanodefects, increasing the con-
centration of the phonon scatterers, leading to further
depression of k. Several kinds of nanodefects can be
introduced in the film, such as nanolayers, nanostructures,
nanoprecipitates, or nanopores. In superconducting oxide
thin films, impressive enhancement of the critical current
have been obtained in the last ten years thanks to the
control of distribution, size and morphology of the nano-
defects. On the contrary, the nanoengineering approach
has been seldom utilized in the case of thermoelectric
oxide thin films. For example, outstanding results have
been reported by Ohta et al.,* showing giant thermoelec-
tric Seebeck coefficient (850 wV/K) of a two-dimensional
electron gas in SrTiO;/Nb-SrTiO; multilayers fabricated
by pulsed laser deposition.

In this work, we describe the thermoelectric properties
of AZO/Y,0; multilayers prepared by PLD on sapphire.
We will discuss the role of Y,0; nanolayers in the depres-
sion of thermal conductivity and enhancement of ZT.

2. EXPERIMENTAL DETAILS

Multilayered films comprising of Zn,, g3Al) 1, O (AZO) lay-
ers and Y,0; layers were prepared by pulsed laser depo-
sition (PLD) technique using a Nd:YAG laser (266 nm).
To prepare AZO/Y,0, multilayers on Al,O; (100) sin-
gle crystals, Y,0; target and AZO target were alternat-
ing ablated. The Y,O; target was purchased (Toshima
Ltd., Tokyo, Japan), while AZO target was prepared by
spark plasma sintering (SPS) as described separately.”* At
first, very small numbers of laser pulses (5, 10 and 15 in
three separate experiments) were shot on Y,O, target at
800 °C with 200 m Torr of O, to generate Y,0O; islands
on the Al,O; bare substrate. Then, after deposition system
is cooled down at room temperature under 400 Torr of
0,. To deposit the first AZO layer, temperature was raised
up to 400 °C with 200 m Torr of O,. Y,O; islands were
deposited on AZO layer in the same conditions used at
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the beginning. Then, the second AZO layer deposition fol-
lowed under same initial conditions, and so on. Designed
configurations kept the lengths of AZO layers to 50 nm
and total thickness of the multilayers to 500 nm (so that 5
AZO layers were fabricated). The thicknesses of the layers
were controlled by number of pulses in PLD, after deter-
mination of growth rate of AZO on Al,O; substrate. Total
time required to prepare a multilayer was about 25 hours.

The targets were rotated during the irradiation of laser
beam. The substrates were glued with silver paste on
Inconel plate customized for ultrahigh vacuum appli-
cations. Deposition parameters such as laser energy
(4.2 JJem?) pulse frequency (10 Hz), substrate-target dis-
tance (about 35 mm) and rotation speed of the target
(25 rotations per minute) were kept unchanged during all
the deposition routines.

The structural characterization was performed by X-ray
diffraction (at wavelength of CuK, = 1.54056 A) (XRD)
(Bruker D8 Discover) and Grazing Angle X-ray diffraction
(GIXRD) (PANanalytical X’Pert Pro MPD).

Morphology was checked by transmission electron
microscopy (TEM; JEOL 2010F). The thickness and in-
plane roughness were obtained by a Keyence VK-9700 3D
microscope. Surface of Al,O; substrates after deposition of
Y,0; islands was checked by scanning probe microscope
(SPM 5500, Agilent Technologies). The electrical conduc-
tivity was measured from 300-600 K by a custom-built
four-point-probe technique consisting of a current source
(ADCMT 6144), a temperature controller (Cryo-con 32)
and a nano voltmeter (Keithley 2182A). Seebeck coeffi-
cient were measured from 300-600 K with a commer-
cially available system (MMR Technologies SB-100). The
out-of-plane thermal conductivities of thin films at room
temperature were measured with time domain thermore-
flectance (TDTR).>-26

3. RESULTS AND DISCUSSION

With the intention of inserting nanosized layers of Y,0;
between AZO layers, we shot on the Y,O; target very
limited number of laser shots (5, 10 and 15). The obser-
vation at AFM revealed the formation of Y,O; islands,
which concentration is proportional to number of pulses
(Fig. 1). Figure 2 shows cross-sectional TEM image of the
multilayers prepared with different amount of Y,O; shots
between the AZO layers. AZO grains grown with typi-
cal columnar shape reported for single layered AZO films
on same substrate.!®!® Y,0, nanoislands cannot be iden-
tified between the AZO layers: instead, very thin layers
(thickness about 2 nm) are visible in high magnification
TEM images. SEM-EDS elementary analysis reveals defi-
ciency of Zn and Al in correspondence to the nanolayers,
but presence of Y element was not noticed. The forma-
tion of thin layers is due to the coarsening of the Y,0;
islands and, possibly, to reaction occurring between AZO
and Y,0; after the deposition of the second AZO layer.
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Figure 1. AFM images of the surface of AZO layer (2 wm? areas) after the deposition of Y,05 islands on Al Oy crystal: (a) 5 pulses (b) 10 pulses
and (c) 15 pulses of laser on Y,O; target.

Figure 2. Cross-sectional TEM images of the AZO/Y,0, multilayers. Left column: low magnification TEM of (a) AZO layers alternated with 5 pulses
of Y,05; (b) AZO layers alternated with 10 pulses of Y,0;; (c) AZO layers alternated with 15 pulses of Y,0,. Right column: high magnification of

the interface between consecutive AZO layers: (d) AZO layers alternated with 5 pulses of Y,05; (e) AZO layers alternated with 10 pulses of Y,O5;
(f) AZO layers alternated with 15 pulses of Y,0;.
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Figure 3. GIXRD patterns of AZO/Y,0; multilayers. SH indicates a
reflection from the sample holder. Asterisks denote unidentified peaks.

Figure 3 shows GIXRD pattern of AZO/Y,0; multilay-
ers deposited on single crystal Al,O5 at 400 °C. (002) peak
of AZO appeared together with (102) and (103) reflec-
tions, so that preferential c-axis orientation (testified by
the presence of (002) peak only) was not reached and the
AZO layers are polycrystalline. In addition, since (103)
reflection of AZO overlaps with (640) peak of Y,0,, it is
not possible to confirm the presence of Y,0; between the
AZO layers. The rocking curves of AZO (002) peak (not
reported here) show full widths at half maximum (FWHM)
of about 4 degrees, sign of low crystallinity of the AZO
phase. Unidentified peaks in the GIXRD pattern (marked
with asterisks) may be attributed to the new phase which
constitutes the thin layers. The presence of Y,0O; nano-
sized interlayers is expected to affect the phonon scattering
of these multilayers. Transport and thermoelectrical char-
acterization is shown in Figure 4 in the range of 300 K
to 600 K and reported in Table I. Electrical conductiv-
ity (Fig. 4(a)) is higher for the multilayers with 5 shots
of Y,0; for all temperature range, while the other two
multilayers show lower and almost similar conductivity.
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Figure 4.
Y,0; shots between AZO layers.
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Overall, the values of o are a third respect as we reported
for ~500 nm AZO single-layered films on Al,O;.'® These
results may be explained with the poor crystallinity of the
multilayers in comparison with the single layers.

Figure 4(b) shows influence of Y,0; shots on Seebeck
coefficient. Due to AI** doping and oxygen vacancies, the
multilayers show negative Seebeck coefficient.®

From the values of Seebeck coefficient and electrical
conductivity, we have calculated the power factor (PF) of
thin films as PF = o - S%. Figure 5(a) shows the value of
PF for multilayers added with different amounts of Y,05
in the temperature range 300 K to 600 K. 10 shots and
15 shots—added multilayers present comparable values of
PF in the whole range of temperature, while the 5-shots
multilayer presents lower PF due to lower value of S.
As expected, the samples with lower o show the high-
est absolute value of S, as can be justified by phononic
scattering due to impurities, point defects and grain
boundaries.!?

Further, we measured thermal conductivity of thin
films using time domain thermo reflectance technique and
reported in Table I. It is apparent that the small varia-
tion in the number of Y,O; pulses is not dramatically
affecting the value of k, which is reduced of about a
third respect to corresponding bulk materials, but increased
as double respect to the single layered AZO/Al,O; thin
film,'® against our assumptions. The thermal conductivity
of a material is extremely dependent on quality, so slight
changes in growth temperature or parameters that could
lead to changes in material structure or defect levels will
change the thermal conductivity. In general, this might be
able to explain the various discrepancies in measured ther-
mal conductivity. In particular, the AZO/Y,0; multilayer
system requires deeper investigation varying not only the
growth parameters but also the ratio between the thick-
nesses of the layers to depict the complex scenario of the
thermal conductivity behavior.

Dimensionless figure of merit ZT is calculated and
reported in Table I. The behavior of ZT values for
thin films at elevated temperatures are estimated using
k at 300 K (ks x) and shown in Figure 5(b).

(b)-20 -~
€ [
el
= .
240 | Bam B S
= =..|:.“- i P
s I-\.‘_.\= =
] SElE
E -60 |
@ iy
8 e
ﬁ —u— 5 Shots of Y,0, S,
2801 | —u— 10 Shots of Y,0, N
5 —=— 15 Shots of Y,0,
-100

200 500 500

Temperature (K)

300

(a) Temperature dependence of the electrical conductivity and (b) Seebeck coefficient for the three multilayers in function of number of
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Table I.  Thermoelectric properties of AZO multilayers at 300 K/600 K.
Electrical Seebeck Power Thermal
conductivity coefficient factor conductivity 7T
Samples o (300 K/600 K) S (300 K/600 K) PF (300 K/600 K) k (300 K) Error (300 K/600 K)  Reference
AZO-Y,0, multilayers on Al,O, S/ecm wV/K Wm™! 10°Wm™'K? Wm™'K™!
Number of Y,0; pulses
5 67/98 —28/-50 0.0054/0.0247 10.51 1.52 1.5x107*/7.0x 10™* This work
10 34/45 —40/—-82 0.0057/0.031 13.12 1.76  1.3x107/7.1 x 10™* This work
15 42/48 —38/-82 0.006/0.03 10.03 1.19 1.8x107%/9.6 x 10~* This work
Single AZO layer on AL O; 299/291 —58/—126 0.1/0.43 6.897 0.004/0.036 [18]
AZO bulk 206/152 —132/-150 0.35/0.34 34 0.0034/0.014 [18]
(a) 0.04 (b) 0.0010 . 3
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Figure 5. Thermoelectric performance: (a) power factor (PF) versus temperature; (b) dimensionless figure of merit ZT at elevated temperatures using
thermal conductivity at 300 K for AZO multilayers added with different amounts of Y,O;.

This approach is used on the basis of the following
facts:

(i) in columnar films of ZnO whose morphology is quite
similar to ours, in plane thermal conductivity values deter-
mined in different conditions are always higher than out
of plane values® and

(ii) the thermal conductivity of ZnO films is found to
decrease with increasing temperature.*?

15-shots AZO multilayer shows best ZT value 0.0001
among all multilayers at 300 K and predicted enhancement
up to 0.001 at 600 K.

4. CONCLUSION

In this contribution, we studied the feasibility to add artifi-
cial defects on the nanoscale to depress thermal conductiv-
ity of AZO thin films through enhanced phonon scattering.
We tried to insert tiny Y,0; nanolayers in 500 nm AZO
films. We obtained encouraging result since the value of
thermal conductivity was lower respect to the case of bulk
material: 10.03 W m~! K=' for AZO/Y,0, multilayers
and 34 W m~!' K~! for bulk AZO. However, the reduction
of k is less significant than in single layered AZO films
deposited on the same substrate and in comparable con-
ditions. Furthermore, the transport properties of the mul-
tilayers appear worse than for the typical AZO thin films.
We attribute this to the poor crystallinity of the multilay-
ers if compared with the crystallinity of the single layers.
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We expect more significant depression of thermal conduc-
tivity through modification of the deposition conditions to
enhance AZO crystallinity and control of the Y,0; layers
thickness.
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