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With the growing interest in developing miniaturized thermoelectric devices, there has been a strong
demand in preparing thermoelectric thin films with high electrical conductivity and large power factors,
hence ensuring the miniaturized devices have large cooling capacity and large output powers. This work
demonstrated the preparation of intermetallic YbAls thin films through a double-target magnetron co-
sputtering technique and a subsequent annealing treatment. It was revealed that the subsequent heat
treatment of thin films plays a critical role in achieving crystalline, stoichiometric, and nanostructured
YbAlz thin films. Benefiting from the significantly improved crystallinity and stoichiometry, the optimized
YbAlz thin films exhibit extraordinarily high electrical conductivity reaching 1.7 x 10° S m™* and large
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Introduction

Thermoelectric (TE) devices enable direct energy conversion
between heat and electricity, which provides a scalable, reliable,
and environmental friendly solution for energy conversion
applications such as recycling utilization of industrial waste heat
and automobile exhaust heat, full-spectrum solar power genera-
tion, and high-efficiency cooling of next-generation integrated
circuits.”> The conversion efficiency (n) of TE devices is deter-
mined by the Carnot efficiency (Ty — Tc)/Tu and the dimen-
sionless figure of merit of TE materials ZT = «®¢T/« through 7 =
(Tu — Tc)/Tu X (V1 +ZT —1)/(v/1+ ZT — 1+ Tc/Tx), where
Ty and T¢ are the temperatures at the hot end and the cold one,
«a is the Seebeck coefficient, ¢ is the electrical conductivity, T is
the average temperature, and « is the thermal conductivity of TE
materials, which is composed of an electronic component (k)
and a lattice one (k).* Developing high-performance TE materials
has been the main objective in the TE community. TE materials
including Bi,Te;,** CoSb;,° half-Heusler alloys,” PbTe,* and
Mg,(Si,Sn),**"* have been used to fabricate bulk TE devices.

In recent years, the miniaturization of TE devices has been
arapidly growing subject because of their potential applications
in integrated circuit, compacted electronic devices, wearable
electronics, and microsensors.”"* Compared with bulk TE
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with that of the bulk materials, showing their potential use in miniaturized thermoelectric devices.

devices, miniaturized TE devices have advantages of not only
small size and light weight, but also higher power density and
higher output voltage even at small temperature difference.'***
However, when the dimension of bulk materials is decreased to
pum or sub-pm thin, the electrical resistance (R) will be increased
by orders of magnitude, which leads to lowered maximum
cooling capacity (Qmax) and maximum output power (Pp,ax) since
Qmax = &’Ti%/2R and Py = o*(Ty — Tc)*/AR.**Y Meanwhile,
the high-R thin films generate more Joule heat during opera-
tion, bringing additional issues to the device thermal manage-
ment. The high-R of thin films becomes a bottleneck in
developing miniaturized TE devices especially when most of the
TE materials have merely moderate o.

YbAI; has attracted considerable attention in recent years due
to its exhibiting good TE properties in the low temperature range.
YbAl; crystallizes in a cubic AuCus-type structure with Pm3m
crystal symmetry. Al atoms locate at the face-center site and Yb
atoms occupy the eight vertices of the unit cell. As an interme-
tallic compound, YbAI; displays metallic conduction behavior
with extremely high ¢.'® At the same time, YbAI; is also a heavy-
fermion compound. The hybridization and strong correlation
of Yb 4f electrons with the conduction electrons ensure this
compound considerably large « in a wide temperature range.
Therefore, YbAl, possesses extremely high power factor («’o)
which is about three times higher than that of optimized Bi,Te;
alloys (one of the state-of-the-art TE materials). The intrinsic
features imply that YbAl; is a promising TE material for minia-
turized TE devices. However, the present studies on YbAl; focus
mainly on how to optimize the TE performance of YbAl; bulk
materials through doping or filling,"*>* the TE transport behavior
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research of YbAI; thin films was still hampered because of the
great challenge in thin film preparation.”

Here we report for the first time the transport properties of
YbAI; thin films prepared by a co-sputtering technique and
a subsequent annealing treatment. The evolution of crystal-
linity, stoichiometry, and microstructure of YbAl; thin films
during the annealing treatment was investigated. The results
indicated that at the optimized annealing condition, the
annealed YbAI; thin films exhibited outperformed electrical
transport properties with high electrical conductivity and high
power factor. The figure of merit ZT of the annealed thin films
was comparable with that of the bulk materials, implying large
potential use in the miniaturized TE devices.

Experimental

YDbAI; thin films were prepared by a co-sputtering technique.
The whole process includes preparation of YbAl; and Al targets
and co-sputtering process of YbAl; thin films. YbAl; and Al
targets were prepared by a combination of melt-annealing and
plasma active sintering (PAS) methods. Highly pure Yb (99.9%,
pellet) and Al (99.999%, powder) with a ratio of 1 : 3 were loaded
into a graphite crucible and then sealed into a silica tube under
vacuum. The sealed tube was then transferred into a furnace,
heated up to 1073 K, and hold for 10 h at 1073 K, then followed
by quenching. The quenched ingot was manually milled into
powders and annealed for 120 h at 898 K. YbAI; target was made
by sintering the annealed powders using a PAS system at 873 K
for 8 min with a vertical pressure of 25 MPa. Al target was
prepared by the similar procedure.

YbAL; thin films were deposited on glass substrates under
the Ar atmosphere by a three-target co-sputtering system. Before
deposition, the glass substrates were ultrasonically cleaned in
alcohol and treated in a radio frequency plasma cleaner. During
the sputtering process, the base vacuum was fixed at 4 x 10™*
Pa and the substrate temperature was kept at 673 K. The power
applied on YbAl; target was 40 W and the voltage applied on Al
target was 450 V. The working pressure was controlled at around
2 Pa. The film thicknesses were monitored by a quartz crystal
sensor. The as-prepared YbAl; thin films were loaded into
a tubular furnace and annealed for 4 h in the temperature range
of 723-873 K under the H, atmosphere.

The constituent phases of all the thin films were determined
by powder X-ray diffraction (XRD, PANalytical X'Pert Pro) with
CukK,, radiation (K,, = 0.15418 nm). Microstructures and chemical
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compositions of YbAl; thin films were examined with field
emission scanning electron microscope (FESEM, Zeiss Ultra Plus)
and electron probe micro-analyzer (EPMA, JEOL 8230). The
uncertainty of EPMA chemical compositions was within +1%.
The surface roughness (R,) and thickness (¢) of YbAl; thin films
were examined with a three-dimensional (3D) surface profil-
ometer (NanoMap, 500LS). The distribution of « on the surface of
thin films was characterized by Potential-Seebeck Microprobe
(PSM, Panco) with an uncertainty of +10%. o and « were
measured using the standard four-probe method (Ulvac. Inc.,
ZEM-3) in the He atmosphere. The uncertainties were about
+5%. Hall coefficient (Ry) was measured by van der Pauw
method with a Hall measurement system (Accent 5500) at room
temperature. The carrier concentration () and Hall mobility (uy)
were calculated with the equations n = 1/(Ruq) and uy = |Rulo,
where g is the free electron charge. Electronic thermal conduc-
tivity was calculated from ¢ according to the Wiedemann-Franz
law kg = LyTo, where the Lorenz number L, has a numerical value
2.0 x 107 V? K2

Results and discussion

The as-prepared YbAI; thin films labeled as BF673 were ob-
tained on the condition that the substrate temperature was 673
K. The BF673 thin films were annealed for 4 h at different
temperatures including 723, 748, 773, 798, 823, and 873 K,
which were labeled as AF723, AF748, AF773, AF798, AF823, and
AF873, respectively. The thicknesses for the YbAI; thin films as
listed in Table 1 are in the range 600-800 nm. Fig. 1 shows the
XRD patterns of YbAI; thin films. For the BF673 thin films, all
the diffraction peaks can be indexed to JCPDS 65-0957 of YbAl;,
indicating the starting formation of YbAIl; during the co-
sputtering process when the substrate temperature was 673 K.
The main phase of the annealed films is YbAl; and a secondary
phase Al was detected in the annealed thin films except AF873.
The diffraction intensities of the characteristic peaks of Al
increase gradually with increasing the annealing temperature,
suggesting the increase of Al content. Note that the diffraction
peaks of Al disappear for AF873 thin film, which can be asso-
ciated with the severe melt and volatilization of the thin film at
high annealing temperature.

It is very important to examine the crystallinity of the thin films
since the preparation of crystalline YbAl; thin films is a big
challenge.” The XRD patterns were fitted by Rietveld refine-
ment to extract the diffraction intensity of each profile for

Table 1 EPMA compositions, crystallinity (Xc), thickness (t), surface roughness (R,), and room-temperature electrical transport properties of

YbAl3 thin films before and after annealing at different temperatures

Sample ~ EPMA Xc (%) t(nm) R,(om) n(cm™?) pu (em®>vts™h c(Sm™) a (VK™ o’ (mW m~ " K?)
BF673 YbAL 55 42 609 2 9.0 x 10*? 0.72 1.06 x 10° —-30.8 1.0
AF723 YbAl; ,, 60 776 24 1.4 x 10* 0.49 1.09 x 10° —57.0 3.5
AF748 YbAL; 4 69 759 30 2.5 x 10% 0.42 1.67 x 10° —57.2 5.5
AF773 YbAL o3 79 818 54 3.3 x 10% 0.32 1.69 x 10° —66.0 7.4
AF798 YDA, og 69 760 66 4.2 x 10 0.23 1.53 x 10° —58.9 5.3
AF823 YbAI, o0 53 833 115 4.5 x 10* 0.20 1.43 x 10° —50.2 3.6
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Fig. 1 XRD patterns of YbAlz thin films before and after annealing at
different temperatures.

crystalline YbAl; and the scattering intensities for amorphous
YbAIL;. The X values of YbAI; thin films before and after anneal-
ing treatment were calculated based on the reference intensity
ratio method,**

Dk
——— X 100%
D+
where Y I. and Y I, are the sums of all the diffraction intensities
and all the scattering intensities, respectively. The calculated X¢

values are listed in Table 1. Before annealing, the X value of the
as-prepared thin film is only 42%, meaning that the sputtered

XC:

1)
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thin films are mainly amorphous. After annealed for 4 hours at
723 K, the X value of AF723 thin film remarkably increases to
~60%. With increasing the annealing temperature in the range
723-773 K, X gradually increases and reaches 79% for AF773
thin film, which suggests that the annealing treatment is very
effective in improving the crystallinity. However, as the
annealing temperature is further increased, it remarkably
decreases to 69% for AF798 and 53% for AF823 thin films.

To explain the abnormal decrease of X¢ for the thin films
annealed at high temperatures, the chemical composition along
the thickness direction of AF773 thin film was investigated with
wavelength-dispersive X-ray spectrometer (WDS) as equipped
on the EPMA. The measurements were carried out by changing
the acceleration voltages of electron beam (U). Here, WDS
instead of energy-dispersive X-ray spectrometer (EDS) was used
for quantitative analysis of Yb and Al, because EDS cannot
distinguish the small energy difference of the characterized
lines between Yb (1.53 keV for M,, line) and Al (1.49 keV for K,
line). In order to gather the composition information along the
thickness direction, the excitation depths of electron beam at
different U were simulated with the Monte Carlo method sug-
gested by Ritchie.” As shown in Fig. 2a, the excitation depths of
electron beam increase monotonously from 200 nm to 1 um
with increasing the U in the range 8-25 kV. Fig. 2b shows the
mole percentages of Al and Yb and Al/Yb atomic ratio of AF773
thin film determined by EPMA at different U. Gradual increase
of mole percentage of Yb while reduction of mole percentage of
Al and Al/Yb atomic ratio can be found with increasing the U.
These results indicate that the content of Al becomes larger and
larger while that of Yb becomes smaller and smaller when the
detection positions are gradually close to the thin film surfaces.

(@)
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Vool !
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Fig. 2

Al/Yb atomic ratio

(a) Excitation depths of electron beam for EPMA at the different accelerate voltages, U. (b) The mole percentages of Al and Yb and Al/Yb

atomic ratio of AF773 thin film at different U. (c) FESEM image and EPMA quantitative analysis to determine the chemical composition of a typical
bulge precipitated on the surface of AF773 thin film. The quantitative results are given in the insert.
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Similar tendency was also found in X-ray photoelectron spec-
troscopy measurements as given in the ESI (Fig. S17). The
gradient distribution of chemical composition should be
attributed to the evaporation of Yb and Al during the annealing
process. Since the vapor pressure of Yb (about 5 x 10~° Pa at its
melting point 1273 K) is much higher than that of Al (about
2.42 x 10 2% Pa at its melting point 933 K),” the evaporation of
Yb should be much easier. Therefore, the abnormal decrease of
Xc for the thin films annealed at high temperatures should be
attributed to the occurrence of decomposition of YbAl; and the
evaporation of Yb and Al

Composition analysis indicated that the annealing treat-
ment has a large impact on the stoichiometric composition and
crystallinity. Increasing the annealing temperature from 723-
773 K leads to increased crystallinity and stoichiometric
composition, which is favorable for reaching the most equilib-
rium state of YbAl;. However, a further increase of annealing
temperature will drive YbAl; to nonequilibrium state with loss
of Yb and Al, hence leading to lowered crystallinity.

Fig. 3 shows the surface morphology of the as-prepared and
the annealed thin films. For the as-prepared thin film (Fig. 3a),
sub-um-sized particles with 0.2-0.5 um in diameter and pum-
sized coarse particles with several pm in diameter can be
observed. The enlarged image (Fig. 3b) shows that these sub-
um- and pm-sized particles in fact are aggregated by numerous
spherical nanoparticles which have average diameter only

Fig. 3 Surface FESEM images of YbAls thin films before and after
annealing treatment. (a and b) BF673, (c and d) AF723, (e and f) AF773,
and (g and h) AF823.
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~30 nm. After annealing, the average size of YbAl; nano-
particles is enlarged from ~30 nm to ~50 nm as shown in
Fig. 3c-h. However, the aggregation of nanoparticles and the
formation of coarse particles become more significant with
increasing the annealing temperature. For the films annealed at
high temperatures such as AF773 and AF823, much larger
grains can be found due to the abnormal crystallization and
growth of YbAl; particles.

Fig. 4 shows the 3D images of the surface of YbAl; thin films.
Before annealing, the surface of the as-prepared YbAl; thin film is
flat, indicating a uniform sputtering of thin film. After annealing
at 723 K, bulges with several um in diameter and about 1 um in
height distribute randomly on the surface. With increasing the
annealing temperature, their sizes including diameter and height
gradually increase. The largest bulges have diameter over 10 pm
and the height reaches 3 pm after annealing at 823 K.

In order to clarify the composition of these bulges, EPMA
quantitative analysis was performed on the AF773 thin film using
a 10 keV acceleration voltage. Fig. 2c shows two individual line
scans of WDS with one posed on the flat surface and another
crossed a typical bulge. The quantitative results indicate that the
composition of the flat surface is YbAl; with uniform distribution,
while the bulge is purely metallic Al. Therefore, the annealing

100

200

Fig. 4 3D images of the surface of YbAls thin films before and after
annealing treatment. (a) BF673, (b) AF723, (c) AF773, and (d) AF823.

This journal is © The Royal Society of Chemistry 2017
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treatment leads to the precipitation of metallic Al on the surface of
YDbAI; thin films.

The precipitation and growth of Al bulges on the film surface
should influence the surface roughness R,. The R, values of the
thin films were determined by a stylus method. For the as-
prepared YbAI; thin film, R, is only 2 nm, implying the
uniform sputtering processing due to the small nanoparticles.
After annealing, R, increases to 24 nm for the AF723 thin film and
to 54 nm and 115 nm for the AF773 and AF823 thin films,
respectively. Since the growth of nanoparticles is not significant
with increasing the annealing temperature in the range 723-823
K, the enlarged R, should be caused by the aggregation of YbAl,
nanoparticles and the growth of Al bulges. The increased content
of Al is consistent with the result detected by XRD. Note that the
amount of bulges keeps nearly unchanged at different annealing
temperatures, suggesting that the nucleation of the bulges has
accomplished even at low annealing temperature. It is indeed
highly possible since the melting point of Al nanoparticles can be
as low as to 773 K.*® In fact, the easy loss of Yb and Al at high
annealing temperatures is also closely related to the nano-
structures in the thin films, which trend to lower the melting
point and decomposition temperature of YbAl; and Al nano-
particles with reduced surface energy.

Fig. 5 shows the cross-sectional FESEM images of the thin
films. The as-prepared thin film consists of numerous nano-
particles, consistent with that observed on the surface. Some
amorphous particles are embedded in the thin film, which
should be responsible for the low crystallinity (about 42%) as
determined by XRD. For the annealed thin films, the less amor-
phous nanoparticles indicate the increased crystallinity, which is
also consistent with the XRD analysis. For the AF773 and AF823
thin films, large grains can be observed on the top of thin film,
which should result from the abnormal crystallization of YbAl,
nanoparticles. The abnormal crystallization should be related to
the precipitation of Al on the surface. Due to the evaporation of
Yb and the precipitation of Al, pores can be found inside the thin
films.

- ](Lgﬂm. e e

100nm
monares
Fig. 5 Cross-sectional FESEM images of YbAlz thin films before and

after annealing treatment. (a) BF673, (b) AF723, (c) AF773, and (d)
AF823.
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The EPMA compositions of YbAl; thin films determined by
WDS are listed in Table 1. The measurements were performed
using a 15 keV acceleration voltage and on flat surfaces, in order
to determine the average composition of YbAl; and avoid
detecting the Al bulges. The Al/Yb atomic ratio of BF673 thin
film was determined to be 3.75, showing a large deviation from
the stoichiometric ratio of YbAl;. The excessive Al in the as-
prepared film should be in amorphous phase since no charac-
terized peak of Al was detected from the XRD patterns. There-
fore, the amorphous particles observed in Fig. 5a should be
a mixture of YbAl; and Al. After annealing, the Al/Yb atomic
ratio significantly decreases into a narrow region spanning from
3.03 to 2.98 when the annealing temperature is in the range
773-798 K, indicating the formation of stoichiometric thin
films. Therefore, both crystallinity and stoichiometry have been
improved after annealing treatment. The decreased content of
Al in YbAIl; with increasing the annealing temperature should
be caused by the precipitation of Al on the surface, which
inevitably leads to increased Al deficiency.

The distribution of Seebeck coefficient on the surface was
characterized to reveal the effect of Al precipitation on the
transport properties of YbAl; thin films. Fig. 6a shows the
backscattered electron image of the surface of AF773 thin film.
The black spots on the surface are metallic Al bulges. Fig. 6b
displays the Seebeck coefficient distribution in the same area
where 70 x 70 measurement points are included. The « values
in the flat area fall in the range from —47 to —56 uV K~ with an
average value of around —52 pV K !, which are mainly
contributed from YbAl;. The distribution is uniform when
considering the measuring uncertainty is around =+10%.
Around the bulges, the « values are 10-20 uV K™ * lower than
those of the flat region. This is predictable since metallic Al
possesses much lower Seebeck coefficient than YbAl; does.”” In
addition, some individual points showed large deviations from
the average value, which are artifacts originated from the bad
contact between the probe and the thin film as caused by the
film defects such as pores.

The room-temperature transport properties of YbAl; thin
films are listed in Table 1. The carrier concentration 7 increases
with increasing the annealing temperature. The raise in n
should be related to the variation of stoichiometric composi-
tion. The Al/Yb atomic ratio of thin films decreases from 3.75 to

100um [

Fig. 6 (a) Backscattered electron image of the surface of AF773 thin
film and (b) the distribution of Seebeck coefficient in the same area.
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2.90, which means the increased Al vacancies due to Al
precipitation on the film surface.”® Hall mobility u; decreases
with the annealing temperature, varied in an opposite trend to
n. The decreased uy should originate from the enhanced carrier
scattering from electron-electron interactions, structural
defects such as pores, and large surface roughness.” The uyy
values of YbAIl; thin films are lower than that of the bulk
materials,” which is probably due to the existence of nano-
structures and rough surfaces.

The temperature dependences of o, «, and «*v for the YbAI,
thin films before and after annealing treatment are shown in
Fig. 7. The thin films have very high ¢ values, which are caused
by the high n because of the extremely high density of states
near the Fermi level derived from the Yb 4f electrons. o
decreases with increasing the measuring temperature in the
range of 300-440 K, indicative of the metallic transport
behavior. The reduction in ¢ originates from the enhanced
carrier scattering from lattice at elevated temperatures. The
room-temperature ¢ increases from 1.06 x 10° S m~" for the
BF673 thin film to 1.69 x 10° S m™* for the AF773 thin film,
and then decreases slightly as the annealing temperature is
further increased. The increase in ¢ after annealing treatment
is closely relevant to the increased n while the decrease in ¢ at
higher annealing temperatures is a response to the reduced
15:8

The absolute « is only 30.8 pV K™ ' before annealing and
substantially improved with increasing the annealing tempera-
ture in the range of 723-773 K, which is closely related to the
significantly improved crystallinity and stoichiometry. At higher
annealing temperatures, the absolute « starts to decrease, which
should be relevant to the increased n, increased concentration of
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defects, and reduced crystallinity.*® The highest absolute « rea-
ches 66.0 uv K for the AF773 thin film, which is slightly lower
than the value of the highly crystalline YbAl; bulk materials (about
80.0 uv K~ ').*® Higher absolute « is achievable if the crystallinity
of thin films could be improved further. Accordingly, the &’ value
is significantly improved at first with increasing the annealing
temperature in the range 723-773 K and then decreases above 773
K. The maximum «?¢ is 7.4 mW m ™~ ' K2 for the AF773 thin film,
which is much higher than the reported values of other promising
TE thin films.**** Benefiting from the high electrical conductivity
and large power factor, it's expected that the miniaturized TE
devices made by YbAl; thin films have potentially large cooling
capacity, large output power, and small Joule heat.

Note that the temperature dependence of electrical conduc-
tivity for AF723, AF748, and AF773 thin films shows a bump
around 360 K. The decrease of electrical conductivity with
temperature becomes more rapid above 360 K. Accordingly, the
temperature dependence of Seebeck coefficient also shows
abnormal change around 360 K. All these features might be an
indication that the Kondo temperature of the annealed YbAl;
thin films is around 360 + 30 K. The Kondo temperature of 400
K has been reported on a bulk YbAl; sample.*

Unlike the most of semiconducting TE materials in which the
contribution of « is mainly from the lattice component, in YbAl;
the electronic component contributes largely to the total x owing
to its extraordinarily high ¢.'® Therefore, it is possible to estimate «
of YbAl; thin films using the calculated kg and an averagely high
ki, obtained on the bulk materials. Fig. 7d and e shows the
calculated kg and estimated « for YbAIl; thin films. Here, kg was
calculated from ¢ according to Wiedemann-Franz law. The re-
ported «, values (e.g. 4.9 W m™" K™ at 300 K) of a typical bulk

~
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Fig.7 Temperature dependences of (a) electrical conductivity, (b) Seebeck coefficient, (c) power factor, (d) electronic thermal conductivity, (e)

estimated thermal conductivity, and (f) estimated ZT for YbAls thin films.
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material were incorporated to estimate «.>* The « values are over
10 Wm™ ' K~ " with a large contribution from electrons. Therefore,
consideration should be taken in designing TE devices since
a large « is not favorable for building large temperature differ-
ence.”” The ZT values can be estimated from «?¢ and «, and the
results are given in Fig. 7f. The thin film annealed at 773 K
exhibits the highest ZT of 0.14 at 300 K, which is much higher
than that of the thin film without annealing treatment (only 0.03)
and is comparable with the values of YbAl; bulk materials (from
0.17 to 0.24)."®* The significant enhancement in TE properties
should be attributed to the largely improved o’c due to the
significantly improved crystallinity and stoichiometry. In fact, the
ZT values of YbAI; thin films must be underestimated since the i,
values of YbAI; thin film should be lower than those of the bulk
materials due to additional phonon scattering from nano-
structures, amorphous phases, and rough surfaces.

Conclusions

Intermetallic YbAl; thermoelectric thin films have been
prepared using a co-sputtering technique and a subsequent
annealing treatment. The as-prepared thin films had low crys-
tallinity and contained nanoparticles with 30 nm in diameter.
After annealing treatment, the crystallization and aggregation
of YbAl; nanoparticles led to significantly improved crystal-
linity. The precipitation of metallic Al on the surface was
favorable for attaining stoichiometric YbAl; thin films. The
electrical conductivity and Seebeck coefficient were improved
simultaneously at optimized annealing temperature 773 K,
which gave rise to a maximum power factor of 7.4 mW m ™" K 2,
The largest ZT of the annealed YbAI; thin film was estimated to
be comparable with those of the bulk materials.
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