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c-Axis oriented Bi2Sr2Co2Oy thin films imbeddedwith Au nanoparticles were prepared by pulsed laser ablation a
ceramic Bi2Sr2Co2Oy target with a small piece of Au foil overlapped. It was found that the incorporation of Au

nanoparticles, about 5–15 nm in diameter, did not disrupt the c-axis orientation of the films. Fortunately, the in-
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corporation of Au nanoparticles decreased the resistivity of Bi2Sr2Co2Oy films while maintained the Seebeck co-
efficient almost unchanged, thus resulted in an enhanced power factor. Possible mechanisms were proposed to
explain the results. This work demonstrated a promising approach to optimize the thermoelectric performance
Layered cobaltite thin films
Au nanoparticles
Pulsed laser deposition
reports on the improvement of TE performance of thin film samples.
1. Introduction
of layered cobaltite thin films.
Thermoelectric (TE) materials can convert t
hermal energy directly
In this work, we reported the enhancement of TE performance of thin
films of layered cobaltite by incorporating metallic gold nanoparticles

(Au NPs). c-Axis oriented Bi2Sr2Co2Oy (BSCO) thin films imbedded
into electricity and vice versa, making them attractive for applications
inwaste heat recovery and Peltier cooling. The efficiency of thermoelec-
tricmaterials is generally evaluated by the dimensionlessfigure ofmerit
ZT = (S2/ρκ)T, where S, ρ, κ and T are Seebeck coefficient, electrical re-
sistivity, thermal conductivity, and absolute temperature, respectively
[1]. Therefore, the performance of TE materials can be enhanced by ei-
ther increasing the power factor S2/ρ or decreasing the thermal conduc-
tivity κ, which is the sum of the lattice and the carrier contribution.

Among all the TE materials explored, layered cobaltites have re-
ceived increasing attention to the TE community in thepast decade, par-
ticularly to those who are interested in high-temperature applications
in air, because of their good TE performance, low cost, high thermal
and chemical stability, and environmental benignity [2–4]. Various ap-
proaches were used to enhance the TE performance of the layered co-
baltite bulks, such as improving the c-axis texture degree, optimizing
the carrier concentration by doping, and introducing metallic nanopar-
ticles (NPs) into the thermoelectric matrix [5–11]. ZT value of about
0.61 at 1118 Kwas reported for Ca3Co4O9 polycrystalline bulks, a typical
layered cobaltite, through ion doping and incorporatingmetallic Ag NPs
into the TEmatrix [11]. For localized heating or cooling, thinfilms are re-
quired in many particular applications. However, there are very few
http://dx.doi.org/10.1016/j.m
with Au NPs were fabricated on LaAlO3 (001) single crystalline sub-
strates by pulsed laser deposition (PLD) technique. By incorporating
Au NPs into BSCO thin films, we found the power factor of the films
was enhanced comparing to that of pure BSCOover awide range of tem-
perature. In addition, the thermal conductivity of the BSCO:AuNPs com-
posite thin films was expected to decrease due to the enhanced phonon
scattering on the Au NPs as well as the interface between the Au NPs
and the BSCO TE matrix. Therefore, the TE performance of BSCO thin
films could be improved by introducing Au NPs into the films.

2. Experimental

c-Axis oriented BSCO thin films imbeddedwith the AuNPswere fab-
ricated on LaAlO3 (001) single crystalline substrates by pulsed laser ab-
lating a BSCO ceramic target, on which a piece of fan-shaped Au foil
(99.99%) was attached. The distance between the target and the sub-
strate was about 50 mm. An excimer laser with 308 nm radiation was
used for the film deposition with a laser energy density of 1.5 J/cm2

and a repetition rate of 3 Hz. The deposition temperature was moni-
tored to be about 680 °C and the oxygen pressure in the PLD chamber
was about 60 Pa. The Au concentration in the deposited BSCO films
can be easily controlled by changing the area of Au foils. Three fan-
shaped Au foils with ω = 0°, 25° and 45° were used in this work
atdes.2015.10.058 1



Fig. 1. (a) XRD θ-2θ scan of BSCO:Au composite thin films on LaAlO3 (001) substrates.
(b) The schematic image of BSCO:Au composite target.

Fig. 2. (a) XPS spectra of BSCO:Au composite thin filmwith the Au atomic concentration of
about 1.6%. (a) Survey scan and (b) high resolution core-level spectra of Au 4f.
(Fig. 1b), and the atomic ratio between Au and BSCO in the correspond-
ing BSCO:Au composite films was about 0, 0.8 and 1.6%, respectively. It
should be mentioned here that when we increased the Au atomic con-
centration to about 3.7% in the BSCO film (a fan-shaped Au foil with
θ = 90° was used). The Seebeck coefficient of the resulting composite
film decreased greatly, resulting in a reduction in TE performance.

The film thickness was measured by a Dektak 150 Surface Profiler
and all film samples used in this work had thickness about 80 nm. The
crystal structure of the films was identified by a Philips X'Pert 4-circle
diffractometer with CuKα radiation. The Au concentration and chemical
band in the composite films were determined by X-ray photoelectron
spectroscopy (XPS) measurements. The microstructure were analyzed
by a field-emission transmission electron microscopy (TEM, Tecnai G2
F20) equippedwith an energy-dispersive X-ray spectroscopy (EDS) de-
tector. The room temperature carrier concentration and mobility of the
films was determined via Hall effect measurement by using a Physical
Properties Measurement System (PPMS, Quantum Design Inc.). The
temperature-dependent electrical resistivity and Seebeck coefficient
were simultaneously measured using the dc four-probe method in
Hall bar geometry by a LSR-3 measurement system (Linseis, Germany)
with a heating rate of 5 K/min. To make the ohmic contact, silver
paste was used for the terminal connections.

3. Results and discussion

Fig. 1a shows the typical XRD θ–2θ scans of the BSCO:Au composite
thin films on LaAlO3 (001) single crystalline substrates fabricated by
pulsed laser ablation of the target. Schematic diagram of the target of
BSCO with Au foil overlapped is shown in Fig. 1b. Except the diffraction
peaks from the LaAlO3 (LAO) and Au, all peaks in these three films can
be indexed as 00ℓ diffractions from BSCO phase, suggesting that the
resulting BSCO films are pure phase and c-axis oriented. As the concen-
tration of Au in the films increases, the intensity of the Au diffraction
http://dx.doi.org/10.1016
peaks becomes stronger. In addition, the Au peaks also become broader,
indicating that the size of Au particles in the films become smaller with
the increase of the Au concentration. This might because that some
small Au nanoparticles tend to agglomerate when the amount of Au in
the films increases. We roughly estimate the average size of the Au par-
ticles in the films by the Au (111) peaks using the Scherer formula D=
(Kλ)/(Bcosθ),whereD is the average size of the particles,K is the correc-
tion factor (K=0.89),λ is thewavelength of X-ray (λ=0.15405 nm), B
is the full width at half maximum (FWHM) of Au (111) peaks shown in
Fig. 1 and θ is the Bragg diffraction angle. The estimated D is about 5.4
and 8.0 nm for the films with the Au atomic concentration of 0.8 and
1.6%, respectively. We also estimated the number density of Au nano-
particles in these two films, which was about 4.94 and 8.02 × 1013/
cm3, respectively.

Fig. 2a is the XPS survey spectra of a BSCO:Au composite thin film. It
reveals that the cation ion ratio of Bi:Sr:Co in the film is about
1.00:1.03:1.06, which is very close to that of the nominal composition
of this material. Moreover, the XPS measurement also reveals that the
Au atomic concentration in this film is about 1.6%. Fig. 2b shows the
Au 4f XPS core-level spectra of this film. The peaks of Au 4f5/2 and Au
4f7/2 are located at 87.6 and 84.0 eV, respectively, which correspond to
the normal XPS spectra of metallic Au [12]. This result demonstrates
that Au does not enter into the crystal lattice of BSCO but exists as ame-
tallic phase in BSCO matrix.
/j.matdes.2015.10.058 2



Fig. 3. (a) TEM and (b) HRTEM images of BSCO:Au composite thin film on LaAlO3 (001) substrate. The inset of panel b is the SEAD pattern take form BSCO film area.
Fig. 3a shows the cross-sectional TEM micrography of the BSCO:Au
composite film with the Au atomic concentration of about 1.6%. It can
be seen that Au particles, having a diameter of about 5–15 nm, are
well dispersed in the BSCO film matrix. Fig. 3b is the high-resolution
TEM (HRTEM)micrography of the BSCO:Au composite film near the in-
terface. Well-ordered layer structures of BSCO stacked along the c axis
can be clearly observed and the introduction of Au NPs into the film
does not disrupt the c-axis orientation growth of the film. The bright
Fig. 4. (a) Temperature dependence of in-plane (a) resistivity ρab, (b) Seebeck coefficient
Sab of BSCO:Au composite thin films.

http://dx.doi.org/10.1016/j.m
and dark stripes in the HRTEM image correspond to the conducting
CoO2 and insulating Bi2Sr2O4 layers, respectively. Moreover, the select-
ed area electron diffraction (SAED) pattern taken from the BSCO film
area, shown in the inset of Fig. 3b, reveals that the film still maintains
pretty good single crystallinity in spite of the Au addition.

The temperature dependence of in-plane electrical resistivity ρab
and Seebeck coefficient Sab of these BSCO:Au composite thin films are
shown in Fig. 4a and 4b, respectively. Both ρ and S increase when the
temperature goes up, indicating a metallic conducting behavior. At the
room temperature, the pure BSCO film has ρ and S of about 5 mΩ cm
and 120 μV/K, leading to a high power factor of about 0.29 mW/K2-m,
which is comparable to that of single crystal bulks and is much higher
than that of polycrystalline bulks [2,13–15]. Moreover, the incorpora-
tion of Au NPs into the BSCO film can decrease the resistivity of the
films, and at the same time it hasminor effect on the Seebeck coefficient.
To better understand the effect of Au NPs on the resistivity and Seebeck
coefficient, we measured the room temperature carrier concentration
and mobility of these three films, which is shown in Table 1. It is some-
what surprising that incorporating Au NPs can increase the hole carrier
concentration of BSCO films. A plausible explanation is that the Fermi
level of Au is below the valence band edge of BSCO, and thus Au NPs
can contribute holes to the BSCO film matrix due to the carrier transfer
process. Similar effects have also been observed in other p-type semi-
conductor TE materials when incorporating metal or semimetal NPs
into the semiconductor matrix [16–18]. In addition, Table 1 shows the
carrier mobility of BSCO film does not change too much with Au addi-
tion, which indicates that the Au particles are too small to introduce
charge carrier scattering [17]. In this case, we think that the reduction
in the resistivity of BSCO film after introducing Au NPs is mainly caused
by the increment in the hole carrier concentration of the film. Generally,
the Seebeck coefficient S of a TE material decreases with the increment
of carrier concentration. However, the S values of the present threefilms
shown in Fig. 4b are almost the same, whichmight be due to the follow-
ing two factors. First, the increase of carrier concentration induced by
the addition of AuNPs leads to a decrease in Seebeck coefficient. Second,
the metallic Au NPs could increase the energy dependent scattering
Table 1
Room temperature carrier concentration n and Hall mobility μ of BSCO:Au composite thin
films with different Au concentration x.

BSCO:Au (x at.%) n (cm−3) μ (cm2/Vs)

0.0 5.61 × 1020 2.13
0.8 6.26 × 1020 2.24
1.6 8.82 × 1020 2.31

atdes.2015.10.058 3



Fig. 5. Temperature dependence of in-plane power factor (PF) of BSCO:Au composite thin
films.
time by preferentially tuning the scattering of carriers depending on
their energy, leading to an enhancement in Seebeck coefficient [19–21].

We calculated the power factor of these three films at different tem-
peratures, which is shown in Fig. 5. It can be seen that the addition Au
NPs into BSCO films can increase the power factor of the films over
the whole range of measured temperature. For example, the power fac-
tor of the BSCO:Au NPs (1.6 at.%) composite thin film is about 0.92mW/
K2-m at 973 K,which is about 1.4 times higher than that of the pure film
(~0.66 mW/K2-m). Moreover, by introducing Au NPs of 5–15 nm in di-
ameter into BSCO films, we believe that the thermal conductivity of the
films could be lowered due to the enhanced scattering of the mid- and
long-wavelength phonons at Au NPs and at the interfaces between the
Au NPs and BSCO thin films [22–24]. Therefore, the ZT value of BSCO
thin films is expected to significantly increase through incorporating
Au NPs into the films.

4. Conclusion

Pure phase, c-axis oriented BSCO thin films imbedded with Au NPs,
having a diameter of about 5–15 nm, were fabricated on LaAlO3 (001)
single crystalline substrates by pulsed laser deposition technique. It
was found that the incorporation of AuNPs into BSCOfilms can improve
the electrical conductivity of the films while without deteriorating the
Seebeck coefficient, resulting in an enhancement in power factor.
http://dx.doi.org/10.1016
Moreover, the presence of Au NPs might provide scattering centers for
phonons, leading to a decrease in thermal conductivity. Due to en-
hanced power factor and decreased thermal conductivity, the figure of
merit, ZT, could improve accordingly.
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