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ABSTRACT: BigsSb; sTe; films were prepared by a novel chemical vapor
transport process through delicate controlling the temperature of the substrate
and vapor source. The power factor reaches 30 uW cm ' K '
temperature, which is much higher than the value of the BigsSb; sTes films
prepared by other techniques. The enhancement of thermoelectric 1properties
might be attributed to the higher carrier mobility (252 cm* V' s~ "), coming
from the effective interparticle contiguity of (00L) oriented nanoplates em-

bedded in the present Biy sSb; sTe; films.

KEYWORDS: thermoelectric, BipsSb;sTe;, film, chemical vapor transport,

transport properties, nanoplate

at room

hermoelectrics, in the form of films, have provided a

potential platform to be integrated into electronic devices
in the microheating and cooling areas."” The family of A,B; (A =
Bi, Sb and B = Te, Se) compounds possess excellent thermo-
electric (TE) properties near room temperature and are pre-
dicted to be the best candidates for TE film devices.> ® Because
binary A,B; films can be easily obtained by either vacuum-based
route’ or solution-based route.”” The corresponding TE proper-
ties and the way to enhance the TE properties of the A,B; films
have been widely studied. Among them, doping is an effective
and mostly used method as the carrier concentration can be
adjusted into an appropriate range even by a small doped
amount. For example, an introduction of 10% Se into Bi,Te;
was reported to bring ~30% enhancement of the power factor®
(PF, defined as S*0, where S and ¢ are Seebeck coefficient and
electrical conductivity, respectively). Besides, excess alloying
scattering by the Se dopant will further decrease the thermal
conductivity (), which will also contribute to the enhancement
of the dimensionless figure of merit (ZT, expressed as S*0T/k).
In this work, the best p-type thermoelectric material near room
temperature,9 Big sSb; sTe; films were chosen as the research
target. In the previous reports, Bip sSb; sTe; films can only be
obtained by evaporating the presynthesized Big sSb; sTes bulk
materials into films by either flash evaporation'®'! or electric
current stressing.'” The requirement for the presynthesis of bulk
BigpsSb; sTe; and the necessitated high-vacuumed condi-
tion make above processes undesirable. All of these facts
give us motivation to develop alternative synthesis process of
Big sSb; sTe; films. Herein, we introduced a novel process based
on sequent chemical vapor transport (CVT) and the synthesized
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Big sSb; sTe; films exhibited enhanced thermoelectric properties
in comparison with previous reported Biy sSb; sTe; films.

In our previous work, n-type binary Bi,Te; films were
obtained by a simple one-stepped CVT process."* In this work,
the synthesis of BiysSb; sTe; films was accomplished by gim-
micky two-stepped CVT process under the protecting carrier gas
(CG). As indicated in Figure la, first, bismuth films were
synthesized on oxidized Si substrate by a solution route, in which
the precursor solution (50 mL) was composed of 0.2 mmol of
Bi(NO;)s;, 0.5 mmol of ethylenediaminetetraacetic acid
(EDTA), and 0.5 mmol of ascorbic acid (AA) with pH about
12. Second, the Bi films were transferred into a horizontal tube
furnace and placed about 20 cm downstream from the center
where the Sb powder was placed, the antimony vapor was formed
at ~550 °C and transported by carrier gas to the Bi films, where
the corresponding temperature was ~320 °C to synthesize BiSb
alloy films (Figure 1a, step 1). Third, the synthesized BiSb films
were transferred into the horizontal tube furnace second time,
placed 10 cm downstream from the center where the Te powder
was placed. The tellurium vapor was formed at ~450 °C and
transported by carrier gas to the BiSb films, where the corre-
sponding temperature was ~410 °C to synthesize BiSbTe films
(step 2). Before starting both CVT processes, the quartz tube was
evacuated to ~1 x 10 * bar and then flushed with carrier gas 3
times to prevent possible oxidation. Low-pressure (~1 X 104
bar) CVT process was chosen for both steps for the reason that
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Figure 1. (a) Schematic diagram of the sequent CVT process, (b) XRD pattern of the synthesized films, indicating the main phase is Bi sSb; sTe; with

(00OL) orientation with trace amount of Sb,Te;.
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Figure 2. (a—c) Elemental distributions for BiysSb; sTe; films, indicating the homogeneous distribution of the three elements (Bi, Sb, Te),

(d) secondary electron image (SEI).

the chemical process at the surface of the wafers can be controlled
by the reaction rate rather than the mass transfer process, and the
rate-controlled CVT process will facilitate the heterogeneous
nucleation and growth of the films."* The temperature of the
substrate and vapor source played vital roles in the formation of
the corresponding films. The temperature of the vapor source
(including the antimony and tellurium powder) should be high
enough to produce adequate vapor amount. And the temperature
of the substrate should not be too high to avoid the high
desorption, and then affect the nucleation and growth of the
films. Besides, the temperature of Bi films in step 1 determines
the synthesis of the final Bij sSb; sTe; products as the BiSb alloys
with atomic ratio about 1:3 were only formed on the position
(~320 °C) marked in step 1. If the Bi films were placed about
19 cm (~350 °C) or 21 cm (~300 °C) downstream from the
center, the Bi films will overevaporate to obtain noncontinuous
films with too much Sb particles (~19 cm) or be transferred into
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BiSb alloys with atomic ratio about 1:1 (~21 c¢m). The best
p-type BigsSb; sTe; material can not be obtained under both
conditions.

As the XRD result indicated in Figure 1b (XRD measurement
was taken directly from the films), the obtained films displayed
rhombohedral Bij sSb; sTe; phase with lattice constants of a =
b=4295A, c=30.26 A, which are consistent with the literature
values (a=b=4.3 A, c=30.28 A, JCPDS 65—3674). Besides, the
dominant (006) and (0015) diffraction peaks suggest that the
BigsSb; sTe; films have a preferred orientation along the (00L)
planes. From the XRD result, a trace amount of Sb,Te; was also
detected, which might come from the Sb remains formed in Step
1. The secondary electron image (SEI) and elemental maps,
including Bi, Sb, and Te, displayed in Figure 2 are uniform with
no notable darker and brighter regions, which indicates that all
the elements distributed homogeneously in the matrix. Quanti-
tative analysis (see Figure S1 in the Supporting Information)
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Figure 3. (a) SEM images of the Biy sSb; sTe; films (the inset is the corresponding cross sectlonal profile), (b) high-magnification TEM image of the
Bip sSb; sTe; nanoplate (the insets are the corresponding low-magnification TEM image and the SAED pattern).
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Figure 4. Temperature dependence of the electrical resistivity (@),
Seebeck coefficient (O0), and power factor (A) for the Big sSb, sTe; films
prepared by sequent CVT process.

suggested the films are composed of bismuth, antimony and
tellurium with atomic ratio of about 1:3:6, consistent with the
stoichiometric proportion of bismuth antimony telluride
(Big.sSb;.sTes). From the SEM images shown in Figure 3a, the
Big sSb; sTes films are constructed by platelike crystals with
thickness about 1.5 ¢m (the inset in Figure 3a). The low magni-
fication TEM image (the inset in Figure 3b) confirms the plate
structure of the building blocks embedded in the films. The
observed lattice spacing of 0.215 nm in high magnification TEM
(Figure 3b) corresponds to the (1120) plane of the rhombohe-
dral Big 5Sb; sTe; phase. The corresponding electron diffraction
(ED) confirms the (1120) plane of the nanoplate. Both the TEM
and ED results suggest the single crystal characteristic of the
nanoplate with (00L) orientation, which is responsible for the
(00L) orientation of the films. The formation of the (00L)
orientations of nanoplates might be attributed to the 1ntr1n51c
anisotropic structure resemblant to the hexagonal Bi,Te,."®
Figure 4 shows the temperature (T) dependence of TE
transport of Big sSb; sTe; films, including the electrical res1st1v1ty
(p), Seebeck coefficient (S), and power factor (PF = S*/p).
Positive values of S indicate a p-type conduction, which is
expected for BipsSbysTe; films. The conduction behavior
(p or n character) correlates with the type of the dominant
carrier. As in the A,B; (A = Bi, Sb and B = Te, Se) compounds,
the antISIte defects dominate the carrier type and concentra-
tion."® In Bi,Sb,_,Te;, both Sb and Bi tend to form Sby, and
Bir. antisites, serving as acceptors and causing p-type conduction

behavior.'” As the x value changes from O to 2, the carrier
concentration changes from 8 X 10”cm > t0 0.5 x 10" cm>."®
And in the present Biy sSb; sTe; films, the carrier concentration,
obtained from Hall effect measurement,” is 2.0 x 10" _3,
which is sh%htly hlgher than the value in the Big sSb; sTe; 1ng0t
(1.8 x 107 ) and the value in the BigsSb; sTe; films*
(1.5 x 10" cm ™) prepared by electric current stressing. This
slightly higher carrier concentration might be related to the
existence of the trace Sb,Te; impurity. Consequently, the
Seebeck coeflicient for the present films at room temperature
is 193 4V K, which is lower than the value of 215 uV K*
for the BigsSb; sTe; ingot and 217 uV K~ ! for Bio, SSblsTe3
films. The maximal Seebeck coefficient reaches 216 4V K~

400 K, and among 300—500 K, the Seebeck coefficient is above
184 uV K, this phenomena might be related to the quantum
confinement effect existed in the film that increases the difference
between the Fermi level and the average mobile carrier energy.21
From Figure 4, alinear increase in the electrical resistivity (p) was
also indicated, suggesting the metallic conduction behavior of the
present BipsSb; sTe; films. The p at room temperature is
0.00124 Q cm, which is lower than the value of the Biy sSb; sTes
films prepared by flash-evaporation (0.00164 Q cm)' and
electric current stressing (0.0049 Q cm).'" The significant
enhancement of the electrical conductivity is attributed to the
high carrier mobility (252 cm®* V™' s™') of the present Bigs
Sb, sTe; films, which might come from the effective interparticle
contiguity with (00L) oriented nanoplates embedded in the
Big sSb; <Te; films (Fl%ure 1b and Figure 3). As a result, the PF
researches 30 uWcm™ K~ at room temperature, which is much
higher than the prev10us Big.sSb; sTe; films (16 4W cm ™' K
and 9.6 W cm™ ' K for Big sSb, sTe; films prepared by flash-
evaporation and electric current stressmg, respectively). Besides,
an average PF of 27.1 #W cm™ ' K~' among the 300—500 K
makes the present Bij sSb; sTe; films much more practical in the
microheating and cooling areas, as the TE devices have a wide
service temperature range.

B CONCLUSIONS

In summary, sequent CVT process has been successfully
applied to the synthesis of p-type Big sSb; sTe;3 films. The films
are constructed by platelike crystals with (00L) orientations. As a
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consequence, the PF of BijsSb;sTe; films was enhanced to
30 uW cm™ ' K at room temperature, and the average PF of
27.1 W em™ ' K ' (300—500 K) makes the Biy sSb sTes films
much more practical in the microheating and cooling areas, as the
TE devices have a wide service temperature range.
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