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Thermoelectric �TE� properties of the coevaporated Bi2Te3 and Sb2Te3 films are measured from 100
to 300 K for Seebeck coefficient �S and from 5 to 300 K for electrical resistivity �e, mobility �e,
and Hall coefficient RH. For the low-temperature characterization of TE films, the conditions for
coevaporation deposition of Bi, Te, and Sb to form Bi2Te3 and Sb2Te3 films are also investigated,
including substrate material, substrate temperature Tsub, and elemental flux ratio �FR�. The
resublimation of Te occurring above 473 K significantly affects the film composition and quality.
Our optimal deposition conditions for Bi2Te3 films are Tsub=533 K and FR=2.4, and those for
Sb2Te3 films are Tsub=503 K and FR=3.0. The TE properties of both films are strongly temperature
dependent, while Bi2Te3 films show a stronger temperature dependence than Sb2Te3 films due to
different major scattering mechanisms. �S of both the coevaporated films are close to or higher than
those of bulk materials, but �e is much higher �due to lower carrier concentrations for Sb2Te3 films
and lower �e for Bi2Te3 films�. Also, no freeze-out regime is found for both Bi2Te3 and Sb2Te3 films
at low temperatures. The room-temperature power factors of �S

2 /�e for Bi2Te3 and Sb2Te3 films are
2.3 and 2.0 mW /K2 m, and the maxima are 2.7 mW /K2 m for Bi2Te3 at T=220 K and
2.1 mW /K2 m for Sb2Te3 at T=280 K. Shadow mask technique is successfully used for the
micropatterning �20 �m� of TE films with no significant change in properties. © 2008 American
Institute of Physics. �DOI: 10.1063/1.3033381�

I. INTRODUCTION

Miniature thermoelectric �TE� cryogenic coolers inte-
grated with microsystems can provide low operating tem-
peratures and significantly improve the performance of these
systems �e.g., Q factor of micromechanical resonators1 and
sensitivity of chemical sensors2�. Most current TE
microcoolers3–6 are of single stage, and a planar multistage
cryogenic microcooler1 is recently proposed to overcome the
technical challenges of the pyramid design for Micro-
Electro-Mechanical Systems �MEMS� fabrication processes,
and it has the potential to reach lower temperatures than the
single-stage design.

Fabrication of TE microcoolers is mainly based on thin
or thick TE film techniques.3,4,6 The most commonly used
TE materials are telluride compounds, which have been stud-
ied extensively and are the commercialized TE cooling ma-
terial choice near room temperature. Bulk Bi2Te3 and Sb2Te3

have high TE figure of merit ZeT �around 1.0� �Ze

=�S
2T / ��ek�, here �S is the Seebeck coefficient, �e is the

electrical resistivity, and k is the thermal conductivity� near
room temperature and can be fabricated as n- and p-type
films to form a TE couple. A number of techniques have been
used to fabricate Bi2Te3 and Sb2Te3 films, e.g.,
coevaporation,7,8 cosputtering,4,9 metal organic chemical va-

por deposition,10,11 molecular beam epitaxy �MBE�,12 and
electroplating.13 Some reported deposition techniques and
TE properties of the resulting n-type and p-type TE films are
shown in Table I. Here coevaporation is used because of
relatively high film quality, short processing time, and com-
patibility with film micropatterning.

The growth conditions for coevaporated Bi2Te3 and
Sb2Te3 thin films on glass and their room-temperature TE
properties have been investigated.7,8 Although the tempera-
ture dependence of bulk Bi2Te3 and Sb2Te3 crystals has been
studied extensively,14,15 the low-temperature TE properties of
the coevaporated Bi2Te3 and Sb2Te3 thin films have rarely
been reported. Because the design object of cryogenic micro-
coolers is to provide an operation temperature well below the
room temperature �100–270 K�, due to the strong tempera-
ture dependence of TE properties ��S, �e, and k�, the low-
temperature �100–270 K� characterization of these TE trans-
port parameters is important for design and fabrication of
microscale cryogenic TE coolers. Those low-temperature TE
properties are also useful for the investigation of carrier
transport in films.

In the fabrication of the micro-TE coolers, the TE films
need to be micropatterned to form n-p couples using tech-
nique such as shadow mask or photolithography. The pat-
terning technique also determines the substrate temperature
limits �e.g., when using photoresists� and can affect thea�Electronic mail: kaviany@umich.edu.

JOURNAL OF APPLIED PHYSICS 104, 113710 �2008�

0021-8979/2008/104�11�/113710/8/$23.00 © 2008 American Institute of Physics104, 113710-1

Downloaded 25 Jan 2009 to 141.212.141.12. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp

http://dx.doi.org/10.1063/1.3033381
http://dx.doi.org/10.1063/1.3033381
http://dx.doi.org/10.1063/1.3033381


growth conditions for Bi2Te3 or Sb2Te3 films and their TE
properties.

Here we report on the characterization of the TE trans-
port properties, i.e., Seebeck coefficient, electrical conductiv-
ity, mobility, and Hall coefficient of coevaporated Bi2Te3 and
Sb2Te3 films grown under our optimal coevaporation depo-
sition conditions. We also discuss application of the shadow-
mask micropatterning technique and explore its effects on
film growth conditions and TE properties.

II. COEVAPORATION OF TE MATERIAL

The coevaporation system is shown in Fig. 1. Before
deposition, a wafer was first cleaned using acetone, dried in
nitrogen flow, and placed on a rotating wafer supporter. The
chamber is then evacuated until the pressure reaches
10−7 torr. The substrate temperature was controlled between
423 and 573 K through radiation from a heater by adjusting

its input electric power. In the deposition chamber, each of
the elements �99.999% pure Te, Bi, and Sb shots� of the
desired compound �from the Bi–Te or Sb–Te systems� was
placed in a molybdenum boat. The deposition mass flux of
each source was controlled by adjusting the individual power
applied to the corresponding boats.

The chamber pressure during the deposition was varied
from 8�10−7 to 4�10−6 torr. The deposition rates of Sb
and Bi were set to 1.0 Å /s, while the deposition rate of Te
varied from 1.5 to 4.0 Å /s. The fluctuation in the deposition
rate was controlled to within 10%. Energy Dispersive X-ray
Analysis �EDX� analysis was made to verify the Bi�Sb�/Te
ratio for the grown films and to control the composition of
the films; x-ray diffraction was used for phase analysis.

Figure 2 shows the dependence of �S and �e on the film
thickness for Sb2Te3 films deposited under the optimal con-
ditions. In the thickness range between 0.75 and 4 �m, no
distinguishable correlation between the TE properties and
film thickness was observed, so films with a thickness
around 1 �m were used for characterization. This thickness
is also closed to values used by da Silva et al.7 and Zou et
al.8

TABLE I. Reported deposition techniques and properties of n-Bi2Te3 and p-Sb2Te3 / �BixSby�2Te3 films.

Technique Coevaporation Cosputtering Electroplating MOCVD

Reference da Silva et al.a Zou et al.b Böttner et al.c Lim et al.d Giani et al.e

Substrate Glass Glass SiO2 /Si Cu Pyrex and Si

TE materials n-Bi2Te3 p-Sb2Te3 n-Bi2Te3 p-Sb2Te3 n-Bi2Te3 p-�Bi,Sb�2Te3 n-Bi2Te3 n-Bi2Te3 p-Sb2Te3

Tsub �K� 533 543 533/503f 503/463f
¯ ¯ 498

�S ��V /K� −228 149 −228 /−200 f 171/160f −160 190 −60 −210 110
�e ��� m� 28.3 12.5 13.0/12.9f 10.4/31.2f 16.3 14.3 10.0 9.0 3.5
�S

2 /�e �mW /K2 m� 1.84 1.78 4.0/3.10f 2.30/0.82f 1.57 2.53 0.36 4.90 3.46

aReference 7.
bReference 8.
cReference 4.
dReference 13.
eReference 11.
fThe results after the slash are for n-p film thermocouple �Ref. 8�.
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FIG. 1. �Color online� Schematic of coevaporation system.
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FIG. 2. Variation in Seebeck coefficient and electrical conductivity of
Sb2Te3 films �deposited with Tsub=503 K and FR=3.0� with respect to the
film thickness.
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A. Deposition condition

During the coevaporation, the important variables that
can be controlled are substrate material, substrate tempera-
ture Tsub, and deposition flux ratio �FR�. Their optimization
is discussed below.

For the compatibility with conventional micromachining
processing, we have tested the depositions on various sub-
strates commonly used in micromachining processing in-
cluding glass, silicon �Si�, Si coated with silicon nitride
�Si3N4 /Si�, and Si coated with silicon oxide �SiO2 /Si�. Table
II compares the films deposited on the different 4 in. sub-
strates. Although glass substrate may result in the best adher-
ence and film quality at the center, its low thermal conduc-
tivity leads to a large temperature variation across the surface
and, in turn, a noticeable inhomogeneity �nonuniformity� in
the TE properties. Also, to obtain high Ze, the films are ex-
pected to be deposited at high temperatures �above 453 K�,7,8

but then the adherence of Bi2Te3 and Sb2Te3 films �espe-
cially Sb2Te3 films� to the Si and Si3N4 /Si substrates be-
comes rather poor. Above 453 K, no adherence of Sb2Te3 to
the Si substrates was found. However, the SiO2 /Si substrate
produces tightly adhered relatively high quality uniform
films at high temperature. In addition, the SiO2 /Si substrate
is electrically insulating in the intended operational range,
which is desired in the planar multistage design.1 Therefore,
SiO2 /Si substrates are the preferred choice here for the co-
evaporation.

Strong dependence of the Te vapor atom sticking coeffi-
cient on the substrate temperature Tsub and elemental FR of
the TE species �Te:Bi/Sb� has been observed by Mzerd et
al.16 in the depositions on Si substrates using MBE. How-
ever, in coevaporation deposition, progressive loss of Te in
both Bi2Te3 and Sb2Te3 films was found when Tsub was
above 473 K, which is different from the steplike behavior
found at around 573 K in MBE by Mzerd et al.16 This de-
viation is probably due to the difference in the kinetic energy
of Te atoms and the substrate surface force that they experi-
ence. Since the sublimation temperature of tellurium is
around 473 K at 1.0�10−5 torr, it is reasonable to attribute
the loss of Te to its resublimation at high temperatures. Fig-
ure 3 shows the variation in the measured composition ratio
of Te/Bi�Sb� of the films with respect to FR at the optimal
Tsub. At Tsub=503 K, when the FR is between 2.0 and 3.0,
the atomic concentrations of Sb and Te do not change sig-
nificantly, indicating the resublimation of tellurium. How-
ever, when the FR is larger than 3.5, the concentration of Te
is significantly larger, indicating a net condensation of Te on
the substrate. This is verified by the x-ray diffraction pat-

terns, in which Te peaks were observed, while no evidence of
SbTe was observed �similar to those reported in Ref. 16�.
Similar phenomena occur for Bi2Te3, and the dependence of
compositions on FR is even stronger, indicating that the re-
sublimation of Te is less significant for Bi2Te3 films.

The substrate temperature Tsub also affects the grain
structure of TE films. Figures 4�a�–4�c� are the scanning
electron microscopy �SEM� micrographs of Bi2Te3 films de-
posited on the SiO2 /Si substrates at 453, 533, and 556 K,
respectively; Figs. 4�a�–4�c� are for Sb2Te3 films deposited
on the same substrates at 453, 503, and 524 K, respectively.
The results show that for low Tsub, the grain boundary blurs
and the grain size is small. As Tsub increases, the grain size as
well as �S increases, while the �e decreases. These are simi-
lar to the results reported in Ref. 7. However, if Tsub is high
��482 K�, the film becomes more grainy �due to resublima-
tion of Te�. If Tsub increases further, resublimation counter-
acts the effects of larger grain size and results in increased
�e. If Tsub is too high, TE films may even become discon-
tinuous. Our optimal Tsub for coevaporated Bi2Te3 and
Sb2Te3 films �listed in Table III� were obtained by comparing
the power factor �S

2 /�e of films of near stoichiometric com-
positions deposited at different Tsub. Our optimal substrate
temperatures for Bi2Te3 and Sb2Te3 films are 535 and 503 K
�listed in Table III�, respectively. These are close to those
reported by Zou et al.8 but different from those reported by
da Silva et al.7

TABLE II. Comparison of the deposited best films on different substrates. The �S
2 /�e data were measured at 300

K. The results before the slash are for Bi2Te3 and those latter are for Sb2Te3.

Substrate
Optimal Tsub

�K� Uniformity Adherence
�S

2 /�e

�mW /K2 m� FR

Glass 533/503 Poor Excellent 2.35/2.08 �center� 2.4/3.0
Si �453 Good Poor ¯ �1.5 /1.5
Si3N4 /Si 500/483 Good Poor 1.51/1.24 2.0/1.7
SiO2 /Si 533/503 Good Good 2.30/1.98 2.4/3.0
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FIG. 3. �Color online� Variation in film composition ratio Te/Bi�Sb� with
respect to FR at the optimal Tsub, i.e., Tsub=533 K for Bi2Te3 and 503 K for
Sb2Te3.
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Figures 5�a�–5�c� are the SEM micrographs of Bi2Te3

films deposited on SiO2 /Si substrates with different FRs at
533 K, and Figs. 5�d�–5�f� are for Sb2Te3 films on the same
substrates with different FRs at 503 K. When FR increases,
the grain size of both films increases at first, resulting in a
lower �e and a higher �S. When the FR is set too large, for
Bi2Te3 films the atomic concentration of Te becomes larger
and both �S and �e decrease. Note that for Sb2Te3, a large FR
may even reduce the grain size and �S and increase �e, which
is believed to be due to the strong resublimation of Te, as
shown in Fig. 3. Our optimal coevaporation FR was obtained
by evaluating the power factor �S

2 /�e of films deposited on

the SiO2 /Si substrates at the optimal Tsub, which is found to
be 3.0 for Sb2Te3 and 2.4 for Bi2Te3 �also shown in Table
III�. This result is different from FR=2.2 for both Bi2Te3 and
Sb2Te3 films reported in Ref. 8.

Our optimal coevaporation conditions and the TE prop-
erties of the resulting TE films are listed in Table III. At room
temperature, the highest power factors achieved were
2.30 mW /K2 m for n-type Bi2Te3 films and
1.98 mW /K2 m for p-type Sb2Te3 films. The measured
power factor data for both films are better than the corre-
sponding results in Ref. 7; the obtained results for Sb2Te3

films are also better than the result for n-p film couples in
Ref. 8; however, our Bi2Te3 films have a lower power factor
than those in Ref. 8, as shown in Table I.

(b) Bi2Te3, Tsub = 533 K
αS = -208 µV/K, ρe = 19 µΩ-m

(d) Sb2Te3, Tsub = 453 K
αS = 126 µV/K, ρe = 26 µΩ-m

(e) Sb2Te3, Tsub = 503 K
αS = 160 µV/K, ρe = 13 µΩ-m

(f) Sb2Te3, Tsub = 524 K
αS = 145 µV/K, ρe = 43 µΩ-m

(a) Bi2Te3, Tsub = 453 K
αS = -134 µV/K, ρe = 31 µΩ-m

(c) Bi2Te3, Tsub = 556 K
αS = -220 µV/K, ρe = 48 µΩ-m

FIG. 4. ��a�–�c�� SEM micrographs of the Bi2Te3 films deposited at different
substrate temperatures with a FR of 2.4. ��d�–�f�� SEM micrographs of the
Sb2Te3 films deposited at different substrate temperatures with a FR of 3.0.

TABLE III. Obtained optimal coevaporation conditions for Bi2Te3 and Sb2Te3 films and their room-temperature
TE performance.

Film
Tsub

�K� FR
�S

��V /K�
�e

��� m�
�S

2 /�e

�mW /K2 m�
nc

�1025 /m3�
�

�10−4 m2 /V s�

Bi2Te3 535 2.4 −208 18.8 2.30 3.07 113
Sb2Te3 503 3.0 160 12.9 1.98 1.35 303

(d) Sb2Te3, FR = 2.1:1
αS = 148 µV/K, ρe = 16 µΩ-m

(e) Sb2Te3, FR = 3.0:1
αS = 160 µV/K, ρe = 13 µΩ-m

(c) Bi2Te3, FR = 3.0:1
αS = -157 µV/K, ρe = 15 µΩ-m

(b) Bi2Te3, FR = 2.4:1
αS = -208 µV/K, ρe = 19 µΩ-m

(a) Bi2Te3, FR = 1.8:1
αS = -84 µV/K, ρe = 12 µΩ-m

(f) Sb2Te3, FR = 4.0:1
αS = 152 µV/K, ρe = 34 µΩ-m

FIG. 5. ��a�–�c�� SEM micrographs of the Bi2Te3 films deposited with dif-
ferent evaporation FRs at 533 K. ��d�–�f�� SEM micrographs of Sb2Te3 films
deposited with different evaporation FRs at 503 K.
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B. X-ray diffraction pattern

Figure 6 shows the x-ray diffraction spectrum of the op-
timized Sb2Te3 and Bi2Te3 films. The dashed lines in the
figures are the x-ray diffraction spectra of powdered Bi2Te3

and Sb2Te3 single crystal. The peaks of the two spectra agree
with each other. Also, the main peaks are very sharp and no
pattern other than those of Sb2Te3 or Bi2Te3 appears, indi-
cating that the measured films have only a single crystalline
phase of Bi2Te3 or Sb2Te3. Moreover, it is apparent that for
both Bi2Te3 and Sb2Te3 films only �0,0 ,n� peaks are signifi-
cant, indicating a preference for the c-axis orientation. This
orientation preference is also apparent in Fig. 4 and is in
agreement with the findings in Ref. 7.

III. LOW-TEMPERATURE TE PROPERTIES OF BI2TE3
AND SB2TE3

Liquid nitrogen and helium were used to cool the cry-
ostat down for the low-temperature characterization of TE
properties. �S and �e were first measured using the configu-
ration described in Ref. 7, from 100 to 300 K. Then, a four-
probe ac technique adopting a modified probe of a Magnetic
Property Measurement System �MPMS� �Quantum Design�
was used to obtain the Hall coefficient RH, �e, and the mo-
bility �e from 5 to 300 K. The deviation of the two sets of
measured �e is very small �less than 8%� in the temperature
range where they overlap �100–300 K�.

Figures 7�a� and 7�b� show the temperature dependence
of the Hall coefficients RH of the coevaporated Bi2Te3 and
Sb2Te3 films, respectively. The experimental data15,19 for
bulk materials are also shown. The coevaporated Bi2Te3 and
Sb2Te3 films are n- and p-type, respectively. Below 20 K, for
both Bi2Te3 and Sb2Te3 films, RH do not change noticeably,
a behavior in saturation regime. However, unlike a doped
crystalline semiconductor, both samples do not demonstrate
a freeze-out regime, indicating impurity-band conduction.17

When T	20 K, RH of Bi2Te3 decreases with increasing
temperature �due to thermal excitation�. In contrast, RH of
bulk Bi2Te3 is a constant below 150 K and decreases at
higher temperatures. This difference may also be due to im-
purity band. Above 200 K, RH of Bi2Te3 film is very close to
that of bulk materials.15 For Sb2Te3, RH first slightly de-

creases when the temperature rises from 20 to around 70 K,
and then increases when the temperature rises further. This
anomalous temperature dependence of RH is believed to be
related to the change in the degeneracy correction factor.17

Similar results have been found for doped bulk As2Te3

crystals18 and Sb2Te3 single crystal and its alloys.19 Near
room temperature, RH is much higher than that of bulk
materials,19 indicating a lower carrier concentration.

Figures 8�a� and 8�b� show the measured �e and �e of
the Bi2Te3 and Sb2Te3 films over the temperature range from
1 to 300 K. The experimental �e and �e �derived from �e and
RH� for bulk materials15,19 are also shown. As shown in Fig.
8�a� for Bi2Te3, �e almost remains constant below 20 K and
gradually becomes larger when T	20 K; above 180 K, �e

becomes a linear function of temperature. �e of Sb2Te3

shows a different temperature dependence, although it also
changes little below 20 K. As shown in Fig. 8�b�, �e of
Sb2Te3 thin films varies much slower with increasing tem-
perature; the linear relation with temperature only appears
above 250 K, and from 20 to 300 K, �e changes by a factor
of 2, compared with a factor of 6 for the Bi2Te3 film. Figures
8�a� and 8�b� show that �e of both the Bi2Te3 and Sb2Te3

films at low temperature �T�20 K� vary slowly with tem-
perature ��e
T−0.03�, which is believed to result from the
combination of ionized-impurity scattering and alloy scatter-
ing. Above 100 K, �e of the Bi2Te3 film shows a dependence
of T−1.75, indicating that the scattering of electrons is mainly
due to the acoustic-mode lattice scattering, which is similar
to the behavior of bulk materials; however, �e of the Sb2Te3
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FIG. 6. X-ray diffraction spectrum for optimal Bi2Te3 and Sb2Te3 films.
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film illustrates a dependence of T−0.15, suggesting the scatter-
ing by both acoustic-mode lattice scattering and ionized im-
purity scattering.20 As shown in Figs. 8�a� and 8�b�, �e of
Bi2Te3 films is almost 40% of that of bulk materials, while
for Sb2Te3 films, �e of the films and bulk materials are close.
Near room temperature, �e of both the Bi2Te3 and Sb2Te3

films are much higher than the values for bulk materials.15,19

From the analysis of RH and �e, we note that, for Bi2Te3

films, their higher �e mainly results from a lower mobility,
while for Sb2Te3 films, their higher �e is mainly due to a
lower carrier concentration.

Figures 9�a� and 9�b� show the variation in �S and �S
2 /�e

from 100 to 300 K. For both the Bi2Te3 and Sb2Te3 films, the
absolute value of �S increases with increasing temperature.
For Bi2Te3 films, �S is very close to that of the bulk single
crystals9 �for bulk single crystals, �S is nearly isotropic21�.
For Sb2Te3 films, however, �S is much higher than that of
pure bulk single crystals.19 This relates to the carrier concen-
tration nc. For Bi2Te3, nc of the films is close to that of bulk
single crystals, while for Sb2Te3, according to Fig. 7�b�, nc of
the film is only 1/5–1/4 of that of the bulk single crystals.
According to the relation �S�kB /ec�−ln�nc�+¯�,22 the car-
rier concentration difference of a factor of 1/4 will lead to a
110 �V /K difference in �S, in good agreement with the
difference �around 90 �V /K� shown in Fig. 9�b�.

Figures 9�a� and 9�b� also show that, for Bi2Te3 films,
�S

2 /�e reaches its maximum �2.7 mW /K2 m� at around 225
K, while the maximum for Sb2Te3 �2.1 mW /K2 m� is
around 280 K. This temperature difference is mainly due to
the different temperature dependences of �e.

IV. TE FILM MICROPATTERNING

Various methods have been used to micropattern films,
e.g., chemical etching7 and photoresist lift-off �dry etching�.4

When photoresists are used for patterning both n-type and
p-type films on the same wafer, the substrate temperature is
limited and the TE properties may be worse than those opti-
mal values for individual deposition.7 Böttner et al.4 pat-
terned the n-type and p-type films on two wafers separatively
and then bonded the two wafers together. The applications of
shadow mask techniques for TE film patterning have not yet
been reported. Here we adopted the common shadow mask
technique because of its simplicity, compatibility with high
substrate temperature for film deposition, and the ability to
micropattern both n-type and p-type films on the same wafer.
One fabricated silicon shadow mask is shown in Figs. 10�a�
and 10�b�. The patterned Bi2Te3 deposited at 533 K is shown
as an example in Fig. 10�c�. The deposited patterns have
dimensions very close to those of the openings on the
shadow mask. The smallest pattern has a dimension of 23
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�75 �m2. These tests show that the shadow mask can be
used to pattern the films to a small dimension of around
20–30 �m.

To make a TE cooler, both the n-type �Bi2Te3� and
p-type �Sb2Te3� patterned films should be deposited, requir-
ing a dual deposition. Since our optimal coevaporation depo-
sition of Bi2Te3 films is found with a substrate temperature
of 533 K, which is higher than that for Sb2Te3 deposition, to
avoid any damage to the film deposited first, Sb2Te3 was
deposited following the deposition of Bi2Te3. The dual depo-
sition needs two separate shadow masks �one for Bi2Te3 and
the other for Sb2Te3�. First, the shadow mask for Bi2Te3 was
aligned with the substrate under an optical microscope. Then
the shadow mask and the substrate were fixed together by
stainless steel screws. This shadow mask/substrate was
placed in the deposition chamber and a layer of Bi2Te3 film
was deposited with Tsub=533 K �note that the shadow mask
may raise the substrate temperature by around 10 K, and
before the deposition, a careful temperature recalibration
should be carried out�. After this deposition, the heater was
turned off and the substrate was left in the chamber until it
cooled down to room temperature. Then the shadow mask
was removed and the other shadow mask for Sb2Te3 deposi-
tion was carefully mounted. Following the same deposition
procedure for Sb2Te3 described in Sec. II A, we obtained
Bi2Te3 and Sb2Te3 patterns shown in Fig. 10�d�.

When fabricating the n-p film couples, the TE properties
of the films may possibly change because the deposition con-
ditions for Bi2Te3 and Sb2Te3 films are different.8 To exam-
ine the effects of this dual deposition on the TE properties of
the deposited films, we measured the TE properties of large
TE patterns deposited in a single deposition using the two
shadow masks separately, and the results were similar to
those deposited without shadow masks �deviation is within
15%�. We also measured the room-temperature TE properties
of the large Bi2Te3 patterns before and after the secondary
deposition for Sb2Te3; the difference is less than 5% for both
�e and �S �within the measurement error�, that is, no signifi-

cant changes in the TE properties of Bi2Te3 are observed,
suggesting suitability of shadow mask technique for TE film
micropatterning.

V. SUMMARY AND CONCLUSIONS

We examined the growth conditions for coevaporated
Bi2Te3 and Sb2Te3 films including the effects of substrate
material, substrate temperature, and FR. Good film quality
was obtained with our optimal deposition conditions and
compared with the data using the same coevaporation
method in the literature.7,8 The low-temperature TE proper-
ties of the optimal coevaporated Bi2Te3 and Sb2Te3 films
were characterized over a wide temperature range �100–300
K for �S, 5–300 K for �e, �e, and RH�. All the TE properties
of both Bi2Te3 and Sb2Te3 films strongly depend on the op-
eration temperature �Bi2Te3 films show a stronger tempera-
ture dependence�, which must be considered in the design of
cryogenic microcoolers. The maximum power factor �S

2 /�e

of coevaporated films are both achieved below room tem-
perature, i.e., 2.7 mW /K2 m for Bi2Te3 at T=220 K and
2.1 mW /K2 m for Sb2Te3 at T=280 K. The analysis of the
mobility �e shows that the major scattering mechanism for
Bi2Te3 films near room temperature is the acoustic-phonon
scattering, and that for Sb2Te3 is a combination of the
acoustic-phonon scattering and ionized-impurity scattering.
The lower performance of the coevaporated films mainly re-
sults from a higher �e. For Bi2Te3 films, the high �e is mainly
due to a low �e, while for Sb2Te3 films, it is due to a low
carrier concentration.

Micropatterned TE n-Bi2Te3 / p-Sb2Te3 couples were
fabricated on SiO2 /Si substrates using dual deposition pro-
cedure adopting the shadow mask technique under the opti-
mized coevaporation conditions. Using the shadow mask
technique has negligible effects on the TE film properties and
makes it suitable for the manufacture of micro-TE systems.
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