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This paper describes the process of fabricating mi-
cro thermoelectric generators (it-TEGs) based on an-
timony telluride (Sb-Te) and bismuth telluride (Bi-Te).
These materials have excellent thermoelectric (TE)
conversion properties. The deposition and patterning
processes for thermoelectric films are key techniques
in the fabrication of u-TEGs. However, it is difficult
to form TE micropatterns using conventional semi-
conductor technologies because Sb-Te and Bi-Te are
brittle and difficult to etch. Therefore, a semiconduc-
tor fabrication process is developed for TE film pat-
terning. Here, various processes for depositing Sb-Te
and Bi-Te TE films are described. Then, the combina-
tions of the deposition and patterning techniques are
reviewed. Finally, the generation properties of the u-
TEGs are summarized.

Keywords: micro thermoelectric generator, bismuth-
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1. Introduction

Thermoelectric (TE) generation is an energy harvesting
technology that converts ambient thermal energy to elec-
tric energy. Thermoelectric generators (TEGs) are com-
posed of a number of p- and n-type TE element couples
that are connected in series. When a temperature gradient
(temperature difference) is generated between the hot side
and the cold side of the p-n junctions, the generation volt-
age V and maximum power Py, can be expressed using
Egs. (1) and (2).

V_/TTh {8,(T) =S, (T)}dT -N~ {8, S, } AT -N

Pyar = [{V, = Vi) AT -N]*R./(R+R.)?  (2)

Here, S;, T, T., AT, Ry, R, and N are the Seebeck co-
efficient of the TE elements, the hot side temperature,
the cold side temperature, the temperature difference, the
load resistance, the internal resistance of the generator,
and the number of pn junctions, respectively. The gener-
ation voltage increases in proportion to the difference in
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Fig. 1. Two types of u-TEGs: (a) vertical and (b) planar.

temperature. The increase in power equals the square of
the difference between the two temperatures. In general,
it is difficult to generate a large temperature gradient us-
ing a small amount of thermal energy in an ambient atmo-
sphere. However, the relatively large voltage needed can
be generated by increasing the number of p-n junctions.
Therefore, micro thermoelectric generators ((-TEGs) are
useful because the micro-sized TE film elements can be
densely integrated.

As shown in Fig. 1, u-TEGs are classified into two
types, a vertical type and a planar type, according to their
structures. The vertical u-TEGs have the same structures
as conventional bulk TE modules. The temperature dif-
ference has to be generated in the TE film thickness di-
rection. It is difficult to generate the large temperature
difference needed within the micro-sized length, but the
TE elements can be densely integrated. In the planar p-
TEGs, the temperature difference is generated in the pla-
nar direction. The density of the TE elements is lower
than it is in u-TEGs, but a relatively large temperature
difference can be generated between the hot side and cold
side of pn junctions by controlling the length of the ele-
ments.

To date, various TE materials, including Sb-Te, Bi-Te,
poly-Si, Skutterudite, and Heusler alloys, have been de-
veloped, and their use in the fabrication of the TE mod-
ules has been demonstrated [1-4]. The TE conversion is
characterized by the figure of merit ZT (= S?T /p k) using
the Seebeck coefficient §;, the temperature T, the electri-
cal resistivity p, and the thermal conductivity k. Sl-2 /p
is a power factor which exhibits maximum generation
power and is also commonly used to exhibit the gener-
ation properties. Sb-Te and Bi-Te are two excellent ma-
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terials, exhibiting large figures of merit (~ 1) in low tem-
perature ranges. However, Sb-Te and Bi-Te u-TEGs can-
not be fabricated using well-established semiconductor
technologies, such as lithography, deposition, and etch-
ing processes, as these processes have mainly been devel-
oped for Si-based semiconductor microfabrication [5, 6].
Consequently, the fabrication process of Sb-Te and Bi-Te-
based y-TEGs has been studied by many researchers. In
this paper, we focus on the fabrication process of Sb-Te
and Bi-Te-based p-TEGs. To fabricate these u-TEGs, the
TE material depositions and their patterning processes are
key technologies. Furthermore, the various combinations
of those processes are also important. First, the fabrica-
tion processes of the (-TEGs are reviewed. Then, the pat-
terning processes which take into account the deposition
processes are presented. Finally, the generation properties
of the u-TEGs are summarized.

2. Deposition Process of Antimony Telluride
and Bismuth Telluride Films

2.1. Co-Evaporation Deposition

The evaporation technique is a simple vacuum deposi-
tion process. However, it is difficult to control the com-
position ratio of Sb-Te and Bi-Te by using the material
alloys themselves as the raw materials. This is because
the vapor pressure of Te is significantly higher (more than
10* times) than those of Bi and Sb. To solve this problem,
the co-evaporation technique was used [7-9]. In the co-
evaporation deposition of Bi-Te materials, for example,
Bi and Te were simultaneously evaporated by individu-
ally controlling the evaporation conditions in order to de-
posit materials of the desired composition. The raw ma-
terials which evaporated at low pressure (approximately
1073 — 10~* Pa) were deposited on the substrates. Sto-
ichiometric p-type SbyTes and n-type BirTes thin films
were deposited on glass substrates [8]. When the substrate
temperatures of p-type SbrTes and n-type BiyTes were
kept at approximately 503 K and 533 K, respectively, the
Seebeck coefficient and electrical conductivity of Sb,Tes
and BirTe; were 185 uV/K, 0.32 x 10°Q~! cm~! and
—228 uV/K, and 0.77 x 103Q ! em™!, respectively. Both
SbyTe; and BipTes films were polycrystalline. Further-
more, the BiyTes films showed a preferential orientation
along the c-axis. This higher electrical conductivity in the
planar direction is an advantage of planar y-TEGs.

Other groups have investigated the dependence of ther-
moelectric material properties on deposition conditions,
such as substrate temperature, substrate materials, and
composition ratio [9]. A comparison of the X-ray diffrac-
tion patterns (XRD) of BiyTes films deposited at 403 K
and 533 K on glass substrates has revealed that the film
deposited at 533 K has a preferential orientation along the
c-axis while that deposited at 403 K has random poly-
crystallinity. When Bi;Tes films were deposited at 533 K
on various substrates, such as soda lime glass, Al,Os
(0001), MgO (100), mica, and Pt substrates, (001) and
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(015) planes were observed on all substrates. However,
the crystals grown on mica, Pt, and Al,O3 were more ran-
domly oriented. The film deposited on the glass substrate,
which exhibited a higher level of orientation along the c-
axis, exhibited the highest level of electrical conductivity.
These results are in line with the results in other reports.
The composition ratio of Te affected the Seebeck coeffi-
cient and the electrical conductivity. By taking these pa-
rameters into account, a higher figure of merit was ob-
tained in the case of 60 at.%-Te. For Sb,Tes; depositions,
the differences between the maximum and minimum See-
beck coefficients at various substrate temperatures were
lower, which means that the sensitivity of the Sb and Te
composition ratio was lower than that of the Bi and Te
compound.

2.2. Sputtering Deposition

The sputtering deposition technique is useful in de-
positing Bi-Te and Sb-Te because almost the same com-
position ratios of the sputtering targets and deposited films
are obtained [10-13]. Radio frequency (RF) magnetron
sputtering [10] was used to deposit Bi-Te films. In the RF
co-sputtering deposition, Bi-Te thin films were deposited
by individually controlling the sputtering conditions of
the Bi and Te targets [11]. The maximum Seebeck coef-
ficient of stoichiometric BiTe3 thin film was —55 uV/K
when the substrate temperature was 498 K.

The raw powders are directly used as the sputtering tar-
gets [12]. Bi and Te powders were mixed and placed on
non-magnetic discs. The compositions of the deposited
films were easily controlled by verifying the ratio of the
powder mixture.

P-type BipsSb;sTes and n-type BipxTe,7Seps films
were deposited by RF and direct current magnetron sput-
tering [13,14]. The Seebeck coefficient and electrical
conductivity of these films are excellent, much better than
those of stoichiometric Sb,Tes and Biy Tes films.

Deposition by means of sputtering is effective, as pre-
viously mentioned. However, the deposition rate of Sb-
Te and Bi-Te was as small as 0.03-0.14 pym/min. To
increase the deposition rate of the films, the thermally
assisted sputtering method (TASM) was developed [15].
This technique is based on a direct current magnetron
sputtering method. A higher deposition rate was achieved
by increasing the temperature of the target because the
sputter yield of materials increases as material temper-
ature increases. To increase the temperature of the tar-
get, the target was isolated from the cooling system for
the magnets under the target. This was done by inserting
a temperature-control spacer between the target and the
backing plate. The maximum deposition rate of SbyTes
and Bi,Tes thick films on glass substrates was approxi-
mately 1.6 gm/min when the temperatures of the Sb,Tes
and Bi,Tes targets were 536 K and 563 K, respectively.
The differences in the composition ratios between the de-
posited films and Sb, Tes and Bi, Tes targets were less than
3.6% and 1.5%, respectively. The maximum thickness of
the films was approximately 100 ym, as shown in Fig. 2.
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Fig. 2. SEM images of (a) the surface and (b) cross-section of Bi,Tes thick film [15].

Table 1. Thermoelectric properties of the deposited films.

Deposition method Co-evaporation [8]  Sputter [14]  Electro chemical [17] Print [21]
Seebeck coefficient (1V/K) 185/ —1228 191/ —201 /—63 174/ —287
Electrical conductivity(Q'em™!) 320/770 29/455 -/- 532/775
Power factor (uW/cmK?) 11/40 1/18 —/— 16/64

The Seebeck coefficients of Sb,Te; and Biy Tes films were
180 uV/K and —150 uV/K, respectively, almost the same
as those of conventional sputtered films.

2.3. Electrochemical Deposition

The electrochemical deposition process has been
widely studied because it has the advantages of higher
deposition rate, easily-controllable deposition thickness,
and low cost [16, 17]. SbyTes films were deposited on a
Pt/Si substrate and an Au seed layer [16]. The electrolyte
solutions consisted of HTeO5 and SbO™. As-deposited
amorphous Sb,Tes films were annealed to improve crys-
tallinity. XRD patterns of the as-deposited and annealed
films indicated an improvement in crystallinity afforded
by the annealing process. Furthermore, there was pref-
erential orientation in the [015] direction. This result
agreed with the substrate dependence, as mentioned in
section 2.1 [9].

Other groups have also reported on the electrochemical
deposition of Bi, Tes films. Single-phase Bi-Te films were
deposited using electrolyte solutions of Bi;O3z and TeO»
in diluted HNO3. The BiyTes films exhibited a prefer-
ential orientation along the c-axis [17]. The maximum
Seebeck coefficient was —63 puV/K.

2.4. Printing and Coating Deposition

Printing technology is the combination process of de-
position and patterning steps. Some researchers have re-
ported on the printing and coating of Sb-Te and Bi-Te
films.

P-type Bip4TesSby ¢ films have been fabricated us-
ing nanoparticles with an average size of approximately
50 nm [19]. A 1-um thick layer of nanoparticles mixed
with toluene and surfactant was spin-coated on an Al,O3
substrate. Then, the films were sintered in the temper-
ature range of 573 K to 773 K in a hydrogen atmo-
sphere for 60 min. The Seebeck coefficient decreased
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and the electrical conductivity increased with increases
in the sintering temperature. When the Seebeck coeffi-
cient of the thin film was 65 ' V/K and the electrical con-
ductivity was 109 Q! cm~! while the sintering tempera-
ture was 623 K, the maximum thermoelectric power factor
was 1.3 uW/cmK?. The thermoelectric properties of the
printed films depended on the particle size [20]. When
the particle diameters were 0.66 and 2.8 um, the See-
beck coefficient of the films were 42 uV/K and 79 uV/K,
respectively. On the contrary, the electrical conductiv-
ity of the films with 0.66 um-particles was as much as
420 Q! cm™! higher than that of the films with 2.8 yum-
particles.

N-type BiyTes and p-type Sb,Tes thick films were also
prepared using printing technology [21]. SbyTes and
BiyTe; powders were milled to produce 10 pum average
particles. The powders were dispersed in epoxy resin sys-
tems. Then, the glass substrates were coated with inks
and cured at temperatures from 423 K to 573 K. The max-
imum Seebeck coefficient of p-type Sb,Tes-epoxy and n-
type BirTes-epoxy composite films were 174 uV/K at a
473 K curing temperature and —287 uV/K at a 623 K
curing temperature.

2.5. Thermoelectric Properties of the Deposited
Films

Table 1 shows the thermoelectric properties of the films
deposited by various deposition methods. The films de-
posited under vacuum or reduction atmospheres exhibit
relatively higher Seebeck coefficients and electrical con-
ductivities. Unfortunately, the value of the Seebeck co-
efficient of Sb-Te films deposited by means of electro-
chemical deposition could not be obtained, even though
the deposition properties obtained when the electrochem-
ical method was used have been reported. It might be
more difficult to obtain a large Seebeck coefficient of Sb-
Te films by using the electrochemical deposition method
than by using Bi-Te deposition.
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Fig. 3. Schematic illustration of the patterning process using
hard shadow mask and deposition.
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3. Patterning Processes of Thermoelectric

Films

3.1. Hard Shadow Mask Patterning Processes

The hard shadow mask process is a simple patterning
process. Fig. 3 is a schematic illustration of the pattern-
ing process. The substrates were covered with hard metal
masks when the thermoelectric film was deposited using
vacuum processes, such as co-evaporation and the sput-
tering method. After the deposition, the hard masks were
removed from the substrate. This process has an advan-
tage over the lithography method in that it uses low-heat-
resistance photopolymer as the mask. This is because the
substrate can be heated during the deposition. In sec-
tion 2, the substrate temperature is an important param-
eter in the deposition of Bi-Te and Sb-Te films with ex-
cellent thermoelectric properties, such as its Seebeck co-
efficient and electrical conductivity properties. The hard
shadow mask materials are generally stainless steel films
approximately 1-mm thick. Therefore, the masks are not
damaged by the substrate temperature of approximately
500 K. SbyTes and BiyTes films were deposited by co-
evaporation and patterned using hard shadow masks [21].
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Fig. 5. Thermogravimetric curves of PDMS and thick pho-
toresist [26].
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Fig. 6. Schematic illustration of fabrication process of pla-
nar i-TEGs using TASM and lift-off techniques [26].

3.2. Lithography and Lift-Off Process

One well-known microfabrication technique is a com-
bination of the lithography and lift-off processes. Fig. 4
is a schematic illustration of a combination of the lithog-
raphy and lift-off techniques. When the thermoelectric
films were deposited by the co-evaporation and sputtering
methods, the substrate temperature could not be increased
because the resist patterns, which are photosensitive poly-
mers in the lift-off process, exhibited low heat-resistance
properties. Therefore, the thermoelectric film deposi-
tion was carried out without substrate heating [15, 22-26].
The patterned thermoelectric films were then annealed af-
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Fig. 7. (a) SEM image of thermoelectric module pattern of Sb,Tes (p-type) and Biy Tes (n-type)
elements, and (b) optical microscope image and the cross-sectional profile of the pattern [26].

ter the resist removal. To date, planar-type thermoelectric
films with 10 pairs of pn junctions have been fabricated
using this process [15,24,25]. To improve the adhesion
of p-type BipsSb; sTes and n-type BirTe; 7Sep 3 thermo-
electric films to the glass substrate, a 1-nm Cr buffer
layer was inserted between the thermoelectric films and
the glass substrates [25].

More heat-resistant lift-off masks that use silicone ma-
terials (poly(dimethylsiloxane, PDMS)) to form patterns
of thick films deposited by TASM have also been re-
ported [26]. In TASM, the substrate temperature increases
as the temperature of the target increases, so it is difficult
to use conventional photoresist patterns. Fig. 5 shows the
thermal properties of the PDMS that were evaluated using
thermogravimetric analysis. A chemically-amplified pos-
itive tone photoresist is shown as a reference for compar-
ison. PDMS exhibits significant weight loss at 553 K al-
though the photoresist starts to show weight loss at 323 K.

Figure 6 is a schematic illustration of the fabrica-
tion processes of the u-TEGs. First, PDMS mask pat-
terns were formed using lithographic patterned resists, dry
etching of PDMS, and resists removed by acetone. Then,
Bi,Tes thick films were deposited on the substrate with
PDMS mask patterns. Finally, the PDMS patterns were
removed. Fig. 7(a) is a schematic illustration and SEM
image of a planar u-TEG. An optical microscope image
and cross-sectional profile of the BiyTes thick film ele-
ments are shown in Fig. 7(b).

3.3. Lithography and Etching Process

Compared to materials conventionally used in semi-
conductor technologies, Sb-Te and Bi-Te materials are
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Fig. 8. Schematic illustration of the combination process of
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more difficult to etch using dry and wet etching processes.
However, a few research studies have reported a u-TEG
fabrication process that uses a combination of lithography
and etching techniques. A schematic illustration of the
fabrication processes is presented as Fig. 8. First, Sb-Te
and Bi-Te thermoelectric films are deposited using depo-
sition processes. Here, the substrate can be heated during
deposition because no low thermal materials, such as pho-
toresist patterns, are deposited on the substrates. Then,
the resist patterns are formed on the thermoelectric films
by means of the lithographic process. Following that,
the thermoelectric films are etched using an HCI/HNO3
mixed solution [8, 27, 28].
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4. Generation Properties of Micro Thermoelec-
tric Generator

Ambient thermal energies, such as waste heat, body
energy, and solar energy, were used for generation. The
U-TEG with a number of pn junctions generated electric
energy using light [22]. The generation voltage and the
maximum generation power were approximately 4 mV
and 1 uW, respectively. The temperature gradient was
also generated using focused solar light [13,24]. When
all solar energy was used for thermoelectric conversion,
the generation voltage and generation power of the -
TEGs were 140 mV and 0.7 uW, respectively. A photo-
thermoelectric hybrid generator was also fabricated [24].
Focused infrared (IR) solar light, separated using a hot
mirror, was used for thermoelectric generation. The re-
maining solar light without IR light was used for photo-
voltaic generation. The generation voltage and generation
power of the u-TEGs were 78 mV and 0.19 uW, respec-
tively. Although the generation power was as low as the
u-watt order, the generation voltage was as high as the
sub-volt order. The higher generation voltage is advan-
tageous for electric charge to batteries. Using a combina-
tion of the u-TEGs with batteries, these methods of power
generation can be used as energy harvesting devices [28].

5. Conclusion

This article has focused on the fabrication processes
and the generation properties of y-TEGs. Various deposi-
tion and patterning processes for TE films have been de-
veloped. The combinations of the processes are important
for the fabrication of U-TEGs.
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