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Abstract: Bismuth telluride-based thin films have been investigated as the active material in flexible
and micro thermoelectric generators (TEGs) for near room-temperature energy harvesting appli-
cations. The latter is a class of compact printed circuit board compatible devices conceptualized
for operation at low-temperature gradients to generate power for wireless sensor nodes (WSNs),
the fundamental units of the Internet-of-Things (IoT). CMOS and MEMS compatible micro-TEGs
require thin films that can be integrated into the fabrication flow without compromising their thermo-
electric properties. We present results on the thermoelectric properties of (Bi,Sb)2(Se,Te)3 thin films
deposited via thermal evaporation of ternary compound pellets on four-inch SiO2 substrates at room
temperature. Thin-film compositions and post-deposition annealing parameters are optimized to
achieve power factors of 2.75 mW m−1 K−2 and 0.59 mW m−1 K−2 for p-type and n-type thin films.
The measurement setup is optimized to characterize the thin-film properties accurately. Thin-film
adhesion is further tested and optimized on several substrates. Successful lift-off of p-type and n-type
thin films is completed on the same wafer to create thermocouple patterns as per the target device
design proving compatibility with the standard MEMS fabrication process.

Keywords: thermoelectric generators; MEMS; thermoelectric thin films; thermal evaporation;
bismuth telluride

1. Introduction

Driven by the demand for applications leveraging Internet-of-Things (IoT) networks [1]
such as smart cities [2], industrial monitoring [3], smart homes [4], and health tracking
wearables [5,6], the number of wireless sensor nodes (WSNs) was expected [1] to grow
beyond 50 billion devices in 2020. However, the short lifespan of batteries and the several
trillion devices envisaged has dampened expectations [7] such that the actual number of
WSNs remained below 25 billion. Among efforts to decrease the power consumption of
WSNs and increase the capacity and lifetime of batteries [8], research into energy harvesting
systems [9] has been gaining importance over the last decade with a focus on four major
technologies, including thermoelectric generators [10,11], piezoelectric generators [12],
triboelectric generators [13], and compact solar cells [14]. Multi-modal solutions are likely
to be the most optimum. Still, TEGs have their advantages of low maintenance due to the
absence of moving parts, DC voltage output leading to simpler interfacing with power
management units, reliable operation, and availability of temperature gradients in numer-
ous application scenarios [10]. Bismuth telluride has been the material of choice in industry
and research areas for harvesting heat around room temperature [11]. Commercial modules
of TEGs utilize bismuth antimony telluride, Bi2(Se,Te)3, and bismuth selenium telluride,
(Bi,Sb)2Te3, materials with zT of around 0.7 to 1 for n-type and p-type legs, respectively [15].
Here the thermoelectric figure-of-merit zT = S2σT/κ, where S is the Seebeck coefficient,
σ is electrical conductivity, and κ is the thermal conductivity. Higher zT in the ranges of

Micromachines 2022, 13, 1459. https://doi.org/10.3390/mi13091459 https://www.mdpi.com/journal/micromachines

https://doi.org/10.3390/mi13091459
https://doi.org/10.3390/mi13091459
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/micromachines
https://www.mdpi.com
https://orcid.org/0000-0002-8615-5032
https://orcid.org/0000-0003-3667-3672
https://doi.org/10.3390/mi13091459
https://www.mdpi.com/journal/micromachines
https://www.mdpi.com/article/10.3390/mi13091459?type=check_update&version=1






Micromachines 2022, 13, 1459 4 of 19

optimization. (b) Pellets evaporated to form thermoelectric thin films. (c) A 17 mm × 8 mm thin
film sample mounted for measurement on the LSR tool. (d) Thermoelectric thin films patterned via
lift-off process.

3. Results and Discussion
3.1. Optimization of Thin Film Thermoelectric Properties

The targeted film compositions were Bi0.5Sb1.5Te3 for p-type thin films and Bi2Se0.3Te2.7
for n-type thin films, as some of the best room temperature zT data have been measured on
similar bulk nanocomposite materials [16,17,38–40]. Pellet compositions per these target
thin film stoichiometries were our initial starting points but were modified to increase the
power factor, as discussed below. A difference in the stoichiometry of the deposited thin
films and the pellets is expected as the vapor pressures of the constituent elements are very
different (Table 1). Substrates are typically heated to around 250 ◦C during deposition,
which can cause re-sublimation of tellurium [33] (200 ◦C at 1.0 × 10−5 torr). Hence, co-
evaporation works [23,24,41] have explored different flux ratios, and it was found that a
Te:Bi ratio above the target stoichiometry is required for significant power factors. Since
we evaporated from a single source, the pellet composition was tuned rather than the flux
ratios as reported in works on co-evaporation. Disproportionate loss of materials during
the post-deposition bake that promotes grain growth was countered by compensating for
the loss at the pellet synthesis stage. The temperatures corresponding to the vapor pressure
of 0.76 Torr as in the case of Te (505 ◦C) and Se (344 ◦C) compared with Bi (893 ◦C) and Sb
(886 ◦C at 1 Torr), as listed in Table 1, underline the need for increasing the concentration of
Se and Te in the pellets while mixing the materials. The volatile nature of Se was found
to be a significant factor driving the tuning of pellet compositions. Using three examples,
Table 2 shows the weight of materials used to prepare Bi2Se0.3Te2.7 pellets with different
compositions for the optimization experiments.

Table 1. Melting points and vapor pressures [42] of the constituent elements of the pellets and
thermoelectric thin films.

Material Melting Point Vapor Pressure

Bi 271.7 ◦C 0.76 Torr at 893 ◦C
Te 449.7 ◦C 0.76 Torr at 505 ◦C
Sb 630.8 ◦C 1 Torr at 886 ◦C
Se 217 ◦C 0.76 Torr at 344 ◦C

Table 2. Data to demonstrate the variation in the compositions of different n-type pellets.

Sample Name
Weight of Each Element (g)

Total Weight(g)
Bi Se Te

Bi2Se0.3Te2.7
(standard) 5.3164 0.3013 4.3823 10.0000

Bi2Se0.3Te2.7
(Se4x, Te2x) 5.3164 1.2052 8.7646 15.2862

Bi2Se0.3Te2.7
(Se9x, Te1x) 5.3164 2.7117 4.3823 12.4104

Our nomenclature for referring to the samples describes the factor by which each
element’s weight is more than the weight that would be assigned for the target composition.
For example, Bi2Se0.3Te2.7 (Se6x, Te2x) implies that the weight of Se and Te are six times and
two times the value that would be mixed to achieve the proportions as implied by the chem-
ical formula Bi2Se0.3Te2.7. The second important parameter requiring optimization was
the post-deposition anneal temperature and duration since, without substrate heating, the
as-deposited films are partially amorphous, and annealing helps increase the crystallinity
as well as improve the thermoelectric properties, as illustrated by the data in Figure 3
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Furthermore, as seen in Figure 9f, the electrical conductivity of the Si/SiO2/Cr/Bi0.5Sb1.5Te3
sample increases with temperature in contrast to the decreasing trends measured for the
other substrates. Given that the thermal energy (kBT) available at 300 K is 0.026 eV and
thus insufficient to excite carriers across the small bandgap of BiSbTe, we expect to see
a decreasing trend, as in the case of high resistivity and glass substrates, assuming that
phonon-induced carrier scattering is dominant.

Therefore, the ambiguity about the performance of the p-type thin films on Si/SiO2
substrates with a Cr adhesion layer, which is beyond the scope of this work, led us to
explore another adhesion layer, as the following section elaborates.

3.3. Alternative Adhesion Layer

Since the planar TEG device was to be fabricated on Si/SiO2 substrates, and the
Cr layer affected the properties of the p-type film, 3-mercaptopropyl trimethoxysilane
(MPTMS) monolayer was investigated as an alternate adhesion layer. Poor adhesion of Au
to glass drove efforts to investigate monolayers such as MPTMS, which have eliminated
some disrupting effects of metallic adhesion layers for plasmonic applications [47]. The
effect of MPTMS on the adhesion of Au to SiO2 substrates has also been explored [48,49]. It
was found that the silane (Si-OCH3) group in MPTMS forms stable Si-O-Si covalent bonds
on hydroxylated SiO2 thin films, leaving the thiol (SH) group on the opposite end [48,49].
MPTMS has also been employed as an adhesion layer for self-assembled Bi2S3 nanorods [50]
and had been part of a study that showed enhanced electrical conductance at Cu-Bi2Te3 and
Ni-Bi2Te3 interfaces. One study [51] postulated that MPTMS is chemisorbed on the Bi2Te3
surface with the thiol group anchoring the Bi2Te3 thin film. Hence, in the present work, the
aim was to form a thiol-terminated MPTMS monolayer on SiO2 to promote adhesion to
BixSb2-xTe3 evaporated thin films. Following the procedure outlined in [51], MPTMS was
applied to the Si/SiO2 substrate by soaking the substrate in a 10 mM solution of MPTMS in
toluene, followed by a rinse in toluene and drying by a nitrogen gun to remove the excess
MPTMS molecules.

Table 3 displays thermoelectric measurement data from several p-type and n-type
samples at room temperature and 150 ◦C on different substrates with different adhesion
layers. Pellet composition and post-deposition bake parameters were fixed based on
previous tests. Along with glass and Si/SiO2 substrates, we loaded high resistivity (ρ) Si
pieces which were diced from an undoped <100> 4” Si wafer having a resistivity greater
than Ohm cm. For each of the runs in Table 3, full or half 2” wafers patterned with the
image reversed AZ4620 resist were also loaded to test lift-off.

The results from Table 3 were vital in designing the device fabrication process. Firstly,
successful lift-off of p-type thin films was observed on Si/SiO2 substrates treated with
MPTMS (Figure 10a). Secondly, the application of MPTMS did not lead to negative Seebeck
data as was seen with a Cr adhesion layer (Figure 10b,c). The data reported in Table 3 were
measured on 17 mm × 8 mm substrates loaded together with the 2” wafers set aside for lift-
off tests. Although lift-off was achieved, the thermoelectric performance of p-type thin films
(Runs 1r and 1s) deteriorated compared with results from the run without any adhesion
layer (Run 1t from Table 3). Furthermore, the data shows that the best power factors from
each run were measured on the glass substrates, irrespective of the adhesion layer.

Based on the data from glass and high resistivity Si samples, we did not see an increase
in the Seebeck coefficient, whereas on the SiO2 substrate a negative Seebeck was measured.
An error in the measurement setup is unlikely because, when comparing samples from
the same run but on different substrates, we measured a positive Seebeck as expected, and
the data from Run 1s with MPTMS on SiO2 thin film indicated a p-type thermoelectric
behavior. Results from several works on room temperature deposition of (Bi,Sb)2(Se,Te)3
thin films are presented in Table 4.
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Delaying the deposition of the thermoelectric thin films until the point after the
bonding rings formation has multiple benefits. It avoids accidental exposure of the films to
electroplating solution when forming the backside bonding rings. Since the formation of
bonding rings involves exposure of the wafer to both the Cr etch and Au etch solutions, any
thermoelectric thin films present without requisite shielding might sustain damage. Metal
interconnects deposited in Stage 1 were shielded by the PECVD oxide but we did notice
damage to these interconnects if there were pinholes due to a poor quality oxide. This was
one of the reasons behind not attempting deposition of oxide at lower temperatures or
using less costly alternatives such as spin-on glass, as the oxide would have been less dense.
Successful coating of oxide or alternative protective layers on thermoelectric thin films
would still create the complication of dry etching the protective layer without damaging or
exposing the thermoelectric thin films to the plasma as that can cause cross-contamination
in shared facilities. The uneven topology of the wafer with BiTe thin films would have
made it very difficult to deposit a continuous seed layer for electroplating. Finally, by
preponing the interconnects and bonding rings formation, all metal interconnects could be
deposited in a single run rather than the edge contacts being deposited after the thin film
evaporation. This reduced the number of lithography masks to be fabricated.

We now compare results after Stage 3 from two wafers that revealed intriguing trade-
offs between utilizing MPTMS and Cr as adhesion layers for the p-type thin films. The first
wafer (W1) was prepared with Cr (10 nm) as the adhesion layer for n-type thin films and
MPTMS for anchoring the p-type thin film to the substrate. The adhesion of n-type thin
films to the Cr interlayer failed in several areas on the wafer. The p-type thin films with an
MPTMS adhesion layer showed improved adhesion, but around 30% of the thermocouples
had signs of partial delamination. On the other hand, wafer 2 (W2) utilized Cr (10 nm) as
the adhesion layer for both p-type and n-type thin films. Lift-off was successful for both
rounds of thermoelectric thin film evaporation in W2. Results from W2 after Stage 3 of
fabrication are depicted in Figure 13.

Unlike W1, we saw approximately less than 5% of thermocouples delaminate in W2,
the majority of them being n-type thin films. Although on W2 we achieved complete
thermocouple patterns for 50% of the 24 devices visible in Figure 13e, it required us to use
Cr as the adhesion layer for both p-type and n-type thin films. Despite the Cr adhesion
layer being reduced from 15 nm during test runs to 10 nm for W1 and W2, the lift-off
worked for W2, so the thickness reduction in Cr layer is probably not the reason for failure
in W1. Considering the increase in the size of the samples compared to test runs, the
post-deposition bake for W1 after n-type deposition had been carried out at 400 ◦C instead
of 360 ◦C. For W2, the temperature was set back to 360 ◦C. Hence, the higher temperatures
during the bake for W1 may have led to the deterioration of the adhesion between the Cr
interlayer and the n-type Bi2SexTe3-x thin films. Figure 14 uses optical profilometry data
measured on a Wyko NT9100 Optical Profilometer to create 3D profiles of areas on W1
and W2.

Figure 14a,b illustrate that on W2, complete delamination of the n-type thin films
was observed, leaving behind only the Cr adhesion layer. The MPTMS also did not
promote adhesion between Au and p-type thin films, as marked on Figure 14b. A possible
explanation is that since both Au and BixSb2-xTe3 have been shown to be anchored via
the thiol group on MPTMS, creating an Au/MPTMS/ BixSb2-xTe3 stack presents a conflict.
Replacing Au with another metal or depositing edge contacts on top of the thin films rather
than below them are two measures that could circumvent this issue.

The optical profilometry images from Figure 14c,d provide a 3D view of the wafer
(W2) shown in Figure 13. The dark region in Figure 14c represents the Au bonding
ring. In Figure 14d, we draw dashed lines to show the bonding ring topology. The
ability to reproduce such structures on a wafer scale is an essential milestone in our
objective of fabricating a hybrid planar µ-TEG with (Bi,Sb)2(Te,Se)3 thin films. As fabrication
progresses to subsequent stages, we anticipate further changes depending on the device
characterization data. It is also observed that p-type thin films have a greater surface
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