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Abstract
Electrophoretic deposition (EPD) was utilized to prepare uniform crack-free Bi2Te3 films for
thermoelectric applications effectively. A p-type Bi2Te3 film with a coherent structure and
even thickness was deposited from Tetrahydrofuran (THF) suspensions and examined using a
scanning electron microscope (SEM). The specific weights of the depositions, the effective
percentile coverage of the films on the substrate, the zeta potential and the electrical
conductivity of different suspensions and the in-plane Seebeck coefficients of the Bi2Te3 films
were measured. Although the Seebeck coefficient value of the EPD film (126 μV/K) was
approximately 25% lower than the highest value reported for Bi2Te3 in the open literature via
the co-sputtering method (160 μV/K), one of the most complex and expensive routes, the costeffectiveness and speed of the simple EPD process is an undeniable advantage. This could
open up new opportunities in the application of films to commercialize thermoelectric
generators (TEG). It is interesting to note that the value of the Seebeck coefficient for our
EPD-fabricated film was higher than for some of the other types of coatings prepared via more
expensive and sophisticated fabrication routes, such as the electrodeposition technique (80
μV/K), for example.
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Introduction
One of the ways of dealing with the energy crisis is to increase the energy efficiency of our
energy generation and consumption systems, such as electricity generation and heavy industry
manufacturing plants 1, where a large portion of the energy is lost in the form of waste heat. If
the waste heat could be converted back into electricity, a vast new source of cheap, clean
energy could boost society’s prosperity, especially if the conversion does not cause problems
for the environment. This is a feasible scenario if high performance thermoelectric generators
(TEG) can be designed and fabricated. The efficiency of TEGs is heavily reliant on the
development of more advanced thermoelectric materials for converting waste heat into
electricity 2, 3.
TE materials are generally heavy and very costly due to their lack of abundance. Therefore,
the challenge is three-fold; lighter structures, more efficient TE (heat to electricity) conversion
and cheaper TE materials and devices are all needed. In recent years, to overcome the high
weight and cost of TE materials and increase their specific power, researchers have
concentrated their attention on fabricating films made from TE materials, using different
methods, and studying their particular TE properties

4-6

. Bi2Te3 is one of the most studied TE

materials due to its high TE performance at room temperature 7.
Some of the methods explored for preparation of Bi2Te3 films include radio-frequency (RF)
magnetron sputtering
electroplating

4, 15, 16

8-12

, electrodeposition

13

, flash evaporating deposition

, and even screen-printing and brush-printing

5, 17

14

, pulsed-

. Each method has its

own unique advantages and disadvantages. For example, the co-sputtering method, which
results in the deposition of Bi2Te3 films with the highest Seebeck coefficient (around 160180μV/K) 12, is the most expensive method to use and has a low deposition rate.
We have previously advocated the use of the electrophoretic deposition (EPD) method to
fabricate uniform films of Bi2Te3 from colloidal suspensions, due to the low cost and high
deposition rate

18, 19

. In the present work, various suspensions of Bi2Te3 powders were

investigated in greater depth and with different parameters, such as the zeta potential, the
electrical conductivity of suspensions and the in-plane Seebeck coefficients, all of which were
measured and discussed.
Under EPD, when a DC voltage is applied to charged powder particles suspended in a
medium, the particles are attracted and deposited on the substrate with the opposite charge
21

20,

.

Conventionally, EPD has been used to deposit wear-resistant and anti-oxidant ceramic
coatings

20

. However, recently, functional films have been fabricated using EPD for various

advanced applications such as microelectronic devices, solid oxide fuel cells, bioactive
coatings, complex graded composites, gas diffusion electrodes and sensors 20, 22-25. Thick films
of various advanced and nanostructured materials such as silica
zeolite
32

28

, carbon nanotubes

29

, oxide nanorods

30

, luminescent

31

26

, hydroxyapatite

27

, nano-

and piezoelectric materials

, and functionally graded ceramics 33 have also been fabricated using EPD.

The charge on the particle (its zeta potential) and its electrophoretic mobility in the suspension
under the imposed electric field are the main driving forces of electrophoretic deposition 20, 21.
According to Hamaker’s equation
following equation:

34

, the EPD deposit yield (w) is calculated using the

t

𝑤 = ∫t 2 μ. E. A . C. dt

(1)

1

where μ (cm/s) is the electrophoretic mobility; E (V) is the imposed electric field strength; A
(m2) is the surface area of the electrode; C (g/l) is the particle mass concentration and t (s) is
the deposition time.
The electrophoretic mobility of particles (μ) is a critical property of the suspension and is
given by 35:
𝜇=

2 ɛ0 ɛ𝑟 ζ
3

η

𝑓(𝜅𝑟)

(2)

where ɛ0 (farad/meter) is the permittivity of the vacuum; ɛr is the relative permittivity of the
solvent; ζ (V) is the zeta potential of the particles; η (cP) is the viscosity of the solvent; f(κr)
is the Henry coefficient, which depends on the relationship between the thickness of the
double layer (1⁄κ), (κ is the Debye-Huckel parameter) and the core radius (𝑟) of the particle.
Although the above-mentioned parameters play an important role in the characteristics of the
deposited EPD coating, the quality of the finished coating is influenced by other important
factors, such as the role of impurities
39

, the environmental effects

40

24, 36, 37

, preparation and any aging of the suspension

as well as the manner of electrode preparation

41, 42

38,

. In

addition, the results of specific materials dispersed in specific solvents and additives cannot be
generalized to other materials, solvents or additives

43

. Therefore, in order to investigate the

possibilities of EPD with a new material and discover its proper solvent-additive systems, it is
necessary to conduct a detailed analysis of the EPD process.
The characteristics of Bi2Te3 suspensions have not yet been studied completely in terms of the
EPD process. The current article reports on a comprehensive study of the properties of Bi2Te3
suspensions, the specific weight of deposition, microstructure and TE properties (the Seebeck
coefficient) of both green and sintered EPD deposited films.

Methodology
The details of the p-type Bi2Te3 (Bi0.5Se1.5Te3) powder, which is commercially available with
99.99% purity, have been reported elsewhere 19. The median particle size of the powder (D50)
was 10µm. A range of media (solvents) with 99.8% purity was acquired commercially.
The p-type Bi2Te3 suspensions were prepared by dispersing 1g of Bi2Te3 powder in 100 ml of
the media mixture, using an ultrasonic bath for 15 minutes to break the agglomerates and
stabilize the suspension. The suspensions were left for 24 hours without any movement
provided by external sources in order that they attain stability. Then an ultrasonic bath was
used for 10 minutes prior to the commencement of the EPD process. The list of the various
suspensions tested is given in Table 1.
The distance between the substrate and the counter electrode remained constant at 10 mm
throughout the EPD process. The electrodes were vertical and kept parallel. The substrate and
the counter electrode were cut from a commercially obtained copper foil roll, with dimensions
of 10mm by 10mm. The applied electric field was 100 V with a deposition time of 10 minutes.
The sintering of the as-deposited (green) films was conducted in an Ar-controlled
environment tube furnace at 693K for 1 hour. The optimizations of the EPD voltage and time
were reported in our previous work

18, 19

. The optimum conditions for the sintering process,

such as temperature and time, were determined through systematic investigation and the
results will be reported in future publications.
The microstructures of the Bi2Te3 films have been characterized using SEM (a scanning
electron microscope - Quanta 450). The Rigaku MiniFlex 600 XRD was used to determine the
changes in the phases and crystal structures of the green and sintered films. The chemical
composition was measured using the EDX (Energy-dispersive X-ray spectroscopy) of SEM.
The Zeta potential of the particles in all suspensions was measured using a Malvern Zetasizer
Nano Series. The electrical conductivity of the suspension was measured with a TPS WP-84

Conductivity-Salinity Meter device. To evaluate the thermoelectric properties of the deposited
films, an MMR Seebeck Measurement System (SB1000-K2000) was used to measure the inplane Seebeck coefficient of the films at 300K. The films were separated from the Cu
substrate before measuring its Seebeck coefficients to eliminate the Cu substrate effect on the
Seebeck coefficients of the deposited films. A large number of samples was prepared and the
SEM, XRD, density and Seebeck coefficients measurement experiments were repeated at least
20 times on various samples. The reported data is an average amount.
TABLE 1. LIST OF SOME OF THE VARIOUS TESTED SUSPENSIONS
Suspensions

Specific weight of
2

Effective percentile
Surface quality of green films

No.

Solvent

% Vol.

deposition (mg/cm )

coverage of the films (%)

1

Ethanol

100

3.1

<20

-

2

Iso-propanol

100

No deposition

-

-

3

Ethanol + Acetone

25/75

2.1

<20

-

4

Ethanol + Acetone

50/50

2.7

<20

-

5

Ethanol + Acetone

75/25

6.5

⁓40-50

Uneven, incoherent with holes & cracks.

6

Iso-propanol+ Acetone

25/75

No deposition

-

-

7

Iso-propanol+ Acetone

50/50

No deposition

-

-

8

Iso-propanol+ Acetone

75/25

No deposition

-

-

9

THF + Acetone

25/75

10.1

⁓60-70

Uniform but rough with cracks.

10

THF + Acetone

50/50

8.7

⁓50-55

Uniform but rough with cracks.

11

THF + Acetone

75/25

11.6

⁓70-80

Uniform but rough with cracks.

12

Acetone

100

2.9

<20

-

13

Tetrahydrofuran (THF)

100

16.32

⁓100

Uniform, smooth with cracks.

14

Ethanol + Acetyl acetone

25/75

No deposition

-

-

15

Ethanol + Acetyl acetone

50/50

No deposition

-

-

16

Ethanol + Acetyl acetone

75/25

No deposition

-

-

17

Iso-propanol+ Acetyl acetone

25/75

No deposition

-

-

18

Iso-propanol+ Acetyl acetone

50/50

No deposition

-

-

19

Iso-propanol+ Acetyl acetone

75/25

No deposition

-

-

20

Ethanol + THF

25/75

12.5

⁓80-90

Uniform but rough with cracks.

21

Ethanol + THF

50/50

13.4

⁓85-90

Uniform but rough with cracks.

22

Ethanol + THF

75/25

14.2

⁓85-90

Uniform but rough with cracks.

23

Ethylene glycol

100

No deposition

-

-

24

Acetyl acetone

100

No deposition

-

-

25

Ethanol + Ethylene glycol

25/75

No deposition

-

-

26

Ethanol + Ethylene glycol

50/50

No deposition

-

-

27

Ethanol + Ethylene glycol

75/25

No deposition

-

-

28

Ethylene glycol + Acetone

25/75

No deposition

-

-

29

Ethylene glycol + Acetone

50/50

No deposition

-

-

30

Ethylene glycol+ Acetone

75/25

No deposition

-

-

31

THF + Acetyl acetone

25/75

11.3

⁓70-80

Uniform but rough with cracks.

32

THF + Acetyl acetone

50/50

12.2

⁓80-90

Uniform but rough with cracks.

33

THF + Acetyl acetone

75/25

13.6

⁓85-90

Uniform but rough with cracks.

Results and discussion
In order to identify the appropriate media for electrophoretic deposition of Bi2Te3 powders, a
range of pure and mixed solvents were tested. The details of the suspensions are listed in
Table 1.
The deposition weight per submerged area, at a specific weight, was measured for all of the
tested suspensions (Table 1). The highest specific weight of deposition (16.32mg/cm2)
resulted in a Tetrahydrofuran (THF) suspension. Relatively high specific weights of
deposition (8.7-14.2mg/cm2) were also measured by mixing THF with other solvents, such as
Acetyl acetone and Ethanol, at various volume percentages. Although most of the suspensions
resulted in no deposition, some of the suspensions showed a specific deposition weight below
3mg/cm2, which is regarded as too low to produce coherent Bi2Te3 films, as is discussed later.
In addition to the specific weight, the percentage of the submerged substrate area coated
during 10 minutes’ EPD deposition, the effective percentile coverage was measured as a
parameter to rank the effectiveness of the selected solvent and resulted suspension.
The effective percentile coverage (C) of the films was calculated using the following equation
(3):
𝐶(%) = 𝐴

𝐴𝑓𝑖𝑙𝑚

𝑠𝑢𝑏𝑚𝑒𝑟𝑔𝑒

∗ 100

(3)

Where Afilm is the area of the substrate covered uniformly with the deposited film and
Asubmerge is the total area of the substrate exposed to the suspension during the EPD process.
For Afilm in Equation 3, SEM images from the entire surface area of the submerged substrate
were examined closely to measure the coating area for every suspension precisely. The
effective percentile coverage of all tested suspensions are given in Table 1. Firstly, a perfect
effective percentile coverage (100%) was achieved with the THF suspension (i.e. the entire
submerged surface area of the substrate was coated evenly), which is then followed by those
suspensions containing THF in the media mixture (from 50-90%) (see Table 1).
The quality of the deposited films was analyzed in a scanning electron microscope. The SEM
micrographs along the inset images in Figure 1 confirm a better quality (homogenous with a
smooth surface) for the films deposited from the THF suspension (Figure 1a). The films are
coherent and have a uniform structure with no cracks or depressions visible under SEM. In
addition, the thickness of the THF films was uniform and even (Figure 1b).

Figure 1. SEM micrographs of the green Bi2Te3 films show the effect of the suspension type on the
microstructure. (a and b) the THF Suspension (No. 13) with uniform film thickness, (c) coatings with
surface depressions and fine cracks, Suspension No. 22, (d) Inconsistent coatings, Suspension No. 5
(Table 1).

Conversely, the SEM images of the deposited films from other suspensions usually showed
rough surfaces with cracks, even in samples with relatively high effective percentile coverages
and high specific weights of depositions. This is clearly evident in Figure 1c. The inset (top
right) highlights the formation of a fine crack for suspension No. 22. In addition, suspensions
with low specific weights of depositions, such as suspension No. 5 (Figure 1d), fail to form a
consistent coating on the substrate; that is, the coating does not cover the substrate uniformly.

The variation of the specific weights of deposition with the zeta potential measurements of the
tested suspensions is plotted in Figure 2. The zeta potential of the particles in a suspension is
one of the key factors in ensuring the deposition of optimal coating during the EPD process. It
defines the electric potential in the interfacial double layer (DL)

20

, the dispersion uniformity

of the suspended particles, as well as the stability of the suspension

44

. The other parameter

that governs a successful deposition is the particle mobility within the suspension.
Electrophoretic mobility (EPM) is defined as the velocity of particles under the electric field
45

. The zeta potential and EPM are interconnected under EPD principles.

The SEM observation showed that only the two suspensions, No. 13 (THF) and 22 in Table 1,
are of good quality with their zeta potential measurements falling within the 50-70 V range,
see Figure 2. This is in line with the DLVO (Derjaguin and Landau
Overbeek

47

46

and Verwey and

) calculated optimal range of the zeta potential necessary to ensure good quality

coating depositions via the EPD process. The accomplished uniform Bi2Te3 films from THF
suspensions with the optimal zeta potential range have the highest effective percentile
coverages and deposition rates as well (Table 1).

Figure 2. Variations of specific weights of depositions with the zeta potentials of the particles
for different suspension compositions.

The forces between the charged particles interacting through a liquid medium were calculated
using DLVO theory

48

. DLVO theory suggests that the dominant interparticle forces in a

colloidal suspension are the van der Waals attractive forces and the electrostatic and steric
repulsive forces from the double layer and polymeric solubilizers, respectively. Hence, to
achieve a stable suspension, a high deposition yield and a highly uniform film, the existence
of a sufficient repulsive force from the double layer, i.e. the zeta potential, combined with a
well-balanced van der Waals attractive force, is necessary

20, 49

. In addition, adequate Zeta

potential and EPM values lead to high green density, by creating a powerful repulsive force
between the particles when occupying positions in the deposition 20, 24, 34, 35, 45, 50. Therefore, it

was calculated that there is an ideal range of the zeta potential (50-70mV) in an effective EPD
process 20, 51.
These conditions are essential for particles with high electrophoretic mobility under the
electric field, which can lead to a successful EPD process

48, 51

. Basically, the amount of

electrophoretic mobility shows the velocity of particles under the electric field

20

. Therefore,

in theory, as Equations 1 and 2 suggest, a higher electrophoretic mobility should lead to a
higher specific weight of deposition, which is clearly confirmed by the experimental results
(Figure 3).

Figure 3. Variations of specific weights of depositions with the electrophoretic mobilities of
the particles for different suspension compositions.

Conversely, the suspensions with less ideal zeta potentials resulted in lower specific weights
of depositions (Figure 2), as well as lower effective percentile coverages (Table 1). The results
are in good agreement with EPD theoretical principles because, according to Hamaker’s
equations, (Equations 1 and 2), the zeta potential and electrophoretic mobility have a direct,
dependent relationship with the specific deposition weights

34, 52

. These relationships were

also confirmed by the experimental results (Figure 3), which show a similar trend for the
specific deposition weights to the ones of zeta potential and electrophoretic mobility 20, 24, 34, 35,
45, 50

.

Furthermore, measuring the electrical conductivity of the suspensions is a useful means by
which to investigate the behaviour of ions and the charged particles of suspensions in the EPD
process. The conductivity shows important interactions between the solvent, the powder and
free ions included in the charge transfer. It also indicates the ionic strength of the solvent.
The conductivity of the THF suspensions rose gently with an increase in the second solvent
concentration (Figure 4). However, at the same time, the specific weight of deposition
decreased in a similar manner. Comparable trends were observed for the suspensions’
conductivity and the specific weights of depositions for ethanol, acetone and acetyl acetone
suspensions, changing from 2.2μS/cm for pure THF to 5.8-6.2μS/cm for the highest
concentrations in different suspensions. The mixture of ethanol and acetone showed the
maximum conductivity where it yielded the lowest specific deposition weight (Figure 4).

Figure 4. Variations of specific weights of depositions with the conductivities of the
suspensions for the different suspension compositions.

One explanation that has been suggested to describe this phenomenon is that, since the
suspension conductivity is a measure of the ratio between the H+ ions and the charged
particles, the higher conductivities (such as in the ethanol and acetone mixture) indicate a
higher fraction of ions and therefore a lower fraction of charged particles in the suspension,
which leads to a lower deposition yield

53

. That is why other studies have also chosen

suspensions with lower conductivity when comparing suspensions and determining the best fit
for various applications 39.
Another explanation could be the concentration of free ions. A high free ion concentration
may hinder the movement of particles by decreasing the effective current of the EPD process
on the particles by transferring a large portion of the current between the electrodes

54

. In

addition, it was proposed that in a “too conductive” suspension, particle motion is very limited
20, 52, 53

. Conversely, if the resistivity of the suspension is too high, achieving a stable

suspension with adequately charged particles is difficult

55, 56

. Therefore, the electrophoretic

deposition is feasible in a narrow band of the conductivity range 44, 48. In addition, this suitable
region varies for different systems of materials and media 20, 34.
To characterize the thermoelectric properties of the deposited films, the in-plane Seebeck
coefficients of deposited films were measured at room temperature (300K) after sintering at
693K for 1 hour. To confirm the stoichiometry of the green and sintered films, XRD analysis
of the films was performed (Figure 5) and the existence of the p-type Bi2Te3 phase was
confirmed. No other phases and no changes were identified because of the sintering process.
All peaks could be assigned to the rhombohedral structure, as previously reported

57-59

. The

peaks exactly correspond to the (006), (015), (1010), (0111), (0015) and (115) reflections of
the Bi0.5Se1.5Te3 compound in the stable Bi2Te3 phase

57-59

. In addition, the chemical

composition and weight percentages of the p-type Bi2Te3 powder were measured using the
EDX (Energy-dispersive X-ray spectroscopy) of SEM
calculated as Bi0.5Se1.5Te3.

19

and its chemical formula was

Figure 5. XRD results of (a) green and (b) sintered p-type Bi2Te3 films.

The results show that the Seebeck coefficients had a positive value, as expected, because a ptype Bi2Te3 powder was used to deposit the films (Figure 6). The Seebeck coefficients of the
films deposited from the THF suspensions (126 μV/K) were approximately 20% higher than
the Seebeck coefficients of the films deposited from the next best suspension (No. 22) (100
μV/K). In addition, the Seebeck coefficients of the films decreased with the reduction in the
specific weight of depositions and effective percentile coverage in various suspensions (Figure
5 and Table 1). It is also clear that the Seebeck coefficients of the films deposited from
suspension No. 5 (58 μV/K) were less than half that of the THF suspensions (126 μV/K). The
reasons for the better thermoelectric performance may include the higher densities and
specific weights of the depositions of the films deposited from the suspensions with higher
zeta potential (THF and No. 22). The density of these films was 7.04 and 6.93 g/cm3

respectively, which is approximately 90% of the theoretical density of Bi2Te3 powder (7.74
g/cm3). While the densities of the film deposited from some of the suspensions with 60-70%
effective percentile coverage, such as No. 9, were much lower, at about 5.39 g/cm3. Higher
film density can contribute to the charge carrier diffusion 1, 3, 6, phonon drag 60-62 of a material
and, consequently, an increase in the Seebeck coefficient and thermoelectric properties
63

3, 6, 62,

.

Figure 6. Variations of the Seebeck coefficients with the suspension compositions at room
temperature. (All percentages are by volume.)

Different values of in-plane Seebeck coefficients were reported by researchers using various
deposition methods to prepare a Bi2Te3 film. Comparing the thermoelectric properties of the

Bi2Te3 films prepared using the EPD method (126 μV/K) with similar methods such as the
electrodeposition technique

13

(80 μV/K), shows a 50% improvement in thermoelectric

performance when using the EPD method. This improvement may be due to unwanted
elements of the solutions, such as chlorine, that are omitted from the films using the
electrodeposition technique, as well as the higher film density offered by the EPD method
(around 90% from EPD and 80% from electrodeposition) 13.
Furthermore, an in-plane Seebeck coefficient of 160 μV/K at 300 K was measured when a cosputtering method was used to deposit a Bi2Te3 film 9. In comparison with the EPD method
(126 μV/K at 300 K), the co-sputtering method is a complex process and requires expensive
equipment to reach only a relatively higher Seebeck coefficient. Furthermore, the cosputtering process is slow (with a deposition rate of 0.03µm per minute) and needs good
vacuum pressure (6.0 × 10−4 Pa). During the EPD process, there is no need to have a vacuum
chamber or any expensive equipment and the deposition rate is much higher (with a
deposition rate of more than 2µm per minute, or approximately 60 times faster). Although the
first recorded Seebeck coefficient is around 25% lower, the finished cost is much lower,
which makes EPD a more attractive option for commercial TE applications. Beyond this, the
Seebeck coefficient of the films deposited by EPD can be improved by increasing the film
density and other methods such as doping, which will be reported in future publications.

Conclusions
In summary, a coherent crack-free p-type Bi2Te3 film was fabricated successfully using an
electrophoretic deposition for thermoelectric applications. After a thorough investigation of
various suspensions, it was revealed that the THF suspensions resulted in the highest specific
weights of deposition and entire effective percentile coverage of the substrates. In addition,

the SEM images showed highly uniform structures and thicknesses of the films deposited
from THF suspensions. The outcomes of this work show that the media and the electrical
conductivity of the suspensions, as well as the zeta potential of the particles, play important
roles in the EPD process. Furthermore, the in-plane Seebeck coefficients of the EDP prepared
Bi2Te3 films were better than some of the other more expensive and complex film deposition
methods. Its efficiency is comparable with some of the most expensive film fabrication
techniques.
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