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In this paper, the preparation of Cu-doped BixCuySbox.yTe, thin film thermoelectric materials by
electrodeposition in inorganic solution system was studied. The effects of Cu®" concentration on the
properties of BixCuySbax-yTe, thin film thermoelectric materials were investigated. The composition,
morphology and phase of the prepared BixCuySbzx-yTe, thin films were characterized by energy
dispersive spectroscopy, environmental scanning electron microscope and X-ray diffraction. The
conductivity and Seebeck coefficient of BixCuySbax-yTe, thin film prepared under different conditions
were also tested. The results show that doping of Cu element into BixSboxTe, thermoelectric material
can not only reduce the resistivity of the material, but also improve the morphology of the material,
and the Seebeck coefficient of BixCuySboxyTe, thermoelectric material can reach up to 152 pV/K.
When the Cu?>" concentration is 1.28 mmol L™, the highest power factor of 577.6uW-K2-m™ can be
obtained.

Keywords: potentiodynamic deposition; Cu-doped; BixCuySbaxyTe, films; thermoelectric
performance

1. INTRODUCTION

In the 21st century, with the increasingly serious world environmental pollution and energy
crisis, the development of renewable green energy has received more and more attention [1]. The
concepts of green development and sustainable development have become the consensus of mankind,
therefore, countries all around the world are actively combining the development of new materials with
green development, and vigorously promoting the development and application of new energy and
environmental materials closely related to green development.

Thermoelectric materials can realize the direct conversion of thermal energy to electric energy,
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so they have important application potential in the field of energy and now have attracted a lot of
scientific research attentions. Thermoelectric devices based on thermoelectric materials can generate
electricity using various forms of heat, such as radiant heat, solar heat, body heat, geothermal heat and
various waste heats [2-5], and their energy conversion performance can usually be characterized by
dimensionless thermoelectric merit Z7.

ZT = S*oTlk
Where, S is Seebeck coefficient, ¢ is conductivity, 7 is absolute temperature, « is thermal conductivity
and S%c is power factor. Therefore, there are two ways to improve the performance of thermoelectric
materials, namely, reducing the x or increasing the power factor.

In recent years, researchers have made a lot of progress in the development and optimization of
various thermoelectric materials, among which Bi,Tes based alloys have the best performance around
room temperature [6-10]. With the growth of miniaturized generator parts market, the research on
BixTes based thin film thermoelectric materials has also attracted more and more attentions. The key to
improve the properties of thin film thermoelectric materials is to optimize the alloy composition and
microstructure. Reasonable alloy element composition can be used to adjust the carrier concentration
and electron band structure, so as to improve the Seebeck coefficient of the material [11-12]. It has
been reported that in the bulk Biz-xSbxTes thermoelectric material prepared by physical method, doping
trace Cu can greatly reduce the resistivity of the material [13-14].

At present, there are many technologies that can be used to prepare BiTes; based thin film
thermoelectric materials, such as chemical vapor deposition (CVD) [15], molecular beam epitaxy
(MBE)[16,17], pulsed laser deposition (PLD) [18,19], thermal evaporation[20], magnetron
sputtering[21], electrochemical deposition[22-24] and so on. However, compared with other physical
and chemical preparation methods, electrochemical deposition has many advantages, such as mild
preparation conditions, simple equipment, low cost and easy operation [25]. Therefore,
electrodeposition technology is widely used in the preparation of thin film thermoelectric materials.

The electrodeposition modes used in the reported literature mainly include potentiostatic
deposition, galvanostatic deposition and pulse electrodeposition. Marisol [26] successfully prepared
BiosSbi.sTes thin films and nanowire materials by cathodic potentiostatic co-deposition technology.
Boulanger [27] optimized the deposition conditions of Bi-Sb-Te alloy by comparing the
electrochemical behavior of Bi-Te system and Sb-Te system. They also used pulse electrodeposition to
reduce the roughness of (Bio.25Sbo.75)2Tes thermoelectric thin films prepared by electrodeposition, and
found that the Seebeck coefficient and resistivity of the deposited thermoelectric thin films were
greatly related to the cathode pulse current density and film thickness [28]. In addition, they also
studied the effects of pulse parameters on the morphology, composition, thermoelectric properties and
nucleation mechanism of Bi-Te alloy films prepared by pulse electrodeposition [29-30]. Yoon [31]
proposed a process for preparing (Bi,Sb),Tes thin film thermoelectric material by constant current
deposition. (Bi1,Sb),Tes thin film material with power factor equivalent to that prepared by magnetron
sputtering can be obtained by this process. However, these electrodeposition modes have some
limitations. It is difficult to obtain thick film thermoelectric materials with good morphology and high
thermoelectric properties by using these current electrodeposition modes. Therefore, it is necessary to
try new electrodeposition methods.
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At present, there are few reports on the doping of copper element in bismuth telluride based
thin film thermoelectric materials by electrochemical methods and the influence of copper element
content on the properties of materials. And there are no reports on the preparation of such materials
using the potentiodynamic deposition mode. Therefore, in this paper, potentiodynamic deposition was
proposed to prepare Cu doped BixCuySboxyTe, thin film thermoelectric materials. And the effects of
Cu*" ion concentration on the morphology, composition and thermoelectric properties of BixCuySbox.
yTe, thermoelectric thin film materials prepared by potentiodynamic deposition were studied.

2. EXPERIMENTAL

Bismuth nitrate pentahydrate (Bi(NOs)3-5H>0) and nitric acid (HNOs) were obtained from
Tianjin Chemical Reagent Co. Potassium nitrate (KNO3), tartaric acid (C+sHsOs) and copper sulfate
pentahydrate (CuSO4-5H,0O) were bought from Sinopharm Chemical Reagent Co., Ltd. Antimony
trioxide (Sb.Os3) and potassium tellurite (K.TeOs) were purchased from Tianjin Guangfu Fine
Chemical Research Institute. All chemicals are analytical grade and used as received.

The preparation method of electrolyte is as follows: firstly, dissolve a certain amount of
Bi(NO3)3-5H20 and K»>TeOs in concentrated nitric acid aqueous solution, and then dissolve Sb2Os3
(analytical reagent) in concentrated tartaric acid solution at 80 “C, then mix the above two solutions.
Subsequently, KNOs and different amount of CuSO4-5H>0O were added to the mixed solution and
dissolved. And finally, the solution is diluted to the required concentration with deionized water (as
shown in Tab.1).

Table 1. Composition of the electrolytes for all systems

Component Concentration

¢(Bi(NO3)3-5H20) / (mmol L) 4
c(K2TeOs) / (mmol L) 6
¢(Sh203) / (mmol L?) 10

¢(C4HsOs) / (mol L) 0.67
c(HNO3) /(mol L) 1
c(KNO3) / (g L™ 50

¢(CuS04-5H20) / (mmol L?) 0~7.65

The electrodeposition was carried out using CHI660B electrochemical workstation and a
standard three-electrode cell at 25+1 “C. An Au sheet electrode (1 cm?), a Pt sheet electrode (2 cm?)
and a saturated calomel electrode (SCE) were used as the working electrode, auxiliary electrode and
the reference electrode, respectively. The salt bridge was made of saturated potassium nitrate and agar.
All the potentials listed in this paper were expressed related to the saturated calomel electrode. The
thin film materials were prepared by potentiodynamic deposition mode. Actually, this deposition mode
is to use the cyclic voltammetry technology, select the appropriate potential scanning range, and realize
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the deposition of materials through multiple cycles of potential. The potentiodynamic deposition
parameters are determined as follows: potential scanning range is 20 mV to —200 mV, the potential
scan rate is 20 mV/s, the electric quantity of electrodeposition is 15 C/cm?, and the coating thickness is
about 15 um. The prepared thin films were annealed at 200 °C in nitrogen atmosphere for 2 h.

The Seebeck coefficient and resistivity of the thin films were measured by a Seebeck
coefficient test system (TDS1-2) and a four probe thin film thermoelectric material resistivity
measurement system (TDR2-3) developed by Tianjin University, respectively. The elemental
composition of electrodeposited thin film was detected by OXFORD-ISIS300 energy dispersive
spectrometer (EDS). XL30ESEM TMP environmental scanning electron microscope (ESEM, Philips
Company in the UK) was used to analyze the micro-morphology of the prepared film materials. The
phase analysis was carried out by Rigaku D/max 2500v/pc X-ray diffractometer (XRD) using CuKa
radiation. The tube pressure of the X-ray diffractometer is 40 kV, the tube flow is 200 mA, and the
scanning rate is 4°/min.

3. RESULTS

3.1 Analysis of the potentiodynamic deposition process

Fig.1 shows the potentiodynamic curves for the BixCuySboxyTe, thin film thermoelectric
material deposition in the solution without Cu?*. In the selected potential range of potentiodynamic
scanning, two reduction peaks can be obviously observed, while no oxidation peak can be detected. It
reveals that only the reduction reaction occurs in this potential range. According to the cyclic
voltammetry curve test results obtained in our previous research [32], these reduction peaks are
corresponding to the multi-step reduction process to form Bi-Sb-Te ternary compounds.

Unlike the traditional potentiostatic or galvanostatic electrodeposition, the potential changes
rapidly, dynamically and cyclically in a much wider range when the materials are prepared by
potentiostatic scanning. When the potential is positive, the deposition rate is slow, which is conducive
to the diffusion and replenishment of ions in the solution and reduces the concentration polarization.
When the potential is negative, it is beneficial to increase the electrochemical polarization, improve the
electrocrystallization condition and promote the formation of multiple component compounds.
However, in potentiostatic or galvanostatic electrodeposition, the potential or the current is always
fixed at a certain value throughout the whole electrodeposition process, so it is difficult to have both of
the above advantages.
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Figure 1. Potentiodynamic curves for the BixCuySba-x-yTe, thin film thermoelectric material deposition

3.2 Effect of Cu" ion concentration on the composition of BixCuySb-,Te- thin film thermoelectric
materials

The composition of BixCuySbyx.yTe, thin film thermoelectric materials prepared in the
electrolyte with different Cu®" ion concentration is shown in Fig.2. It can be seen that when the Cu®"
concentration in the electrolyte is lower than 5 mmol/L, the content of Sb element in the film material
decreases significantly with the increase of Cu?** concentration, and then remains basically unchanged.
However, the change of Cu content in the material is just opposite to that of Sb. When the Cu?*
concentration is lower than 5 mmol/L, it increases significantly with the increase of Cu*'
concentration, and then remains basically unchanged. It indicates that with the increase of Cu?*
concentration in the solution, the proportion of Cu element replacing Sb element is also increasing.
The content of Bi and Te element in the material changes little with the concentration of Cu?*.
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Figure 2. Relationship between Cu?" concentration in the electrolyte and the atomic ratio of elemental
Bi, Sb, Te and Cu in the thermoelectric film
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3.3 Effect of Cu’* ion concentration on the thermoelectric performance and
structure of BixCu,Sbhz-xyTe: thin film thermoelectric materials

The resistivity, electrical conductivity, Seebeck coefficient and power factor of BixCuySb«yTe;,
thin film thermoelectric materials prepared in the electrolyte containing different concentration of Cu?*
are listed in Tab.2. It can be seen that the electrical conductivity of the materials gradually increases
with the increase of Cu?" concentration, while the Seebeck coefficient first increases then decreases.
Compared with the material without Cu element doped, the conductivity of the material is significantly
increased after doping Cu element, while the Seebeck coefficient has little change. In particular, when
the Cu?" concentration is 1.28 mmol L, not only the conductivity, the Seebeck coefficient of the
material is also increased after doping Cu element and the highest power factor of 577.6 pW-K2m
can be obtained.

Table 2. Relations between Cu®" concentration in the electrolyte and thermoelectric properties of the
thermoelectric films

c(Cu?) Resistivity Electrical conductivity Seebeck coefficient Power factor

Sample ol 1) (Q-m) /(S-mh) /(v KD JUW-K2-mh)
1 0.00 1.12x10 8.93x10° 140 175.0
2 0.64 9.86x107® 1.01x10* 138 193.1
3 1.28 4.00x10° 2.50x10% 152 577.6
4 2.50 7.14x10° 1.40x10* 132 244.0
5 3.84 3.08x10° 3.25x10% 139 627.3
6 5.00 3.48x10° 2.87x10* 134 516.0
7 6.40 3.35x10° 2.98x10% 131 512.3
8 7.65 2.25x107° 4.44x10* 104 480.7

Power factor is often used to characterize the electrical properties of thermoelectric materials.
In order to compare our research with others, the electrical conductivity, Seebeck coefficient as well as
the power factor of other reported Cu-doped bismuth telluride materials is listed in Tab.3. It can be
seen that the power factor of BixCuySba.«yTe, thin film prepared by potentiodynamic deposition in this
study is higher than some previously reported Cu-doped bismuth telluride materials.

Table 3. Performance comparison of different Cu doped bismuth telluride based thin film
thermoelectric materials

Materials Electrical Seebeck Power References

conductivity/(S'm™?)  coefficient/(uV-K?)  factor/(uW-K2m?)

CuxBizTes 1.85x10* -84 130.7 [33]
Cu-doped Bi>Tes 1.17x10° 63.6 475.5 [34]
Cu-doped Bi,Tes 6.00x10* —52 160 [35]
Cu-doped Bi>Tes 1.00x10° —24 57.5 [36]
BixCuyShoxy Te, 2.50x10% 152 577.6 this paper

Fig. 3 is the XRD spectrum of the thermoelectric materials doped with and without Cu.
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Obvious diffraction peaks at 27.89°, 33.36°, 38.01°, 40.31°, 41.79°, 44.49°, 45.49°, 50.81°, 53.78°,
57.76° 62.65° and 68.31° can be observed in the XRD pattern of thin film prepared in the electrolyte
containing 6.40 mmol/L Cu?". These diffraction peaks are corresponding to the (015), (018), (1010),
(0111), (110), (0015), (116), (024), (0018), (0210), (1019), (125) crystal planes of BiosSbisTes,
respectively. Compared with the XRD pattern of the film deposited in the electrolyte without Cu?*
almost no shift of the peak was detected. Similar results can be found in the reported literature.[33, 37]
Hu studied the effect of Cu?* concentration on the structure of electrodeposited CuxBi>Tes thin films
and discovered that as the Cu®" concentration increased, almost no peak shift was observed in the XRD
spectra [33]. Han also found that a small amount of Cu doping would not affect the spectral peak
characteristics of the Cu-doped Bi>Te; samples [37]. In addition, there is no additional reflection peak
associated with copper in the spectrum (Fig.3a), which reveals that Cu element is indeed doped into
the structure of the BiosSbisTes ternary material rather than deposited in the form of pure Cu.
Compared with the XRD spectrum of BigsSbi sTe; material prepared in the electrolyte without Cu®", it
can be clearly seen that the diffraction peaks of Cu-doped material are much sharper and stronger. The
results show that doping of Cu element improves the crystallization degree of the material, and further
explains the reason why the material doped with Cu can obtain higher thermoelectric properties.
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Figure 3. XRD patterns of the films potentiodynamic electrodeposited in the solution containing
different concentration of Cu®* (a) 0 mmol L Cu*’, (b) 6.40 mmol L Cu?*, oBiosSbisTes
(PDF#49-1713)

3.4 Effect of Cu?" ion concentration on the morphology of BixCuy,Shs-vyTe: thin film thermoelectric
materials

The morphology of BixCuySbaxyTe, thin film thermoelectric materials prepared by
potentiodynamic deposition mode in the electrolyte with different Cu®>* concentration are shown in
Fig.4. It can be seen that with the increase of Cu?" concentration in the solution, the prepared materials
become more uniform and dense, and the apparent particle size ranges from 8 pm to 2 um, which
reveals that the morphology of the material is improved. This phenomenon can also be found in Seo’s
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research, they studied the influence of Cu content on the morphology of Cu-doped BizxTe; films and
detected that Cu-doped Bi,Tes films became gradually dense as a function of Cu content [36], which
can be attributed to the fact that the addition of Cu helps to improve the apparent density of the Cu-
doped Bi,Tes films.
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Figure 4. FESEM images of BixCuySb.«yTe, thermoelectric films potentialdynamic electrodeposited
on Au electrode in the solution containing different concentrations of Cu?*, (a) 2.50 mmol L*,
(b) 3.84 mmol L, (c) 5.00 mmol L2, (d) 6.40 mmol L (e) 7.65 mmol L

Based on the above results, it can be seen that doping Cu in BixSby«Te, ternary thermoelectric
material can not only reduce the resistivity of the material, but also improve the morphology of the
material. In addition, the Seebeck coefficient of BixCuySbyx.yTe, thermoelectric material obtained by
doping Cu can reach up to 152 pV/K. It can be seen that the doping of Cu can greatly improve the
comprehensive properties of the material.



Int. J. Electrochem. Sci., 17 (2022) Article Number: 221055 9

4. CONCLUSIONS

Cu-doped BixCuySby«.yTe, thin film thermoelectric materials were prepared on Au substrate by
potentiodynamic deposition mode. The effects of Cu?* ion concentration on the morphology,
composition, structure and thermoelectric properties of BixCuySboxyTe, thin film thermoelectric
materials were investigated. The main conclusions are as follows:

1) In the inorganic solution system, the composition of BixCuySbyy.yTe, thermoelectric
materials prepared by electrodeposition can be changed by changing the concentration of Cu?" in the
solution.

2) Doping Cu into BixSbo«Te, ternary thermoelectric material can not only reduce the
resistivity of the materials, but also improve the morphology.

3) The Seebeck coefficient and power factor of Cu-doped BixCuySbo.xyTe, thermoelectric
material can reach up to 152 pV/K and 577.6 pW-K2-m™,

4) Doping of Cu can greatly improve the comprehensive properties of the material.
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