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Abstract. Underpotential deposition, i.e. the cathodic deposition above reversible potential
E(Me™/Me), produces an atomic layer of a metal on a semiconductor electrode, such as e.g.
bismuth telluride. This phenomenon allows electrodeposition of superlattices formed of
building blocks of a layered semiconductor structure joined by biatomic metal interlayer. This
work outlines the optimized pulse potential controlled electrodeposition of (Biz)m(Bi2Tes)n
films produced under mentioned above technique. The influence on the morphology of the
electrodeposited films of key-parameters as applied pulse frequency, duty cycle, a routine of
sodium dodecyl sulfate introduction in the electrolyte is discussed. The optimized procedure
comprises a short (about 10 s) cathodic pre-treatment at high overpotential of the cathodic
reaction, the subsequent periodic switching for 120 min between potentials of electrodeposition
and refinement at 0.1 Hz and 5% duty cycle with addition of surfactant 60 min after the start of
the electrodeposition.

1. Introduction

Nanostructures formed by an alteration of ultra-thin layers of a semiconductor and a metal are of the
interest for various applications and are especially promising for the development of new
thermoelectric materials [1-4]. The major characteristic of a thermoelectric material efficiency, its
figure of merit, depends on ratio of electric and thermal conductivities. Variations of the two latter
characteristics are coupled in usual materials and the main route to thermoelectric materials with low
thermal conductivity uncoupled from electric conductivity implies application of nanostructures [5].
This stimulates much work on nanostructuring of bismuth telluride, one of the best thermoelectric
materials at room temperature [6-8], including investigation of Bi,Te; nanoparticles electrodeposition
[9-20]. Superlattices of (Bi2)m(Bi2Tes3)n series formed by alteration of Te-Bi-Te-Bi-Te quintuples and
bismuth biatomic layers [1-3, 21-27] and similar (Biz)m(Bi2Ses)s [28-32] and (Sb2)m(Sb2Tes)n [33]
layered materials are especially attractive as their specific structure which determines low thermal
conductivity [1, 2, 22, 24, 31] is characteristic of ordinary crystalline state, not only nanoparticles. We
have presented recently [3] the electrochemical approach for such superlattice formation by in situ
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insertion of metal interlayers into semiconductor layered crystal structure during the semiconductor
pulsed electrodeposition.

The prerequisites of the technique are the layered crystal structure of a semiconductor, such as of
bismuth telluride crystal which is formed by stacks of Te-Bi-Te-Bi-Te quintuples joined by weak van
der Waals bonds, and the capacity of given semiconductor to acquire metal adlayer on its surface
above the reversible potential E(Me™/Mepui) of the corresponding bulk metal. The latter phenomenon,
i.e. the underpotential deposition (upd) of metal adlayer on a semiconductor, has been reviewed lately
in [34], electrochemical properties of metal monolayers (adlayers) on bismuth telluride were reported
in [35, 36].

The goal of this work was the optimization of parameters of (Bi)m(BirTes), pulse potential
controlled electrodeposition for preparation of compact uniform films with monitoring of the
electrodeposition by scanning electron microscopy (SEM). The scope of the experiment in this work
was limited to the investigation of parameters of the pulsed electrodeposition effect on morphology in
the electrodeposition of (Bi)m(BixTes)n films, as the proof of (Biz)m(BirTes), formation at the
condition of our experiments was obtained earlier [3] by numerous experimental and theoretical
methods.

2. Experimental

Electrodeposition of (Bi2)m(Bi>Tes). films was performed in a three-electrode cell with stainless steel
foil as a working electrode, Ag|AgCl|KCl(sat) reference electrode, and Pt counter electrode. Pulse
potential control was provided by Gamry Series 300 potentiostat. The morphology of the films in the
electrodeposition was monitored using Hitachi TM3000 Tabletop microscope. Substrates were
subsequently rinsed in the hot nitric acid, polished with 0.05 pm alumina suspension, and
electrochemically treated by cyclic polarization in the potential range between —0.4 V and 0.8 V in 3M
HNOs solution. The electroactive area was isolated from the rest of the electrode by acid-resistant
varnish. Additional experimental details of (Bi2)m(Bi2Tes)s electrodeposition were presented in [3].

Bismuth adlayer (Bi.g) is electrodeposited onto bismuth telluride in the electrode potentials region
of bulk bismuth anodic oxidation above E(Bi*/Bi) (figure 1). Thus, the electrodeposition of bismuth
adlayer on BiTes is efficiently prevented from nucleation and growth of Bi metallic phase by the
potential control. Bismuth telluride electrodeposition proceeds in a more negative electrode potential
region concurrently with bulk bismuth electrodeposition. In order to enable alternating deposition of
Te-Bi-Te-Bi-Te quintuples and Bi.¢ with exclusion of metallic bismuth, the potential is alternatively
switched between the both regions (figure 2). The two bismuth adlayers thus formed on adjacent Te-
Bi-Te-Bi-Te quintuples combine into a bismuth bilayer, which results in the electrochemical formation
of (Bi2)m(Bi2Tes)n superlattice structure [3], in which bismuth bilayers occupy places at van der Waals
planes between quintuples of bismuth telluride structure. The m : n ratio in the superlattice structure
was controlled in [3] by the concentrations of bismuth and tellurium precursors in the electrolyte,
Bi(NO3)3 and TeO; dissolved in an aqueous HNOj3 solution.

Parameters of the pulse electrodeposition were varied in each experiment. In the original
procedure, each electrode was pretreated at —400 mV for 10 seconds in the electrolyte containing
8.75 mM Bi(NO3)3, 1.25 mM TeO,, 1 M HNOs, then the electrodeposition with rectangular wave
pulse potential control at 1.0 Hz pulse frequency (f) and 10% pulse duty cycle (y) was carried out for
30 minutes. The duty cycle is the fraction of each period attributed to the active electrodeposition
stage. The cathodic pre-treatment stage was found to facilitate uniformity in the subsequent
electrodeposition. The nucleation of bismuth telluride on the bare substrate proceeds at high
overpotential during the cathodic pre-treatment stage, thus providing uniform coverage of the
electrode surface by centers for the following active electrodeposition stage. The potential of active
electrodeposition, Eqgep in the region of Bi,Tes electrodeposition, and also the refinement potential, Erer
in the region of bulk bismuth anodic oxidation and Bi.q cathodic deposition (figure 2) were determined
from cyclic voltammetry and were set to —100 mV and 60 mV respectively for 8.75 mM Bi(NOs)s,
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1.25 mM TeO,, 1 M HNO; electrolyte composition. Sodium dodecyl sulfate (SDS) was used as a
surfactant.
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Figure 1. Cyclic voltammogram of Bi,Te; electrode in 10 mM Bi(NOs)3;, 1 M HNO;
electrolyte solution.

8
Bi bilayer
6 anodic oxidation
41 (Bi,), (Bi,Te,), x
[ superlattice
2+ /
< , )
S Or cathodic < §
—~ s deposition I~
—
-2 _ IT:BP*/Bi E'Biaddep, EBi?dox.
4 : o
1 | 1 |
o ' i | :
I Edep ! Eref ! !
_8 1 L 1 PR | L 11 s 1
-0.2 -0.1 0.0 0.1 0.2

E vs. Ag/AgCl/V

Figure 2. Pulse potential control profile of (Bi»)m(Bi>Tes3) electrodeposition (blue pulses)
overlaid on a cyclic voltammogram (black) of (Bi2)m(Bi2Tes). electrode on stainless steel
substrate in 8.75 mM Bi(NO3)s3, 1.25 mM TeO,, 1 M HNOs electrolyte solution.
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In the optimization procedure, y (in %) was set to 5, 10, 20, 30, 40, 50, and 80, while other
parameters were kept constant. Then, the pulse frequency, f (in Hz) was varied as 0.1, 0.5, 1.0, 5.0,
and 10.0. The lowest frequency was restricted by 0.1 Hz, because of the required alteration of the
electrodeposition and refinement stages. In the third optimization step, the time of the cathodic pre-
treatment was varied as 10, 30, 60, and 120 seconds. The fourth variable parameter was time of the
deposition: the films were deposited for 30, 60, 120, and 240 minutes. In addition, the effect of
surfactant (sodium dodecyl sulfate) and the method of its introduction were studied.

3. Results and discussion

3.1 Pulse frequency and duty cycle

Pulse frequency and duty cycle control the time of the electrodeposition and refinement stages of the
periodic process, and also replenishment of the electrolyte solution near the working electrode by
electroactive species. Pulse frequency and duty cycle influence on the film morphology were studied
independently. Figures 3 and 4 summarize the main effects of these parameters variation. A short time
of the electrodeposition was used in those series since the formation of non-uniformities can be best
observed at early stages.
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Figure 3. SEM images of (Biz)m(Bi2Te3). films electrodeposited at various y (in %): a) 5; b) 10;
¢) 20; d) 30; e) 40; ) 50; g) 80. Other parameters are: f= 1 Hz, Egp = —100 mV, Erer= 60 mV.

At high duty cycle, the duration of the active electrodeposition stage increases, whereas the time
available for diffusion and accumulation of electroactive species near the electrode surface and also
the time of refinement stage decrease. As figure 3 shows, short pulses facilitate the formation of
uniform films. However, when the pulses were short due to high frequency, the substrate was not
uniformly covered by the (Biz)m(Bi2Tes), particles. Rare pulses favour the deposition of uniform-size
crystallites (figure 4).
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Figure 4. SEM images of (Biz)m(Bi>Tes), films electrodeposited at various
pulse frequencies (in Hz): a) 0.1; b) 0.5; ¢) 1.0; d) 5.0; e) 10. Other deposition
parameters are: Y = 10%, Egep = —100 mV, Erer= 60 mV.

3.2. Surface-active substance

Pulse deposition gives 3 pm thick film at 120 minutes, the thickness was typically sufficient for
preparation of flexible thermoelectric devices with dissent thermoelectric parameters in the case of
bismuth telluride [37]. However, the (Biz)m(Bi2Tes). films deposited without surfactant are rough, non-
uniform, and porous, due to dendrite growth. In the case of bismuth telluride electrodeposition similar
problem was mitigated with the use of sodium lignosulfonate surfactant [38, 39]. SDS has shown good
results in our case. Its optimal concentration is approx. 55 mg L!; below and above this concentration
the film roughness and formation of non-uniformly sized crystallites increases (figure 5).

Figure 5. SEM images of (Bi2)m(Bi2Tes3), films electrodeposited at various SDS concentrations
(in mg L") in the electrolyte: a) 40; b) 55; ¢) 70. Other deposition parameters are: f= 0.1 Hz,
’Y = 5%, Edep = _100 mV, Eref= 60 mV.

The films electrodeposited from the acidic solution have originally poor adhesion to the stainless steel
substrate. The addition of a surface-active agent at the beginning of the deposition process reduces the
adhesion even greater and hinders the formation of the uniform film so that only rare agglomerates are
formed (figures 6a and 6b). The solution of this problem consists in the addition of surfactant after the
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nucleation stage, when the film covers the electrode with the first layer of crystallites. The addition of
the surfactant at this stage has provided the formation of a very compact uniform film with tapered
crystallite shape morphology (figure 6c).

Figure 6. SEM images of (Biz)m(Bi>Tes)n films electrodeposited: a) without SDS; b) with SDS
added at the beginning of the deposition; ¢) with SDS added 60 min. after the start of the
deposition. Other deposition parameters: f= 0.1 Hz, y = 5%, Eqep = —100 mV, Erer = 60 mV.

Conclusion

The role of pulse frequency, duty cycle, cathodic pre-treatment and the way of SDS introduction in the

electrolyte as factors affecting the morphology in the periodic pulse potential controlled

electrodeposition of (Biz)m(Bi>Tes), films was investigated. The optimized procedure for the

electrodeposition of compact films should include:

1) the short (about 10 s) cathodic pre-treatment at high overpotential of the cathodic reaction;

2) the subsequent periodic switching for 120 min of the potential between —100 mV and 60 mV at
f =0.1 Hzand y = 5% in the active electrodeposition stage;

3) the surfactant addition after 60 min from the beginning of the electrodeposition.
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