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Abstract: This work deals with the deposition of a Sb,Ses thin film on a Pt substrate using Electro-Chemical
Atomic Layer Epitaxy (EC-ALE). We first investigated the UPD of selenium on a Pt substrate. Two routes
have been evidenced to get a UPD layer of Se, either the polarization of the Pt-substrate at around 0.35 V
in the Se solution or the deposition of full UPD Se together with bulk deposition of Se and dissolution of
the latter one at lower potentials. The following investigation on the electrochemical behavior of
antimony on selenium-covered platinum electrode by cyclic voltammetry and anodic potentiodynamic
studies led us to choose the two-steps procedure for the Se deposition. After an optimization of the
deposition parameters, the alternate deposition of Sb and Se elements to form the Sb,Ses compound by
EC-ALE on platinum substrate has been performed. The stoichiometry of the deposited film has been

evaluated by coulometry and it has been confirmed by atomic force microscopy (AFM).
Keywords: Underpotential deposition; EC-ALD; Cyclic voltammetry; Coulometry; AFM; Sb,Ses;
Introduction

Sbh,Ses is a V-VI semiconductor with a layered crystal structure (space group Pnma; n°62) [1]. This
compound is interesting as a thermoelectric material on two counts: first, it has a Seebeck coefficient of

46.2 pV/K in its polycrystalline form [2], and second, it is a component of the solid solutions
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(Bi,Sb),(Te,Se)s, which are the best materials used to date for cooling applications [3-7]. In addition, it also
has promising applications in several other fields such as optoelectronic, photovoltaic and batteries. As a
consequence, both elaboration and characterization of this compound have been widely studied (see for
example Ref. [8-13]). Miniaturization of the thermoelectric devices requires the use of thin films, which
are usually prepared by physical methods under vacuum. Electrochemical deposition may provide an
alternative process to these classical methods. Indeed, by contrast to other methods, electrochemical
deposition is a low cost, room temperature production technique, which allows one to cover substrates
with complex shapes. Some studies have already been reported on electrochemical deposition of Sbh,Ses
[14-17]. Compared to other electrochemical methods, EC-ALE allows one to obtain deposits with flat
surface which can easily be used for instance in the elaboration of superlattices. These nanostructures
exhibit the highest Seebeck coefficients so far. The Electrochemical Atomic Layer Epitaxy (EC-ALE)
technique, which was put forward by J. Stickney [18], was used in a previous work to deposit Sb,Se; on a
polycrystalline gold substrate [19]. This method is based on the alternate underpotential deposition (UPD)
of atomic layers of the elements to make up a compound, advantageously combining the technique of
electrochemical deposition and that of atomic layer epitaxy (ALE). Since separate solutions and potentials
are used to deposit atomic layers of each element, all the steps of each cycle can be investigated and
optimized independently. Ideally, one cycle of deposition results in the formation of one compound
monolayer, the number of cycles determining the overall thickness of the complete electrochemical
deposit. The process of electrodeposition is highly related to the nature of the substrate. However, in
spite of the wide utilization of platinum as substrate material for electrodeposition, only few
investigations involving this substrate have been carried out in the field of EC-ALE [20-22] and none of
them concern the Sh,Se; deposition. We recently investigated the deposition of Se and Sb on Pt substrates
[23]. It was shown that the Se-UPD layer with full coverage could be directly formed on a Pt substrate.
The cyclic voltammograms also showed that the two-step method needed for Se-UPD deposition on Au
substrate [19], which consisted in the deposition of UPD together with bulk Se followed by the dissolution
of bulk Se, could also be carried out on Pt substrate. The Sb underpotential deposition on Pt substrate is
much more complex. It implies a multi-step process including an unavoidable preliminary adsorption of
SbO* species on the Pt electrode, followed by their reduction to metallic Sb and further underpotential

deposition of Sb on this Sb-modified Pt electrode to increase the coverage of the metallic Sb monolayer.

In this work, based on these previous results [23], we investigated the electrochemical behavior of

antimony on a selenium-covered platinum electrode by means of cyclic voltammetry, anodic



potentiodynamic measurements and coulometry, and performed the EC-ALE process to elaborate Sb,Ses

thin films that we characterized by coulometry and atomic force microscopy (AFM).

1. Materials and methods

1.1. Reagents

Solutions were prepared using ACS reagent grade or higher-grade chemicals (Sigma-Aldrich, Inc., USA) and
deionised water (Milli-Q > 18.2 MQ-cm, Merck KGaA, Darmstadt, Germany). In this study three different
solutions have been used: 1) the antimony solution containing Sb>03 (99.999%) and the supporting
electrolyte Na,SOs, with concentration of 0.05 mM and 0.2 M, respectively; 2) the selenium solution
containing Se0; (99.999%) and Na,SO4, with concentration of 0.5 mM and 0.2M, respectively; 3) the blank
solution consisting in supporting electrolyte solution with same pH and ionic strength as the ones of
deposition solutions. This latter one was used to rinse the electrochemical cell. The concentrations of
Sb,03; and SeO, were chosen based on both literature data and experimental observations. The
concentration used in literature for Sb,05 solutions [20, 24-30] ranges from 0.01 mM to 0.05mM, and we
can confirm from experiment that 0.05 mM which is the most often used concentration, is higher than
the solubility limit of antimony oxide in sulfuric acid solution. The concentration used in literature for SeO;
solutions [22, 31-43] ranges from 0.05 mM to 2 mM, with 0.5 mM as the most often used one. The pH
values for all the solutions were adjusted to 1.00 with H,SO,. All the solutions were freshly prepared and
degassed for 30 minutes with pure Ar gas (Ar Bip, Oz < 10 ppb, Air Products and Chemicals, Inc., France)
just before starting each series of measurements. All the solutions were maintained under Ar atmosphere

during the experiments, which were performed at room temperature.

1.2.Substrates

The platinum substrates consisted of quartz slides, coated with 200 nm thick platinum films (99.9% pure)
by physical vapor deposition. A thin layer of Cr (25 nm) was beforehand deposited under the Pt film to
improve the adhesion of platinum onto quartz. Before use, the platinum substrates were first annealed
at 375 °C for 18 h in sealed glass tubes under vacuum (10 Torr) and then soaked in hot nitric acid for 5
min. Before each experiment, in order to clean and check the substrate, cyclic voltammetry (CV) scanning
(repeated 25 times) of the Pt substrate in 0.1 M H,SO, solution was performed with potential varying from
-0.27 to 1.20 V. The real area of the Pt electrode was estimated to be 3.79 cm?. This estimation was done
from the I-t curve of CV by integrating the reduction peaks of adsorbed hydrogen ions (see our previous

paper [23]).



1.3.Electrochemical equipment

All the electrochemical experiments were performed with the EC-ALE equipment developed in our group
and described in our previous works [19,44]. In the electrochemical cell, a platinum sheet (Sigma-Aldrich,
Inc., USA) is used as counter electrode. The working electrode is made of platinum substrate. All
electrochemical potential values are measured with respect to the potential of an Ag/AgCl reference
electrode (3.0 M NaCl, 0.209 V vs. standard hydrogen electrode (SHE), Ametek, Inc., USA). The atomic
layer deposition of Se and Sb elements was electrochemically studied by means of cyclic voltammetry,

anodic potentiodynamic scanning and coulometry.

1.4. Deposit characterization

The Sb,Ses thin films were characterized by coulometry and atomic force microscopy (AFM). The AFM
measurements were performed with a Bruker Nanoscope Dimension 3100 atomic force microscope (AFM,
Bruker, Palaiseau, France) in the tapping mode under ambient conditions. The cantilever tips were Silicon
Point Probe Plus NCSTR (Nanosensors, Neuchétel, Switzerland; force constant 6.5 N/m, resonance

frequency 157 kHz). All the image treatments were performed using Gwyddion [45].

2. Results and discussion

As noted in the Introduction section, the formation of both Sb and Se atomic layers on Pt was already
investigated in our previous paper [23]. The results are as follows.

As it was shown in literature [46-52] that antimony can adsorb irreversibly on Pt surface by simply
immersing Pt electrode in a solution containing SbO* ions at the OCV, we designed the following
experimental procedure to adsorb adequate Sb species on a clean Pt electrode : (i) Before the beginning
of the experiments, the clean Pt electrode is placed in the electrochemical cell filled with blank solution ;
(i) the Sb solution is introduced into the electrochemical cell and kept flowing for 5s. Then the Sb solution
is kept still for 15 s ; (iii) the step (ii) as a cycle is repeated totally for 40 times, and the variation of the
OCV of Pt electrode during this process is recorded (see red curve in Figure 1) ; (iv) as a control, a similar
experiment procedure is performed as steps (i) to (iii), but during the whole process the blank solution is
used instead of the Sb solution. The evolution of the OCV of Pt electrode during this process is shown as
the black curve in Figure 1.

From the results shown in Figure 1, one can see that the OCV of Pt electrode decreases continuously in

the Sb solution, indicating that Sb species (SbO*) are indeed adsorbed irreversibly on Pt electrode. Before



the beginning of the experiments, the clean Pt electrode is kept in the electrochemical cell filled with blank
solution, where the OCV is approximately 0.70 V. The high OCV is due to the chemical oxygen Ochem
adsorbed on Pt electrode in an acid solution environment according to the literature [46]. When the Sb
solution is introduced into the cell, the SbO* species are irreversibly adsorbed on Pt and replace the
adsorbed chemical oxygen Ochem at their sites, leading to the structural change of the double-layer on the
surface of Pt electrode. The structural change of the double-layer leads to the change of OCV. Therefore,
the decrease of the OCV demonstrates the occurrence of the irreversible adsorption of Sb species. The
OCV of Pt electrode in Sb solution approximately reaches a plateau after 800 s (40 cycles), indicating that
the amount of irreversibly adsorbed Sb species reaches a maximum. This observation also illustrates that
the irreversible adsorption process of Sb species on Pt substrate is kinetically slow, or in other words, the
process of replacing Ochem by SbO* species is kinetically slow.

At the opposite, the underpotential deposition of Se on Pt substrate was quite straightforward. Therefore,
in the present work, we started the alternate deposition of Sb and Se elements by first depositing Se

atomic monolayer onto the Pt electrode.
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Figure 1. Evolution of the OCV of Pt electrode during the irreversible adsorption process of Sb (red curve)

compared to a reference experiment with blank solution (black curve).

2.1.UPD of Selenium on Pt substrate (Pt/Se)

The underpotential deposition of Se element on Pt substrate was carried out on the basis of our previous
investigation reported in [23]. At the time, it was shown that the underpotential deposition of Se occurred

at 0.48 V (with respect to the potential of Ag/AgCl reference electrode) and its bulk deposition occurred



at 0.24 V, which leads us to conclude by comparison with results of ref. [53], that Se is preferentially
deposited onto Pt(111). As with the UPD of Se on Au substrate [19], two additional reductions were
evidenced at lower potentials: 1) the reduction of 3-D bulk-deposition of Se to H,Se, which is soluble, at -
0.34V, 2) the formation of red Se due to the coexistence in the cell of HSeO* and H,Se at -0.4V. Therefore
there are two possibilities to get a UPD layer of Se, either the polarization of the Pt-substrate at around
0.35 V in the Se solution or the deposition of full UPD Se together with bulk deposition of Se and
dissolution of the latter one at lower potentials. For the first Se layer, both procedures are relevant.
However, a polarization at 0.35 V cannot be used for the deposit in the subsequent cycles since the
stripping of UPD-Sb on Se-covered Pt substrate starts occurring below 0.35V, as demonstrated below in
section 2.2. Therefore, the two-steps procedure was used in the present work. The potential window to
deposit both UPD and bulk Se is [-0.25V, 0.1V] as evidenced in [23]. Thus, the procedure for the first layer
deposition will be as follows: i) the Pt electrode is rinsed for 15 s in the Se solution at OCV and kept for 10
s in this solution at 0 V to deposit the bulk Se ; ii) while the electrode is maintained at the same potential
the cell is rinsed with blank solution for 10 s to get rid of HSeOs ions in order to avoid the formation of
red Se ; iii) the potential is moved down to — 0.36 V and maintained at this value for 10 s while the blank

solution is rinsing such that bulk Se is reduced to HSe".

2.2.UPD of antimony on Se-covered Pt substrate (Pt/Se/Sb)

The investigation of the UPD of antimony on Se-covered Pt was performed as follows: (i) the previously
prepared UPD Se-covered electrode was kept at 0.45 V, a potential where the UPD-Se layer is stable, while
the Sb solution was introduced into the cell; (ii) the UPD Se-covered electrode was scanned from 0.45 V

to —-0.35 V and positively back to 1.05 V.

Figure 2 shows the CV curve of the Se-covered Pt electrode in Sb solution. C1 and C2 peaks are assigned
to the UPD peaks of Sb on Se-covered Pt electrode and A2, A3 and A4 their corresponding stripping peaks.
Such assignment is based on a detailed study of the peak evolution during anodic potentiodynamic
scanning after different polarizations reported in the following part of the present section. In agreement
with previous results [18], the additional peaks appearing in the anodic part of the curve in the range [0.7V
— 1V] correspond to the stripping peaks of Se UPD on the Pt electrode. No peak that could be assigned to
bulk Sb deposition or stripping, is observed in the CV curve. It could be due to the fact that bulk Sb
deposition, which is closely related to the concentration of the solution (0.05 mM), is slow and cannot

occur to a large extent during a relatively fast cyclic voltammogram (20 mV/s). This assumption is



supported by the results presented just below that show the need for long polarization duration to
observe the appearance of the stripping peak of bulk Sb. One can find similar electrochemical behavior of

antimony in the literature [26-27,54-55].
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Figure 2. Voltammograms of Se-covered Pt substrate in the Sb solution at pH 1.0. The scanning rate is 20

mV/s.

In order to determine the optimum potential for Sb UPD onto Se-covered Pt, i.e. the potential leading to
a high coverage of Sb UPD while avoiding the Sb bulk deposition, we performed an anodic
potentiodynamic scanning experiment. The Se-covered Pt electrode was polarized for 20 s at various
potentials (from -0.16 V to -0.26 V) while the Sb solution was kept flowing through the cell to provide
enough Sb ions. Then the cell was rinsed by the blank solution and the anodic potential scanning was
performed up to 1.05 V. The current curves are given in Fig. 3a. When the polarization potential was equal

or higher than -0.20 V, five peaks (A2 - A6) only were observed on the curve.

For potentials equal or lower than -0.21 V an additional peak, Al, could be seen and its intensity increased
as the polarization potentials decreased. Therefore, the peak Al should correspond to the oxidative
stripping peak of the bulk deposited Sb. According to these results, a potential higher than -0.20 V has to

be chosen for the UPD Sb on Se-covered Pt substrate.

Since the Sb concentration of the solution is low (0.05 mM), the Sb bulk deposition should be slow.
However, to ensure that bulk deposition of Sb was avoided, we performed two additional experiments.

The Se-covered Pt electrode was polarized for different durations at -0.20 V (Fig. 3b) and -0.19 V (Fig. 3c)



in a flowing Sb solution to provide enough Sb ions, then the cell was rinsed with blank solution and an

anodic potential scanning was performed up to 1.05 V with a scanning rate of 20 mV/s.
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Figure 3. Anodic potentiodynamic scanning curves of the Se-covered Pt substrate obtained in the
blank solution at pH 1.0: i) after polarization for 20 s at various potentials (Fig. 3a); ii) after polarization
for different durations, at -0.20 V (Fig. 3b), at -0.19 V (Fig. 3c). In all cases, the polarizations were
performed in a flowing Sb solution and the cell was rinsed before the anodic potentiodynamic

measurements. The scanning rate was 20 mV /s.

As shown in Fig. 3b, the Al peak corresponding to the oxidation of the bulk Sb deposition is observed
when the polarization potential is -0.20 V for a time duration of 40 s and 60 s. By contrast, when the
polarization potential is -0.19 V, irrespective of the time duration, this peak does not appear (see Fig. 3c).
Therefore, the ideal potential for Sb underpotential deposition on a Se-covered Pt electrode seems to be
-0.19 V and the chosen procedure is as follows. After having rinsed the cell for 60 s with the Sb solution,

the Pt electrode is kept in this solution for 10 s at -0.19 V and then rinsed with blank solution at the same

potential for 15 s.

2.3. Elaboration and characterization of Se-Sb compound for three EC-ALE cycles (6 atomic layers)

2.3.1. Alternative deposition of Se and Sb



The underpotential deposition parameters for the first three EC-ALE cycles were defined based on the

above results. They are given in Table 1.

The potential window to deposit both UPD and bulk Se is [-0.25V, 0.1V] as evidenced in [18]. Thus, during
the second and third cycles, in order to narrow the potential variations in the system, a potential similar

to the value used for Sb UPD was used for the Se deposition.

Owing to changes in the atom environment and in the film resistance during the completion of the
successive depositions, the deposition parameters had to be adjusted and are thus somewhat different

from cycle to cycle.

Generally, as the alternative deposition progresses, the deposited part will generate additional resistance
[26-27,54-55], which will cause the deposition potential to shift negatively. In our experiments, we tried
different negatively-shifted potentials for deposition, and then determined the deposition potential of
each layer according to the amount of stripping from anodic potentiodynamic scanning curve. The
optimization of the experimental parameters has to be done at the beginning of the deposition. After
three cycles, the latter values can be used for all the subsequent cycles, which is why we limited the

deposition to 3 cycles.

For each cycle in step 1, the solution containing the reactant (I for Se, Il for Sb) is introduced into the cell
and is kept flowing in it during few seconds to properly fill in the cell. Step 2 corresponds to the deposition
one ; the solution is then maintained static to avoid perturbations in the process. In step 3, the cell is
rinsed with the blank solution flowing in it for few seconds. In step 4, when relevant, the applied potential

is greatly reduced to dissolve bulk Se.

Table 1. Electrodeposition parameters of the first three EC-ALE cycles for Sb-Se compound

Cycles | Elements | Step 1 Step 2 Step 3 Step 4

Cyclel | Se I,OCV, 15s 5,0V, 15s IM,0V,10s I,-0.36V,10s
Sb Il,-0.19V,60s | II5,-0.19V, 10s | Ill,-0.19V, 15 s

Cycle2 | Se l,-0.19V,15s | I),-0.19V,15s | Ill,-0.19V,10s | Ill,-0.40V, 10s
Sb I,-0.20V,45s | II°F,-0.20V, 25s | Ill,-0.20V, 15 s

Cycle 3 | Se l,-0.20V,15s | I),-0.20V,15s | Ill,-0.20V,10s | Il,-0.40V, 10s

10



Sb II,-0.20V,45s | 1I5,-0.20V, 25s | Ill,-0.20V, 15 s

I, I, and lll represent the flowing Se, Sb, and blank solutions, respectively. 1> and I1° represent the static
Se and Sb solution, respectively. OCV: open circuit voltage

After each cycle, an anodic potentiodynamic scanning was performed. The corresponding curves are
plotted in Fig.4. In all cases, the stripping peaks of both Sb and Se can be observed. For the first layer the
curve is in agreement with those presented in Figure 3. There are 3 stripping peaks at around 0.1V, 0.45
V and 0.6 V for Sb and 2 stripping peaks at around 0.75 V and 0.9 V for Se. For the subsequent layers,

additional peaks appear around 0.6V, they can be related to the stripping of Se atoms deposited onto Sb

ones.
400+
The stripping curve of the deposit:
1 layer
o 2 layers
g 3004 —— 3layers
<
=1
>
2200
c
[0)
S Sb
g 100+
5
O
01 =

-0.2 0.0 0.2 0.4 0.6 0.8 1.0
Potential / V (vs. Ag/AgCl)

Figure 4. Anodic potentiodynamic scanning curves obtained after each cycle (Se + Sb)

2.3.2. Coulometry analysis

After deposition, each atomic layer is immediately removed using the blank solution, and the amount of
electric charges is calculated by integrating the corresponding oxidative peak in current-time curve while
deducting the background current. The results are shown in Fig. 5. As expected, the calculated charges for
both Se and Sb deposits increase linearly with the number of cycles. The corresponding slopes are 981 uC
cm™2 and 482 uC cm™, respectively. The coverage rate for both Se and Sb can be estimated from these

results ; the values are 0.7 ML and 0.5 ML, respectively.
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Figure 5. Charges involved in the oxidative stripping of Se and Sb as a function of the number of EC-ALE

cycles.

Since the reduction of Se and Sb involves four and three electrons, respectively, the determination of the
stripping charges leads to a stoichiometric ratio of 3.06:2 for Se to Sb. This stoichiometric ratio

approximates that of the Sb,Se; compound.

2.3.3. Atomic Force Microscopy

The morphology of the deposited layer analyzed by AFM is shown in Figure 6a along with the morphology
of the Pt substrate in Figure 6b. As expected, the average roughness increases from the bare Pt substrate
(2.63 nm) to that of the deposit layer (3.45 nm). No information on the coverage rate can be obtained
from these results, however by measuring the contact potential difference (CPD) we are able to determine
the work function of the sample surfaces and evaluate the stoichiometry of the deposit.

If the work function of the sample surface differs from that of the tip, an electrostatic force originating
from the adjustment of the Fermi levels between the tip and the sample occurs when the applied voltage
between the tip and the sample is zero. When the applied voltage corresponds to the work function
difference, no electrostatic force occurs. When oscillating the tip voltage, the gradient of the electrostatic

force is modulated and detected as frequency shift of cantilever resonance frequency [56].
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Figure 6. Atomic force microscopy (AFM) micrographs of (a) 3 cycle-Sb-Se deposit on Pt substrate and (b)

bare Pt substrate.

Figure 7 shows the shift in frequency of the cantilever resonance as a function of the bias voltage applied
to the tip to null out the contact potential for the Pt/tip system (Fig. 7a) and for the Sh,Ses-Pt/tip system
(Fig. 7b). In each case, the data are well fitted with a quadratic function; the corresponding equations are
given in the figure. This evolution agrees with the quadratic variation of the electrostatic force with the
applied bias voltage [57]. The maximum of the frequency shift corresponds to a voltage of -23,5 mV for
the Pt/tip system and of 255 mV for the Sh,Ses-Pt/tip one. The bias voltage is much higher for the Sh,Ses-
covered Pt substrate. Since the contact potential is due to the difference in work function between the
tip and the sample, the work function of the deposit can be calculated as follows: Ws (deposit) = - e. V
(Sb,Ses-Pt/tip) - e. V (Pt/tip) + Ws (Pt) = 5.42 eV

V (Sb,Ses-Pt/tip) and V (Pt/tip) are the bias voltages of the two systems and Ws (Pt) is the work function
of Pt. The value of the work function for platinum equals 5.65 eV [58]. By using the work functions of Sb
and Se (4,7 eV and 5,9 eV, respectively), the work function of Sb,Ses can be evaluated with the following
relation: Ws (Sb,Ses) = [2 x Ws(Sb) + 3 x Ws(Se) ] /5. Its value amounts to 5.42 eV, which is identical to the
calculated one from measurements (see above). This result supports that the deposit obtained via EC-ALE

corresponds to the expected compound, Sbh,Ses.

13



0 T

Frequency shift (Hz)
Frequency shift (Hz)

Il
-10 -8 -6 -4 -2 0 2 4 6 8 1q -
Tip bias (Volt) Tip bias (Volt)

Figure 7. Frequency shift vs. bias voltage with the tip placed above (a) the Sb,Ses-Pt system, (b) the Pt

substrate. The data are fitted with a quadratic function.
Conclusion

Voltammetry, anodic potentiodynamic scanning and coulometry experiments have been performed to
optimize the electrochemical deposition parameters for Sb-Se thin films on platinum substrates. Based on
previous results regarding the electrochemical behaviors of selenium and antimony on bare platinum
electrode, the electrochemical behavior of antimony on a selenium-covered platinum electrode has been
investigated and once the parameters optimized, the alternate deposition of Sb and Se elements by EC-
ALE has been carried out. By using coulometry and AFM measurements, it was shown that the

stoichiometry of the Sbh-Se deposit corresponds to that of Sb,Ses.
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