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Growth of bismuth telluride thin film on Pt by
electrochemical atomic layer epitaxy®
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Abstract: An automated thin-layer flow cell electrodeposition system was developed for growing Bi2Tes thin film
by ECALE. The dependence of the Bi and Te deposition potentials on Pt electrode was studied. In the first attempt,
this reductive Te underpotential deposition ( UPD)/reductive Bi UPD cycle was performed to 100 layers. A better
linearity of the stripping charge with the number of cycles has been shown and confirmed a layer-by-layer growth
mode, which is consistent with an epitaxial growth. The 4 3 stoichiometric ratio of Bi to Te suggests that the in-
complete charge transfer in HTeO3 reduction excludes the possibility of BixTe; formation. X-ray photoelectron
spectroscopy ( XPS) analysis also reveals that the incomplete charge transfer in HTeO? occurs in Te direct deposi-
tion. The effective way of depositing BixT es on Pt consists in oxidative Te UPD and reductive Bi UPD. The thin film
deposited by this procedure was characterized by X-ray diffraction(XRD), scanning electron microscopy(SEM) and
X-ray photoelectron spectroscopy( XPS). A polycrystalline characteristic was confirmed by XRD. The 2 3 stoichio-
metric ratio was confirmed by XPS. The SEM image indicates that the deposit looks like a series of buttons about
0.370.4 Um in diameter, which is corresponding with calculated thickness of the epitaxial film. This suggests that
the particle growth appears to be linear with the number of cycles, as it is consistent with a layer by layer growth
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1 INTRODUCTION

Thermoelectric materials are of interest for
applications as heat pumps and power generators.
One of the most promising thermoelectric materials
is thin film material, which offers tremendous
scope for ZT enhancement. The enhancement is a-
chieved by controlling the transport of phonons and
electrons in the superlattices. A Bi2Tes/ Sb2Ts su-
perlattice structure with a high ZT value of 2. 4 at
300 K, has been reported''’, which can compete to
a kitchen refrigerator. Thin films of bismuth tellu-
ride and related compounds have already been elab-
orated by flash evaporation'”, co-evaporation'”
molecular beam epitaxy'” and metakorganic chemi-

. In general, these meth-

cal vapor deposition'™
ods are performed in vacuum and are thermal
methods, achieving compound formation by heat-
ing the reactants and substrate.

Recently, bismuth telluride thin films have
methodolo-

been grown by electrodeposition

gies'” *. The advantages of electrodeposition in-
clude the fact that it is usually performed at or near

room temperature, which is considered low tem-

perature deposition. Low temperature deposition is
desirable for avoiding heat-induced interdiffusion of
adjacent layers of a structure, in addition, vacuum
atmosphere is no longer a necessity. Electrodeposi
tion also promotes conformal growth on other than
flat surfaces, and it is generally a low cost method-

ology.
studies of bismuth telluride are mainly focused on

Currently the electrochemical deposition

electrochemical codeposition. The codeposition in-
volves the use of soluble oxidized precursors of all
the elements making up the compound in a single
bath, as the name suggests, the method codeposits
both elements from the same solution. The resul
ting deposits often require post-deposition annea-
ling procedures, which negates the low tempera-
ture advantage of electrodeposition.

Atomic layer epitaxy( ALE) can form thin film
by using surface limited reactions. Electrochemical
atomic layer epitaxy (ECALE)'""" is the electro-
chemical analog of ALE. ECALE involves the al-
ternated electrochemical deposition of elements to
form a compound. Epitaxial deposition is achieved
by using underpotential deposition( UPD) as the
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means to achieve surface

[ 18721]

chemistry-limited
growth The phenomenon of UPD involves
the deposition of an atomic layer of one element on
a second, at a potential prior to (under) that nee
ded to form deposits of the element on itself. The
driving force is generally thermodynamic, invol-
ving the Gibbs energy of formation of a surface
compound. In order to avoid problems associated
with codeposition, alternate deposition of the ele-
ments is performed. The ECALE method uses po-
tential in place of temperature to limit deposition
and requires the definition of precise experimental
conditions, such as potentials, reactants, concen-
trations, pH, deposition times and so on.

II- VI compounds such as CdTe> ',
CdS'"" ™ and ZnSe'"™ have been successfully
formed using by EC-ALE, as well as I} V com-
pound InAs'"™, IIf VI compound In2Ses!™, 1V- VI

[ 16]

compound PbSe Recently Oznuluer and

Demir'"” reported the kinetics and growth mecha-

nism of VA- VIA compound Bi:S; by EC-ALE.
However, no work has been reported on the for-
mation of bismuth telluride V A- VIA compound
thin film by ECALE. Despite the element sulfur
and tellurium belong to VIA family of periodic ta-
ble, there are very significant differences for their
electrochemical aspects. In the present investiga-
tion, an automated computer controlled thin-layer
electrochemical flow-cell system is developed in this
group (Fig. 1). The preliminary study of the ECALE
process of bismuth telluride thin film, and the electro-
chemical aspects are reported in this paper.

2 EXPERIMENTAL

The deposition instrument consisting of peri-
staltic pumps, valves, programmable logistic com-
puter( PLC), a flow cell and potentiostat was used
under the control of a computer(Fig. 1). The elec
trochemical flow cell was similar to those described
by Flowers-Jr et al'” .
ment were progressed by this group and described
below. One involved the use of subminiature sin-
gle-directional valve bank to avoid problems with
mixture of solution each other via siphonal phe-

However, some improve-

nomena. The second approach involved the up-
turned flare of the channel at the inlet and outlet.
The structure utilized the buoyancy to dislodge
trapped bubbles automatically. T he third approach
was based on potential stabilization between the
reference electrode and the working electrode.
Here, the outlet stream of the cell was higher than
the reference electrode underside. The structure
ensured the reference electrode was contacted with
solution adequately, rather than the outlet stream
was level with the reference electrode underside,
thereby potentially eliminated potential excursion.
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Fig. 1 Schematic drawing of automated
electrochemical thin-layer flow deposition reactor

The cavity was defined by a Si( 100) wafer sub-
strate, coated with 1 Bm of Pt by magnetic sputte
a plate of Pt.
These electrodes were held apart by a 5 mm thick

ring and an auxiliary electrode,

gasket, which defined a 0.7 em X 3 ¢cm rectangular
opening. The plexiglass was transparent, allowing
the deposition process to be followed visually. The
reference electrode, saturated calomel electrode
(SCE), was positioned at the cavity outlet.

Solutions were prepared with high purity rea-
gents and twice distilled water. All bismuth solu-
tions consisted of 0. 000 1 mol/L. Bi(NOs)s °
5H:0, and using 0. 1 mol/L HCIlO4 as a supporting
electrolyte, pH 1. 5. Tellurium solutions were all
0.000 1 mol/L in TeO2, and also used 0.1 mol/L
HClO4 as a supporting electrolyte. The pH 8.5 Te
solutions were pH adjusted with ammonia. Vari-
ous blank rinse solutions were also utilized, with a
pH analogous to its respective deposition solution.
All solutions were deaerated by blowing purified
N2 gas through and over the solution for 30 min.
All experiments were performed at room tempera-
ture.

The XRD patterns were obtained with a
PhilipssPW 1710 X-ray diffractometer using CuKaq
radiation. SEM images were taken with a commer-
cial instrument ( Quanta 400). XPS spectra were
obtained using Al1Kq (1 486. 6 eV). The energy
scale for XPS measurements was calibrated setting
the Au 4f72 transition at a binding energy of 83. 98
eV.

3 RESULTS AND DISCUSSION

3.1 Tellurium electrochemical behavior

The voltammetry of Te on Pt in this solution
are shown in Fig. 2. There are two reductive volta-
mmetric features; the first peak C1 occurs at about
- 0.2V (vs SCE). Integration of this peak corre
sponds to a Te coverage of approximately one third
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of a ML, suggesting an apparently surface limited
deposition of Te. ML in this case refers to an a-
tomic layer of an element, not a compound ML,
which is defined as being one adsorbate atom for
each Pt surface atom. The reduction has been
shown to be a four electrons process:

HTeO3 + 3H" + 4e” Te+ 2H-0 (1)
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Fig.2 Cyclic voltammogram of 0. 000 1 mol/ L.
T eO2 in ammonia buffer solution

of pH 8.5 on Pt

(Scanning rate is 10 mV/s)

The second reduction feature C2 occurs near
— 0.5V and is the onset of bulk Te deposition.
The subsequent anodic stripping peaks are also
shown in Fig. 1. The bulk stripping peak A2 is
conjugated to the deposition peak C2, while A1l
corresponds to stripping of the initial Te UPD
peak, Cl1.

Studies by this group indicate that the Te
UPD process is kinetically slow, even more as so-
lutions become more basic, especially considering
the scanning rate was only 10mV/s. This problem
was circumvented by using what is referred to here
as oxidative UPD. Due to the low concentration of
HTeO: and the slow kinetics for Te deposition,
very little Te(bulk) formed. The HTeO: solution
was then exchanged for a blank electrolyte solu-
tion, and a potential sufficiently negative to reduce
Te (bulk), but not negative enough to reduce Te
(UPD), was applied:

Te(UPD)+ Te(bulk)+ H* + 2¢"

Te(UPD)+ HTe (2)

Fig.3 shows CVA in the pH 8.5 blank solu-
tion containing no Te redox system. The reduction
process at about — 1.0V only involves bulk depos-
ited Te. When the potential is scanned towards
more negative values, the second reduce of Te un-
derpotential peaks occurs giving an very narrow
and sharp shape current peak.

3.2 Bismuth electrochemical behavior
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Fig. 3 Cyclic voltammogram of bulk deposited
Te reduction to Te” in ammonia buffer
solution of pH 8.5

(Scanning rate is 10 mV/ s)

Fig. 4 shows the current-potential curves for
different Bi concentration deposition and stripping
on a Pt substrate. The relatively broad cathodic
peak between 0.5V and 0V, labeled C1, and the
stripping peak, labeled A1, are practically coinci-
dent, in spite of the concentration change. This
suggested A1 and C1 to be conjugative deposition
and stripping UPD peaks. In fact, because the
UPD process is surfacelimited, the charge in-
volved in the UPD is independent of concentration:
increasing concentration from 0.000 1 mol/L to
0. 000 4 mol/ L. causes only the bulk redox process
becomes more intensive. Fig.4 shows a clear
difference between cathodic and anodic charge,
which labeled C2 and A2 for the concentration va-
riety, corresponding to the bulk reduction and oxi-

dation respectively.
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Fig. 4 Cyclic voltammograms of Bi on
Pt obtained from 0. 000 1 mol/ L (dot line) and
0. 000 4 mol/ L. (solid line) Bi(NOs)3 * 5H20 in

prochloric acid solution
(Scanning rate is 10 mV/ s)
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3.3 Deposition of bismuth telluride thin films

In the first attempt, we tried to deposit Te dir
rectly. Thus an alternative way was adopted: Te
layer was deposited at — 0.1V, followed by rins-
ing with a blank. The Bi blank solution was then
introduced. The Te and Bi solutions differed in pH
by several units, so that rinsing with the Bi blank
solution served to condition the cell and the tubing
prior to the introduction of the Bi solution, avoi
ding incidental stripping of previous Te UPD layer
in a higher pH. The Bi solution was then pumped
in and held quiescent at 0. 2V, while Bi UPD layer
was deposited. This reductive Te UPD/ reductive
Bi UPD cycle is shown in Fig. 5(a). By this proce-
dure, we deposited up to 100 layers of bismuth and
tellurium. Fig. 6 shows plots of the charges for Bi
and Te stripping as a function of the number of
deposition cycles. The plots are approximately lin-
ear, thus suggesting a layer-by-layer growth. The
ratio of the slope of the two plots in Fig. 6 gives an
integrated charge ratio value of 1: 1 for bismuth
and tellurium. As HTeO3 reduction is a four elec
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Fig. 5 Diagram of an ECALE cycle for

bismuth telluride formation
(a) —Flow cell program for reductive Te
UPD/ reductive Bi UPD and two pH matched blanks rinses;
(b) —Flow cell program for oxidative Te
UPD/ reductive Bi UPD and two pH matched blanks rinses
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Fig. 6 Plots of charge involved in oxidative

stripping of Bi and Te as function of
number of ECALE cycles

tron process, Bi’* reduction is only a three elec
tron process, therefore the stoichiometric ratio of
bismuth to tellurium is 4 3, deviating from the
traditional compound Bi2Tes. The slight Te scarcr
ty may be due to the incomplete charge transfer in
HTeO: reduction for Te direct deposition. XPS a-
nalysis suggested the presence of a tellurium ox-
ide. Fig.7 shows the Te 3d spectrum, with an ele-
mental tellurium peak at 573.90 eV, and a signifi-
cant peak at 577. 15 eV, indicating the presence of
a tellurium oxide species. Excluding a possible oxi-
dation of the sample during the transfer to the
spectrometer, we attributed the oxidized state of
Te to the incomplete charge transfer in HT eO3 re-
duction, as indicated by the chronocoulometric
measurements already ( Fig. 6).

1 | = | L |
570 578 580 585 590 595

Binding energy/eV

Fig.7 Te3d XPS spectrum for
Te deposition at — 0.1 V on Bi deposited at 0.2V

In the second attempt, Te layers were deposi-
ted by reducing a small excess of bulk Te. We ap-
plied a potential equal to — 0.6 V for a deposition
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of bulk Te, and then a potential of — 1.1V, which
is sufficient to reduce bulk Te, but not the UPD
Te. Bi layers were still deposited at 0.2 V. The
basic ECALE cycle for the deposition is schema-
tized in Fig. 5(b).
deposited by this procedure. XPS quantitative a-

The 200 alternative layers are

nalysis of the 200 cycles sample, obtained by this
procedure, gave the 2. 3 stoichiometric ratio of Bi
to Te, as expected for the formation of the BixT e3
compound.

Fig. 8 shows XRD pattern of electrodeposited
compound for 200 cycles. It can be seen that single
phase BizTes compound is obtained except the
prominent substrate [ 111] reflection. However, it
reveals polycrystalline deposits. There are three
primary reasons for the formation of polycrystal-
line deposits: the absence of an ordered substrate
structure; lattice match between substrate and de-
posit; and substrate, solvent, reactant and electro-
lyte contamination. To address these problems and
to promote the epitaxial electrodeposition of com-
pound semiconductors, careful selection of lattice
matched single-crystal substrates will be necessary
in order to avoid interfacial strain and promote or-
dered deposition.

30

o — Pt
hil: BiyTe,

10 20 30 40 50 60 70 80
20/(%)
Fig. 8 XRD pattern for 200-cycle Bia T e3 deposit
Fig. 9 shows the SEM image of a sample
formed with 200 deposition cycles. The deposit
looks like a series of buttons homogeneously dis-
tributed over the whole surface. The SEM micro-
graph shows distinct crystallites separated by grain
boundaries and other crystallites without preferen-
tial orientation. This remark is confirmed by X-ray
diffraction measurements obtained for films.

One explanation for the morphology is that it
results from the sequential preferential deposition
of monolayers of Bi2Te; on nucleation sites, on the
surface. The buttons in Fig. 9 are about 0.3 7 0. 4
Hm in diameter. The crystal structure of bismuth
telluride is rhombohedral with the space group
(R3m). Crystal structure of Bi2Tes along the XZ

04 | HEW | -
26 PV 142 67 ym

Fig. 9 SEM image of sample formed with
200 deposition cycles of Bi2Tes on Pt

plane shows the quintuple layer leaves of TeBrTe
BrTe separated by a Van der Waals gap. A mono-
layer of BixT es corresponds one fifteenth of the lat-
tice constant for the hexagonal unit cell, 3.03 nm
or 0. 202 nm approximately. The expected thick-
ness of the film would thus be 40. 4 nm for 200 cy-
cles, or about 0. 4 Hm, which is corresponding
with the buttons diam. This suggests that the par
ticle growth appears to be linear with the number
of cycles, as it is consistent with a layer by layer
growth mode.

T he preferential nucleation sites mainly origi-
nate from the surface defects of the substrate by
magnetic sputtering. In addition, the lattice mis-
match of Pt with BixTes is close to 10%, which
should result in the formation of an array of dislo-
cations, within the first few deposited BixT es mon-
olayers. It is clear that wellcharacterized single
crystal substrates should be employed and that top-
quality morphology will be obtained much readily
on an ordered, lattice matched substrate.

4 CONCLUSIONS

The attempt to extend the ECALE methodolo-
gy to the attainment of a typical V- VIcompound,
such as BixTes on Pt, leads to a variation of the
method since Te layers cannot be obtained by
underpotential depositions directly. Thus, the re-
ductive deposition of Te is combined with a bulk
Te stripping to remove excess material. This
process is referred to here as oxidative Te UPD.
Oxidative UPD of Te and reductive UPD of Bi were
alternated and repeated for 200 cycles. The resul
ting deposit was measured by XPS, XRD and
SEM. The stoichiometric 2. 3 ratio of Bi: Te, as
expected for the formation of the compound, was
confirmed by XPS analysis. XRD pattern shows a
polycrystalline deposits. SEM image indicates that
the diameter of deposit is consistent with calculated
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thickness of the epitaxial film. This suggests that
the particle growth keeps to a layer by layer

growth mode.

[ 10]
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