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Electrodeposition of SbTe thin films was investigated at room temperature, where amorphous deposits were obtained. The
electrodeposition of Sb was found to be induced by Te, while the latter was not affected by the Sb. Detailed studies on this induced
deposition were carried out by varying the Sb�III� and Te�IV� concentrations, pH, and agitation. The Sb deposition rate was found
to be independent of the concentrations of both species but dependent on the pH and agitation. A phase transition from amorphous
films into crystalline Sb2Te3 at 120°C was observed for the plated SbTe.
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Electrodeposition of compound semiconductor materials, includ-
ing II–VI,1 III-V,2-4 III-VI,5 IV-VI,6 and V-VI 7-11 binary com-
pounds and some ternary compounds,12 have been attracting more
and more attention as they find many applications in optical, photo-
voltaic, phase-change solid memory, and thermoelectronic devices.
Among them, SbTe can be used, either alone or by alloying with
other elements, for solar cells,13 thermoelectric devices,14 and
phase-change devices.15

Phase-change devices use materials that can be switched between
two distinct states, amorphous and crystalline. Some properties of
the materials are so different at these two states that they can be used
as digital information for microelectronic applications such as re-
writable optical storage and solid-state memory. Sb-based alloys,
particularly SbTe-based alloys, are currently being studied exten-
sively as phase-change materials.15 However, these phase-change
studies are all based on materials deposited by vacuum processes.

Some limited studies have been recently reported on other
processes,16-18 including electroplating,7-9 for the preparation of
highly crystalline Sb2Te3 thin films and nanostructures. For ex-
ample, Leimkühler et al.7 developed an electroplating process at
relatively high temperature ��100°C� and successfully plated
Sb2Te3 crystals. The deposit composition could be adjusted by the
Sb/Te ratio in the plating solution and the lattice parameter was
found to change gradually from Sb to Sb2Te3. Furthermore, by using
an electrochemical atomic layer deposition �ECALD� process, Yang
et al.9 electroplated highly crystalline Sb2Te3 compounds on Pt sub-
strate. Aside from these limited studies on the electrodeposition of
crystalline SbTe, no studies have been reported on the amorphous
SbTe alloys, which is of great interest for phase-change applications.
In this report, electrodeposition was carried out at room temperature,
where amorphous SbTe alloys are obtained. Studies were focused on
the interaction between the two elements during electrodeposition
and an induced electrodeposition was reported. The phase-change
property of the electrodeposited alloy was also characterized and
reported for the first time.

Experimental

Electrodeposition was carried out at room temperature �20°C� in
solutions containing 0.21 M sodium citrate, 1 M HNO3, and various
amounts of SbCl3 and TeO2. The details of the solution ingredients
are listed in Table I. In order to make the alloy solution, SbCl3 and
TeO2 were dissolved separately in sodium citrate solution and con-
centrated HNO3, respectively, and were then mixed under agitation.
The pH of the final solution was adjusted with NaOH. At the pH of
this study, the Sb and Te were expected to be present in the forms of
SbO+ and HTeO2

+, respectively.7,12,19 However, due to the presence
of the citrate complexing agent, Sb�III� and Te�IV� are used in this
paper to refer to the cation species in solution.

A traditional three-electrode cell was used for electrodeposition.
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A platinum mesh was used as counter electrode and a saturated
calomel electrode �SCE� as reference. The working electrode is a
rotating disk electrode �RDE�, onto which a cathode substrate was
mounted. Cu plates and Si covered by a physical vapor deposited
�PVD� TiN layer were used as cathodes for polarization studies and
galvanostatic plating, respectively. In order to avoid the ohmic error
in potentiostatic plating due to the solution resistance and substrate
resistance, partial current densities were obtained from the deposi-
tion rate of each element in galvanostatic plating experiments and
the corresponding potential in the polarization studies. Except for
cases otherwise stated in the report, the galvanostatic plating experi-
ments were controlled by a constant total charge of 240 mC/cm2,
corresponding to a film thickness of around 100–150 nm depending
on the current efficiency. The transient effects due to the substrate
characteristics and the nonsteady-state plating are believed to be
minimized for a film within this thickness range.

Cu substrate was used in polarization studies to avoid any resis-
tance of the substrates. The Cu plates were mechanically polished
and cleaned with 0.5 M sulfuric acid before electroplating. Before
each polarization study, the Cu substrate was preplated in the same
solutions at −2 mA/cm2 for 10 s to form a layer of Te or Te-rich
layer. The Si wafers were antimony-doped n-Si�100� with a resis-
tivity �0.03 � cm, cleaned by a standard RCA clean process to
remove organic contamination and surface oxide. A layer of 75 nm
TiN was deposited on Si by PVD, called TiN substrate in this paper.
TiN substrates were used in all the galvanostatic plating experiments
on which smoother deposits were achieved �see Results and Discus-
sion section�. A 1:100 dilute HF dip for 2 min followed by 18 M�
deionized �DI� water rinse and nitrogen blow dry was carried out
immediately before the Si or TiN was mounted onto the rotating
disk electrode �RDE� for electrodeposition. InGa eutectic was used
to ensure ohmic contact.

An EG&G 273 potentiostat by Princeton Applied Research, Inc.,
was used as a power source for the electrochemical studies. The
morphology and crystal structure of the films were characterized
with an AutoProbe atomic force microscope �AFM� under tapping
mode and a Philips X-ray powder diffractometer with a Cu X-ray
source �K� = 1.54 Å�. Time-resolved X-ray diffraction �XRD� was

Table I. Different solutions used in the study.

Solution
SbCl3
�mM�

TeO2
�mM�

Citrate
�M�

HNO3
�M� pH

1, Sb only 10 0.21 1 2.3
2, Te only 5.0 0.21 1 2.3
3 10 5.0 0.21 1 2.3
4 20 5.0 0.21 1 2.3
5 10 10.0 0.21 1 2.3
6 10 2.5 0.21 1 2.3
7 10 1.0 0.21 1 2.3
8 10 5.0 0.21 1 3.3
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performed at beamline X-20C of the National Synchrotron Light
Source using an X-ray wavelength of 1.797 Å. The thickness of the
pure elemental deposit was obtained with a KLA-Tencor stylus pro-
filometer. The composition and thickness of the SbTe alloy films
were obtained by proton-induced X-ray emission �PIXE� using pro-
tons at 1.15 MeV.20 As the deposited films are extremely smooth on
the TiN substrates, the thickness measurements are believed to be
accurate enough for partial current density and current efficiency
calculation.

Results and Discussion

Studies were first carried out in pure elemental plating solutions
for Sb or Te �solutions 1 and 2 in Table I�. Figure 1 shows the
polarization curves in these two solutions. The pure Te plating cur-
rent starts to increase at −0.3 V �SCE� and a current plateau was
observed between −0.4 and −0.8 V �SCE�. As the hydrogen evolu-
tion reaction on the Te surface has a very low overpotential and a
high exchange current density,19 the current plateau observed in Te
plating was believed to be the mass-transport control for the depo-
sition of Te and the hydrogen evolution reaction. The plating current
in the Sb solution starts to increase significantly at about −0.65 V
�SCE�. Galvanostatic plating was carried out at different current
densities on TiN substrates, and the current efficiencies were calcu-
lated from the film thickness. As shown by the solid squares in Fig.
1, the current efficiency was close to 100% for pure Sb plating at
low current density, consistent with the very low exchange current
for hydrogen evolution reaction on Sb surface.19

At a pH of 2.3, the SbCl3 and TeO2 were believed to be present
in forms of SbO+ and HTeO2

+.19 According to Eq. 1 and 2, the
reversible potentials are 0.17 and −0.16 V �SCE� for HTeO2

+ and
SbO+, respectively. Because citrate was used in all solutions in this
paper, deviation in the reversible potential is expected due to the
complexing effect. However, Te deposition always started at a much
more noble potential than Sb, as observed in Fig. 1

HTeO2
+ + 3H+ + 4e− → 2H2O + Te

E0�NHE� = 0.551 − 0.0443 pH + 0.0148 log�HTeO2
+� �1�

SbO+ + 2H+ + 3e− → H2O + Sb

E0�NHE� = 0.212 − 0.0394 pH + 0.0197 log�SbO+� �2�
Studies were then carried out in solution 3 in Table I, an alloy

solution with the same concentrations as the elemental solutions but
with both elements. Figure 2a shows the polarization curve with the
partial current densities of Sb deposition, Te deposition, and the side
reaction. The Te deposition was under mass-transport control for the

Figure 1. Polarization curves in �i� Te-only and �ii� Sb-only solutions and
��� the partial current density of Sb deposition in the Sb-only solution.
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potential range of study. The sum of the Te deposition and side
reaction is the same as the total current in elemental Te plating
presented in Fig. 1. In other words, the presence of Sb did not
change the Te deposition. On the contrary, the Sb deposition was
significantly altered by the codeposition of Te. The deposition po-
tential of Sb was shifted to −0.4 V �SCE� as compared to −0.65 V
in the case of elemental Sb deposition, a characteristic feature of
induced electrodeposition. The following studies are mainly focused
on this induced codeposition regime, or a potential range of −0.4 to
−0.65 V �SCE�.

Another observation to be noted in Fig. 2a is that the side reac-
tion, mainly hydrogen evolution in the potential range of this study,
decreased slightly as the Sb deposition rate increased. This is be-
lieved to be related to the different exchange current densities of the
hydrogen evolution reaction on Te and Sb surfaces. This decrease of
the side reaction rate has also been observed in all the alloy depo-
sition studies in this report.

Figure 2b shows the composition of SbTe alloys plated at differ-
ent potentials. Films were plated galvanostatically at different cur-
rents on TiN substrates. A total charge of 240 mC/cm2 was used in
the galvanostatic plating and the films were about 100–150 nm
thick, depending on the current efficiencies. As expected from the
different reversible potentials of the Te and Sb, the composition of
the deposit strongly depended on the applied current or potential.
The deposit is Te-rich at low potential, and the Sb content increases
as the potential or current increases. Pure Te film was obtained at
current densities lower than −3 mA/cm2. Films with up to
60 atom % Sb can be plated at −9 mA/cm2 without delamination.

Figure 2. �a� The total current density �—� and partial current densities of
��� Sb, ��� Te, ��� side reaction, and ��� the sum of Te and side reactions;
and �b� the dependence of the deposit compositions, ��� Sb, ��� Te,
on the applied potential in a SbTe alloy solution containing 10 mM Sb and
5 mM Te.
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At an even higher current density, e.g., −10 mA/cm2, the films
delaminate very easily, indicating a high stress in the films. Pure Sb
film was never obtained from a mixed SbTe solution in the range of
deposition parameters used in this study.

Figure 3 shows the effect of Sb�III� concentration in the solution
on the partial current densities. Experiments were carried out in
solution 4 in Table I, where the Sb�III� concentration is doubled
from solution 3. Both the Te and Sb plating rates were not changed.
While the noneffectiveness of Sb�III� concentration in changing the
Te plating rate was consistent with the observations in Fig. 2, the
unchanged Sb plating rate suggested that the Sb plating rate is com-
pletely dependent on the presence and the inducing effect of Te.

Detailed studies were further carried out on the effect of the
Te�IV� concentration on the alloy deposition. Figure 4 presents the
partial current densities and compositions of deposits from solutions
with different Te�IV� concentrations. As expected, the Te plating rate
increases with the Te�IV� concentration in the solutions. In the po-
tential range of −0.4 to −0.65 V �SCE� the Sb plating rate is inde-
pendent of the Te�IV� concentration for the range of study. It is
evident from Fig. 2 and 3 that the Sb deposition at this potential
range is induced by the presence of Te. If the induced codeposition
results from a Te-comprising species in the solution and the amount
of this species is dependent on the available Te�IV�, an increase in
the Te�IV� concentration would have increased the induction effect
and thus increased the Sb deposition rate. However, the observation
in Fig. 4b suggested this is not the case.

Figure 4c shows the dependence of alloy composition on the
plating potential or current in different solutions. Films were plated
on TiN substrates at galvanostatic mode up to a constant total
charge, except for the films plated in low Te�IV� concentration so-
lutions and at high current densities, where films delaminate easily.
However, all the films were at least 40 nm thick to minimize the
substrate effect in the transient region at the beginning of the plat-
ing. First, Te% increased with the Te�IV� concentrations at less
negative potential. Second, as expected from the different reversible
potentials for Sb and Te, the films are Te-rich at less negative po-
tential and the Sb content increases as the potential becomes more
negative. In addition, except for the films plated from 10 mM
Te�IV�, where much lower Sb content is always obtained, all the
films reach a maximum Sb% of about 60 atom %. Further increase
of the potential does not increase the Sb content in the film. As
discussed above, this maximum Sb content may correspond to an
upper limit for the induced deposition mechanism, above which el-
emental Sb is deposited and results in highly stressed films.

X-ray diffraction �XRD� was carried out to characterize both the
elemental and alloy films. It was found that the as-plated pure Sb

Figure 3. Comparison of the total current density �—� and partial current
densities of ��, �� Sb and ��, �� Te for two solutions with different SbCl3
concentrations. The solutions have �i, �, �� 5 mM TeO2 and 10 mM SbCl3;
and �ii, �, �� 5 mM TeO2 and 20 mM SbCl3.
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films were crystalline and the pure Te films were amorphous. Sur-
prisingly, amorphous characteristics were observed for all the alloy
films that were randomly picked for XRD analysis, with up to
50 atom % Sb. Therefore, the delamination of Sb-rich films may be
related to the as-deposited crystalline Sb when elemental Sb starts to
plate at high potentials. In addition, the fact that films with much
higher Sb content could be plated at high temperature7 may suggest
some differences in the nucleation and growth process at different
temperatures.

Figure 5 shows the effect of agitation on the partial current den-
sities and the deposit compositions. Studies were carried out in so-

Figure 4. Comparison of the total current density �—� and partial current
densities of �a� Sb, �b� Te, and �c� deposit compositions, �—� Sb% and
�- - -� Te%, for SbTe alloy solutions with 10 mM SbCl3 and ��� 1 mM,
��� 2.5 mM, ��� 5 mM, and ��� 10 mM TeO2.
) unless CC License in place (see abstract).  ecsdl.org/site/terms_use of use (see 

http://ecsdl.org/site/terms_use


D107Journal of The Electrochemical Society, 155 �2� D104-D109 �2008� D107

Downlo
lution 3 in Table I, the same as Fig. 2. The rotation rate of the disk
electrode was decreased by a factor of four. As expected, the Te
partial current density decreased with the agitation. However, the
ratio of the Te plating current did not follow the square root of the
rotation rate, suggesting that the Te deposition was under a mixed
control by the reaction kinetics and the mass transport. At the same
time, the Sb partial current density also decreased with the rotation
rate. This observation is different from Fig. 3 and 4, where the Sb
plating rate is independent from the Te�IV� or Sb�III� concentration
in the solution. Because the main effect of changing the agitation
rate is to change the mass-transport flux toward the electrode, the
decrease of the Sb plating rate at a low agitation rate suggests spe-
cies other than Sb�III� and Te�IV�, such as H+, may play a role in the
induced deposition of Sb.

Figure 5b presents the film compositions plated at different po-
tentials with the two agitation conditions. Similar film compositions
were observed for both conditions as the Te and Sb plating rates are
both decreased at a low agitation. A plateau of up to 60 atom % Sb
was still observed for the films due to a compositional limit where
amorphous low-stress films can be obtained.

In order to further clarify the possible effect of H+ in the depo-
sition, the effect of solution pH was investigated. Figure 6 shows the
partial current densities and film compositions of films plated from
the solutions with two different pH values, 2.3 and 3.3. The elec-
trodeposition started at a higher potential when a higher pH was
used, as expected from the reversible potential change �Eq. 1 and 2�.

Figure 5. Comparison of �a� total current density �—� and partial current
densities of ��, �� Sb, and ��, �� Te, and �b� deposit compositions, �—�
Sb% and �- - -� Te%, for SbTe alloy solution at �i, �, �� 140 rpm and
�ii, �, �� 550 rpm.
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In addition, an increase of pH from 2.3 to 3.3 is also expected to
increase the complexing effect of citrate, which could also contrib-
ute to the shift of the plating potential.

Increasing pH decreases the Te plating rate in the less negative
potential regime. This effect diminishes quickly as potential in-
creases until a mass-transport-limited current density is reached.
Furthermore, the Sb plating rate in the induced deposition regime is
always decreased at a higher pH. Although the reaction listed in Eq.
2 is for the elemental Sb deposition, H+ or pH is believed to play a
critical role in the induced deposition of Sb as well.

Shown in Fig. 6b is the pH effect on the film composition plated
at different potentials. An increase of pH decreases the Sb content
and increases Te content, consistent with the observation in partial
current densities, where the Sb plating rate was decreased at high pH
while Te plating rate was less changed as the mass transport comes
into play.

Induced electrodeposition has been observed in a number of al-
loy systems and different mechanisms have been proposed for the
observations. For example, in the codeposition of CdTe, Cd is elec-
trodeposited onto a Te-covered electrode surface through an under-
potential deposition �UPD� process.21 However, the Sb deposition in
this study does not change with the Te�IV� concentration, the Sb�III�
concentration, or the Te coverage on the electrode, which would be
expected for such a UPD process.

A second mechanism22,23 that has been proposed for the induced
deposition of In in CuInSe alloys involves a chemical reaction. In
this case, CuSe is first electrodeposited as a binary alloy. At a higher
potential, the electrodeposited CuSe is further reduced into Cu Se

Figure 6. Comparison of �a� total current density �—� and partial current
densities of ��, �� Sb and ��, �� Te, and �b� deposit compositions, �—�
Sb% and �- - -� Te%, for SbTe alloy solutions with 10 mM SbCl3 and 5 mM
TeO2 at pH �i, �, �� 3.3 and �ii, �, �� 2.3.
2
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and Se2− anions. The resultant Se2− anions are released into the
solution and react with the In3+ cations, causing the formation of
In2Se3 on the electrode surface. If the Sb deposition in this study
was induced in the same fashion, the Sb deposition rate would have
depended on the Te coverage on the electrode. In addition, the in-
duced Sb deposition in this study started at a much less negative
potential than the formation of Te2−, indicating that other mecha-
nisms play a critical role.

A different approach to tackle the induced deposition mechanism
involves hybrid intermediate species comprised of both elements in
alloy systems. For example, a ��Ni��HWO4��Cit��2− complexed spe-
cies in the bulk solution24 and a ��Ni��MoO2��Cit��− adsorbed spe-
cies on the electrode25 have been proposed to explain the induced
deposition of W and Mo in the NiW and NiMo systems, respec-
tively. Both mechanisms suggest that the plating rate of the induced
species depends on the concentrations of the complexing agent and
both the inducing and the induced species.

In this study, the Sb deposition rate was found to be independent
of Sb�III� and Te�IV� concentration but dependent on the pH and
agitation. These observations may suggest a hybrid species com-
prised of H+ is involved in the Sb-induced deposition. Because the
elemental deposition of Te and Sb both consume H+, the electrode
surface pH is believed to be much different from the bulk pH. While
an excessive amount of citrate was used in this study, the H+ flux
toward the electrode surface seems to be the rate-determining factor
for the induced deposition of Sb. Further studies are needed to con-
firm this intermediate species and to determine whether or not it is
adsorbed on the electrode surface.

Figure 7 shows the surface morphology of the electroplated SbTe
films characterized with AFM. The films were plated at the a con-
stant current of −9 mA/cm2 for different times, having a composi-
tion of 53–57 atom % Sb and 43–47 atom % Te. Two different
substrates were used for comparison, TiN-covered and bare n-Si. No
significant topographical feature was observed under top-down
scanning electron microscopy �SEM� inspection for the four films
shown in Fig. 7. At a magnification of 50 k, the top-down SEM
micrographs correspond well to the AFM images. The AFM images
were obtained on a 1 � 1 �m area and the vertical scale is 30
nm/grid. It is evident that the film thickness has little impact on film
roughness. On the contrary, both the surface roughness and grain
size strongly depend on the substrate. The films plated on TiN have

Figure 7. �Color online� AFM image showing the surface morphology of
SbTe films: �a� 50 nm thick film on n-Si; �b� 150 nm thick film on n-Si; �c�
50 nm thick film on TiN; �d� 150 nm thick film on TiN. The root-mean-
square roughness values for the four films are �a� 5.4, �b� 4.5, �c� 2.3, and �d�
2.2 nm.
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much smoother surface and finer grains than the ones on Si, sug-
gesting different nucleation and growth behaviors on the two differ-
ent substrates.

The crystallization transition behavior of the as-deposited amor-
phous films was also characterized for phase-change device applica-
tions. Figure 8a shows the intensity of diffracted X-ray as a function
of sample temperature for a Sb49Te51 film plated on TiN. A linear
detector was used to record the intensity of the diffracted X-ray
simultaneously over a 2� range from 24 to 39°. The X-ray wave-
length, �, was 1.797 Å and the sample temperature was ramped
from 20 to over 400°C at a rate of 1°C/s in a purified helium
atmosphere to avoid oxidation. Figure 8b shows the �–2� spectra
obtained for the same film before and after the temperature ramp
using the same X-ray source with a 2� range of 20–60°. Before the
annealing, no crystalline diffraction was observed, except two small
peaks from the TiN substrate, and a broad peak resulted from the
amorphous SbTe film. The film was converted into crystalline states
after the annealing. All the diffraction peaks can be ascribed to
Sb2Te3 crystal. A transition from amorphous SbTe to crystalline
Sb2Te3 phase was observed at 120°C, as shown in Fig. 8a. This low
transition temperature reflects a low activation energy for crystalli-
zation and is consistent with the observation that crystalline Sb2Te3
could be obtained by electrodeposition at boiling temperature
��100°C�.7 Furthermore, it was expected from phase diagrams26

that Sb2Te3 phase has a very small range of compositions, with Sb
between 40 and 40.4%. However, the film shown in Fig. 8 has a
much higher Sb%. In addition, three other SbTe films with Sb con-
tent ranging from 37 to 57 atom % were found to crystallize into
the Sb2Te3 phase at similar temperatures. This wide range of com-
position suggests that some residue amorphous SbTe alloy or other
crystalline phase, such as Sb, Sb-rich � and 	 phases, or Te phase,
may be present after annealing. However, they were not observed in
the �–2� spectra in the presence of the crystalline Sb2Te3.

Conclusion

Electrodeposition of SbTe thin films was investigated in citrate
baths at room temperature. Amorphous deposits were obtained as

Figure 8. �Color online� �a� Intensity of diffracted X-ray as a function of
temperature for a heating rate of 1°C/s for a SbTe film plated on TiN; �b�
�–2� pattern for the same sample, �b1� before and �b2� after the temperature
ramping process.
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plated, which crystallized into Sb2Te3 at 120°C. The substrate for
the deposition was found to strongly impact the surface roughness
and grain size. While an induced electrodeposition was observed for
Sb in the alloy system, the deposition rate of Sb was found to be
independent of the concentration of the Sb and Te for the range of
study. Solution pH and agitation conditions were found to impact
the Sb deposition rate, which may suggest that the rate-determining
step for the deposition involves a proton-incorporated intermediate
species.
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