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InSb thin films have been prepared by a one-step electrodeposition technique
using sodium tartrate, sodium citrate, and ethylenediamine tetraacetic acid
(EDTA) as complexing agents in addition to citric acid. The growth and
properties of the InSb thin films were investigated by x-ray diffraction (XRD)
analysis, scanning electron microscopy (SEM), energy-dispersive analysis of x-
rays (EDAX), and Raman spectroscopy to study the effects of the complexing
agents. All samples were annealed in vacuum at 300�C for 1 h prior to char-
acterization. XRD analysis along with Raman spectroscopy revealed that
good-quality InSb thin films with zincblende structure were obtained when
using sodium citrate and sodium tartrate as complexing agents. EDAX showed
that the elemental composition of the films could be controlled by varying the
concentrations of complexing agents. Films having the best stoichiometry
were obtained when using either 0.2 M sodium citrate or 0.2 M sodium tar-
trate. Scanning electron microscopy (SEM) showed that the stoichiometric
films synthesized using sodium citrate were uniformly covered with submi-
cron-sized particles of spherical shape.
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INTRODUCTION

Due to their excellent properties, III–V semicon-
ductors (AlSb, GaSb, InSb, GaAs, etc.) have been
used in many applications in the field of novel
optoelectronic and nanoelectronic devices. Among
these various candidates, indium antimonide (InSb)
is a direct-bandgap semiconductor with low energy
bandgap of 0.17 eV at 300 K and 0.23 eV at 80 K,
corresponding to an infrared (IR) cutoff wavelength
of 6.2 lm at 300 K.1,2 It is one of the most studied
binary III–V semiconductors, possessing many
excellent properties such as high electron mobility
(8 9 104 cm2 V�1 s�1) and hole mobility
(1250 cm2 V�1 s�1), large spin–orbit coupling
(D = 0.80 eV) and large Landé g-factor.3–5 InSb is
an excellent material for use in the field of infrared
detectors and filters operating in the spectral range
of 3 lm to 5 lm, owing to its low energy bandgap,

large dielectric constant, and high electron mobil-
ity.6,7 It is also known to be a promising material for
fabrication of high-speed and low-power logic tran-
sistors,8,9 gassensors,10 magnetoresistivesensors,11–13

speed-sensitive sensors,14,15 and thermoelectric gen-
erators.16,17

InSb thin films have been grown by different
techniques such as radiofrequency sputtering,18

solid-source molecular beam epitaxy,19,20 metalor-
ganic chemical vapor deposition (MOCVD),21,22 and
vacuum evaporation.23 Among the nonvacuum tech-
niques, electrodeposition is simple and attractive
because of its simplicity, requirement for only low-
cost source materials, large-area deposition, inex-
pensive equipment, and room-temperature growth,
compared with other methods.24,25 In addition,
unlike chemical gas-phase methods, poisonous gas-
eous precursors are not required.26 The technique is
useful for synthesis of compound semiconductors
such as InSb, where the large vapor pressure
difference between In and Sb may result in nonsto-
ichiometric growth at high temperature.27,28 The(Received February 15, 2018; accepted August 14, 2018;
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technique depends on deposition parameters such
as the reduction potential, current density, concen-
tration of metal ions in the bath, and pH of the
electrolyte solution. The only major disadvantage
of this technique is that the substrate must be
conducting. However, without use of a suitable com-
plexing agent, electrodeposition of InSb thin films
from an aqueous bath is difficult, because of the
large difference in reduction potential between In
(� 0.340 V) and Sb (+ 0.212 V).29 To bring the
reduction potentials of the two elements closer to
one another, it is essential to add a complexing
agent to the electrochemical bath. Furthermore,
such addition of a complexing agent to the elec-
trolytic bath is found to improve the quality of the
thin film electrodeposited on the substrate, includ-
ing its uniformity, adhesion, and crystallinity.30,31

Several researchers have reported electrodeposi-
tion of InSb, mainly from aqueous solutions con-
taining citric acid plus sodium citrate as
complexing agent. In all work reported to date,
InSb was electrodeposited using fixed concentra-
tion of sodium citrate. Machesney et al. electrode-
posited InSb thin films on Ti, indium-doped tin
oxide (ITO), and Cu substrates; all the films
contained either In or Sb along with InSb, and
the stoichiometry varied with the potential for Ti
but, for ITO and Cu, was mostly independent of
the reduction potential.32 Fulop et al. reported
growth of binary compound InSb onto polycrys-
talline Cu and single-crystal Si substrates, achiev-
ing thicknesses in the micron range. The
stoichiometry was found to depend primarily on
the ratio of InCl3 to SbCl3 in the electrolyte, but to
be less dependent on the applied potential and
pH.33 Khan et al.34,35 fabricated nanowire arrays
and observed very high photoconduction response
to IR radiation, demonstrating their potential for
use in IR detector applications. Hnida et al.,36

Singh et al.,37 and Das et al.38 also reported
growth of InSb nanowires using electrodeposition.
Hsieh et al.39 and Yang et al.40 synthesized stoi-
chiometric InSb thin films using ionic liquid 1-
butyl-1-methylpyrrolidinium dicyanamide (BMP-
DCA) and water-stable 1-ethyl-3-methylimidazo
chloride/tetrafluoroborate ionic liquid, respectively.

In an earlier paper, the authors reported elec-
trodeposition of InSb using a fixed concentration of
sodium citrate.41 This work presents a comparison
of the structural, morphological, compositional, and
optical properties of InSb thin films electrodeposited
using three different complexing agents, viz. sodium
citrate, sodium tartrate, and ethylenediamine tetra-
acetic acid. The effect of varying the concentration
of sodium citrate on the growth and properties of
the InSb thin films is also presented. The motiva-
tion for this work is that electrodeposited InSb could
find applications in low-cost infrared detectors, gas
sensors, etc.

EXPERIMENTAL PROCEDURES

Materials

Sodium citrate (Na3C6H5O7Æ2H2O), sodium tar-
trate (Na2C4H4O6), ethylenediamine tetraacetic
acid (C10H16O8N), and citric acid (C6H8O7ÆH2O)
were obtained from Fisher Scientific, India; Indium
chloride (InCl3) and antimony chloride (SbCl3) were
obtained from CDH, India. All chemicals were of
analytical reagent (AR) grade and were used as
received without further purification. Deionized
water (H2O) was used as the main solvent.

Synthesis

An EG&G PARC (VERSASTAT-II) computer-
controlled potentiostat was used for cyclic voltam-
metry (CV) studies and the electrodeposition pro-
cess. In this work, the electrolyte used in the
electrochemical bath was an aqueous solution of
0.05 M indium trichloride (InCl3), 0.04 M antimony
trichloride (SbCl3), 0.30 M citric acid
(C6H8O7ÆH2O), and different additional complexing
agents, viz. sodium citrate (Na3C6H5O7Æ2H2O),
sodium tartrate (Na2C4H4O6), or ethylenediamine
tetraacetic acid (C10H16O8N). All solutions were
prepared in double-deionized water. Citric acid was
used to dissolve antimony trichloride, as otherwise
it precipitates from water; the acid also helps
maintain the pH (around 3.0) in the bath. Thin
films were grown from various electrolytic baths,
all having the same quantity of citric acid.
Although citric acid itself is a complexing agent,
additional complexing agents were required to
produce stoichiometric InSb films. In this work,
only the other additives (e.g., sodium citrate and
sodium tartrate) are called complexing agents while
citric acid is, for the most part, not treated as one.
In general, the concentrations of the additional
complexation agents were fixed at 0.2 M, but the
effect of varying the concentration on the film
properties is also presented, for sodium citrate.

A three-electrode system with graphite rod as
counterelectrode, Ag/AgCl as reference electrode,
and copper sheet substrate as working electrode
was used for this study. The copper sheets were
cleaned ultrasonically in distilled water and ace-
tone, then rinsed in distilled water again. All thin
films were grown at room temperature at a potential
of – 1.3 V versus Ag/AgCl. Each film was electrode-
posited for a duration of 15 min, then annealed at
300�C in vacuum for 1 h. The range of potentials
suitable for codeposition of In and Sb, for elec-
trolytes containing different complexing agents, was
obtained using cyclic voltammetry. For this pur-
pose, CV studies were performed on individual
solutions containing indium and antimony and
mixtures of In and Sb. The cyclic voltammograms
were recorded from 1.0 V to � 1.5 V at scan rate of
20 mV/s.

Effect of Complexing Agents on Properties of Electrodeposited InSb Thin Films 6849



The crystallographic phase of the films was
investigated using a Philips D8 Advance x-ray
diffractometer with Cu Ka radiation at a wavelength
of 1.5406 Å. Surface morphology and compositional
studies were carried out using a Philips FE-SEM/
EDAX (Quanta 200 FEG) microscope equipped with
an energy-dispersive analysis of x-rays (EDAX)
analyzer. Raman studies were carried out on the
samples using a confocal Raman spectrometer.
Optical measurements were performed using a
PerkinElmer Spectrum RX-IFTIR spectrophotome-
ter (scan range 4000 cm�1 to 250 cm�1).

RESULTS AND DISCUSSION

Electrochemistry of In and Sb

To understand why the deposition potentials of In
and Sb can be brought together, consider the
electrochemical reactions of indium and antimony
ions.42,43

In3þ þ 3e� $ InðsÞ ð1Þ
In the above reduction reaction, which occurs at the
cathode, the electrode potential E is related to the
standard reduction potential (or equilibrium poten-
tial) E0 by the Nernst equation,

EIn ¼ E0
In þ RT

3F
ln

aIn3þ

aIn

� �
or

E ¼ �0:338V þ 0:0197 log
aIn3þ

aIn
:

ð2Þ

Similarly, for Sb we can write

SbCl3�!
H2O

SbOþ þ 2Hþ þ 3Cl� ð3Þ
The actual electrochemical reaction can be written
as

SbOþ þ 2Hþ þ 3e� $ Sb(sÞ þ H2O ð4Þ
The Nernst equation for the reduction of Sb ions is

ESb ¼ E0
Sb þ

RT

3F
ln

aSbOþ

aSb

� �
þ 2RT

3F
log aHþ ; ð5Þ

or

ESb ¼ þ0:205V þ 0:0197 log
aSbOþ

aSb
� 0:0393pH; ð6Þ

where aIn3þ and aSbOþ are the activities of the ions in
solution, aIn and aSb are the activities of the atoms
in the solid deposit, F is the Faraday constant, E0 is
the standard electrode potential of each constituent
with respect to the normal hydrogen electrode, and
R is the ideal gas constant. In(s) and Sb(s) are the
quasisolid forms of In and Sb at the cathode in the
deposition. For stoichiometric codeposition, the
reduction potentials of the two ions must be close
to each other. However, the standard potentials for
In and Sb are � 0.33 V and + 0.20 V, respectively,
differing by as much as 0.53 V. Equations 2 and 6
suggest that the shift in potentials E is determined

by the activities aIn3þ , aIn, aSb, and aSbOþ . The
activity of a given species, which is a measure of its
reaction rate, is closely related to the concentration
of the species in the electrolyte, and can be written
as aIn = cIn 9 [In] and aSb = cSb 9 [Sb] and so on,
where c is the activity coefficient and the quantity in
square brackets is the concentration in the elec-
trolyte. The reduction potential of metals can thus
be brought close to each other by reducing the
concentration of Sb ions and/or increasing the In ion
concentration. However, this would require a dras-
tic reduction in the concentration of SbCl3 in the
bath, which is not practical. Another option is use of
a suitable additive such as a complexing agent,
which can selectively reduce the activity coefficient
of Sb ions, thus leading to a shift in the electrode
potential to negative values. For InSb compound
formation, sodium citrate and sodium tartrate seem
to be suitable complexing agents that, when added
to the electrolytic bath, could cause the reduction
potential of the noble metal Sb to be shifted towards
negative voltages. Sodium citrate and sodium tar-
trate make strong complexes with Sb through
binding of Sb ions with citrate or tartrate ions, thus
reducing the activity and shifting the reduction
potential of Sb ions to negative voltages. In contrast,
indium ions are not greatly affected by citrate or
tartrate ions (at least at low concentrations of the
additives), forming probably only weak complexes,
not causing a major shift in the In electrode
potential. Thus, addition of sodium citrate or
sodium tartrate shifts the Sb electrode potential
from positive to negative values, thus bringing it
closer to that of In, which is at negative potential
anyway.

Cyclic Voltammetry

Cathodic electrodeposition of InSb is based on
coreduction of Sb3+/Sb and In3+/In. The electro-
chemical behavior of the electrolytes containing In
and Sb salts dissolved in water plus citric acid, with
and without additional complexing agents, was
analyzed using cyclic voltammetry. All the poten-
tials given here were measured with respect to the
Ag/AgCl reference electrode. The cyclic voltammo-
grams (CV) are shown in Fig. 1; Curve (a) shows the
CV for the electrolyte in the absence of any com-
plexing agent (except for citric acid). The forward
scan in the cathodic direction shows mainly two
waves, one at around � 0.690 V and another at
around � 1.0 V versus Ag/AgCl, corresponding to
reduction of Sb and In, respectively. It can be seen
that the two main waves are not very obvious in
Fig. 1a. The height of the current wave of each
species is proportional to the concentration of the
species, among other parameters; for example, in
the case of indium, the current wave is related to
the indium ion concentration [In3+] in the following
way: Iwave � 3F[In3+]; and since the concentrations
of the In and Sb salts were only 0.05 M (InCl3) and
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0.04 M (SbCl3), for the scale of the current plotted,
the waves were not very prominent. A sharp anodic
peak at � 0.4 V belonging to indium and a broader
hump at + 0.340 V for antimony appear in the
reverse scan, indicating stripping of indium and
antimony from the electrodeposit. InSb films elec-
trodeposited from such a bath are found to have
excess indium with only about 30% antimony.
Curves (b) and (c) show the CV curves for the InSb
electrolytes containing sodium tartrate and sodium
citrate, respectively. In the forward scan, the reduc-
tion currents of Sb and In are not separately
discernible and the current rises below �0.9 V,
such as to indicate that the waves of Sb and In have
merged together; this suggests that reduction of In
and Sb occurred at around the same potential. In
the reverse scan, seen in (b) and (c), the anodic
current peaks of In are reduced while those of Sb
are enhanced in magnitude compared with the
corresponding peaks of (a). Addition of sodium
citrate and sodium tartrate results in nucleation
loops44,45 in the CV curves, indicating formation of
nuclei, i.e., crystallization of products. Such a
nucleation loop is not present in curve (a), i.e., the
CV curve obtained in the absence of sodium citrate
and tartrate. The CV curves are almost identical for
both complexing agents, and the films deposited
from these baths were found to be stoichiometric,
indicating that both sodium citrate and sodium
tartrate are suitable for growth of InSb. Figure 1d

shows the CV results for the electrolyte containing
EDTA as complexing agent. The very small shift in
the reduction potential and the presence of a strong
anodic peak for antimony and a very weak anodic
peak for indium suggest that films deposited from
this bath would be antimony rich, as confirmed by
EDAX (Table III). It can be seen that the ratio of the
Sb to In anodic peaks is larger than unity in Fig. 1b
and c, although the films deposited from these baths
were stoichiometric according to EDAX. This can be
explained by the fact that that some species interact
more strongly than others with the electrode on
which deposition occurs, leading to irreversible
effects. Interactions can lead to reduced stripping
from the deposit and thus reduced current, which is
perhaps true for indium in this case. Thus, the
anodic peaks may not always be directly propor-
tional to the atomic concentrations, although a
larger peak can mean a higher concentration.

The effect of one of the complexing agents, viz.,
sodium citrate, on the growth and properties of the
deposit was studied in more detail. To analyze the
influence of the concentration of the complexing
agent, the quantity of sodium citrate in the electro-
chemical bath was varied from 0.05 M to 0. 4 M.
Figure 2 shows the CV plots for the In–Sb system
with different concentrations of sodium citrate. All
the CV curves are plotted in the same figure for easy
comparison. These curves show that the current
density is significantly reduced with increase in the

Fig. 1. Cyclic voltammograms of InSb thin films grown from baths containing 0.05 M InCl3, 0.04 M SbCl3, and 0.30 M citric acid with (a) no
additional complexing agent, (b) 0.20 M sodium citrate, (c) 0.20 M sodium tartrate, and (d) 0.20 M EDTA.
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sodium citrate concentration in the electrochemical
bath. This effect can be explained by the fact that,
with increase in the sodium citrate concentration,
the conductivity of the bath decreases. From the CV
curves, it can be seen that the intensity of the
anodic peaks related to indium gradually decreased
as the sodium citrate concentration in the elec-
trolyte was increased from 0.05 M to 0.2 M. As the
peak corresponding to In diminishes, the peak
corresponding to Sb increases, showing that the
quantity of Sb deposited increases. EDAX composi-
tional results (Table IV), discussed below, agree
with the CV analysis in that, as the concentration of
complexing agent (sodium citrate) in the bath was
increased, the indium content reduced while the
antimony content increased.

Citric acid, which was primarily used to dissolve
SbCl3 and prevent its precipitation from the bath
mixture, is known to form a complex with Sb ions,
reducing their activity, as already discussed for
citrate ions in the previous section. The indium ions
are less influenced by citric acid, and the activity of
indium remains high. This explains why the
deposited films contained more indium than anti-
mony atoms. Although citric acid contributes to
bringing the potentials of Sb and In closer, it was
used in moderation to avoid a very low-pH bath.
Additional complexing agents such as sodium
citrate were therefore used. Citrate ions bind
strongly with Sb ions to reduce their activity, but
In ions form only weak complexes with citrate ions.
Therefore, at low and moderate concentrations of
citrate ions, the deposition potential of In only
undergoes a minor shift whereas that of Sb is
shifted by a significant amount, leading to merging
of the deposition potentials. However, at relatively
high concentrations of sodium citrate, when

perhaps the Sb ion complexation has reached its
maximum limit, the number of indium ions forming
complexes probably rises, making them (indium
ions) sluggish with reduced activity. Thus, when the
sodium citrate concentration is increased beyond a
limit, the Sb potential does not undergo further shift
but the indium potential shifts slightly to negative
potentials. Therefore, at a given electrode potential,
the rate of Sb deposition remains constant, but the
rate of In deposition dips as the concentration of
citrate ions is increased. This explains why increase
of the sodium citrate or sodium tartrate reduces the
deposition rate of In relative to that of Sb, leading to
near-stoichiometric growth. There are no reports in
the literature to support this argument, mainly due
perhaps to the fact that similar work has only been
reported for relatively low concentrations of sodium
citrate. Chraibi et al.42 used sodium citrate at
concentrations up to 25 mM for electrodeposition
of CuInSe2. As argued above, at sodium citrate
concentrations above 0.15 M, the effects of Sb
complexation begin to saturate, and the effects of
In complexation become evident. As the citrate ion
concentration is further increased, the activity of Sb
does not undergo any further change, whereas that
of In continues to fall slowly. This can explain the
experimentally observed fact that the ratio of Sb to
In atoms in the deposit increases slightly with the
citrate ion concentration (Table IV) at high citrate
ion concentrations.

X-ray Diffraction Studies

Figure 3 shows the XRD patterns of the thin films
grown from the electrochemical baths (electrolytes)
with and without addition of complexing agents
(except for citric acid). All the films were annealed
at 300�C in vacuum for 1 h to improve their
structural and compositional properties. Annealing
the samples is beneficial, provided it is done at the
right temperature and for the right duration.
Annealing InSb at temperatures above 350�C for
0.5 h or more reportedly leads to deterioration of the
surface.46,47 It may also cause vaporization of low-
vapor-point elements such as Sb. InSb itself, with
vaporization point of 525�C, begins to evaporate
above 500�C.48 Figure 3a shows the XRD patterns of
the films electrodeposited from a bath without
addition of any complexing agent. The pattern
shows low-intensity peaks for InSb as well as
indium, indicating that the films were a mixture of
InSb and In. Compositional studies also showed
that the films grown without any complexing agent
were highly nonstoichiometric, containing excess
In.

The diffractograms of InSb thin films electrode-
posited from baths containing sodium citrate and
sodium tartrate are shown in Fig. 3b and c, respec-
tively. All the XRD patterns exhibit diffraction
peaks corresponding to (111), (220), (311), (400),
and (331) planes of the zincblende structure in

Fig. 2. Cyclic voltammograms of InSb thin films grown from baths
containing 0.05 M InCl3, 0.04 M SbCl3, and 0.30 M citric acid with (a)
no sodium citrate, (b) 0.05 M sodium citrate, (c) 0.10 M sodium ci-
trate, (d) 0.15 M sodium citrate, (e) 0.20 M sodium citrate, and (f)
0.30 M sodium citrate.
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JPPDF data file no. 00-0519-0577. Apart from the
above-mentioned crystallographic reflections of
InSb, an additional low-intensity peak of In is
observed for all the samples. The intensity of this
additional (101) peak for elemental indium is
slightly stronger when sodium tartrate is used as
complexing agent, indicating that, when tartrate
was used, most of the crystallites of elemental
indium had their (101) planes in the same direction.
Films grown from the bath containing EDTA as
complexing agent did not exhibit any diffraction
peaks for InSb, with only peaks from the copper
substrate being observed (Fig. 3d). Considering that
the grown film contained both indium and antimony
(Table III) but diffraction peaks of neither InSb nor
the elements were prominent, it must be concluded
that the material was amorphous.

Figure 4 shows the XRD patterns of the InSb
films deposited from the baths containing different
concentrations of sodium citrate. For low concen-
trations of sodium citrate (0.05 M to 0.15 M), the
diffraction patterns (a–c) contain several peaks for
In (101), In (002), In (112), In (211), and In (202)
along with those of InSb. The InSb peaks became
sharper and the In peaks weaker with increasing
sodium citrate ion concentration in the bath. All the
In peaks disappeared completely for the thin films
electrodeposited using 0.2 M citrate, except for a
minor In (101) peak which still remained. Thus,
sharp diffraction peaks of InSb with a very low-

intensity peak of In were observed for the thin films
deposited using the bath containing 0.2 M citrate
ions. However, when the concentration of sodium
citrate was further increased beyond 0.3 M, the
intensity of InSb diffraction peaks reduced, reveal-
ing that the crystallinity of the InSb thin films
deteriorated at higher sodium citrate concentra-
tions. This may be due to the deviation from
stoichiometry (as seen by EDAX). The observed d
values (interplanar spacings) of InSb for the sam-
ples obtained using different complexing agents are
presented in Table I, while the data for films grown
using different concentrations of citrate ions are
presented in Table II. The values are in good
agreement with standard d values for samples
grown using 0.2 M sodium citrate and 0.2 M sodium
tartrate. The XRD results thus show that, for the
bath conditions and electrode potential used in this
work, good-quality InSb films can be synthesized
only using 0.2 M sodium citrate or 0.2 M sodium
tartrate.

Surface Morphology and Compositional
Studies

Figure 5 shows SEM images of InSb thin films
electrodeposited on copper substrates from various
baths with or without additional complexing agents,
other than citric acid. The SEM image for the film
electrodeposited without using any complexing

Fig. 3. XRD patterns of InSb thin films grown from baths containing 0.05 M InCl3, 0.04 M SbCl3, and 0.30 M citric acid with (a) no additional
complexing agent, (b) 0.20 M sodium citrate, (c) 0.20 M sodium tartrate, and (d) 0.20 M EDTA.

Effect of Complexing Agents on Properties of Electrodeposited InSb Thin Films 6853



agent shows cotton flower-like growth (Fig. 5a). The
particles have random shapes and sizes, suggesting
irregular nucleation and growth. Figure 5b shows a
SEM image of the sample grown using sodium
citrate, revealing denser and more compact spher-
ical particles with size of 0.1 lm to 0.5 lm,
distributed uniformly over the surface. This indi-
cates well-controlled release of Sb3+ ions in the bath
containing sodium citrate. When sodium tartrate
was used as complexing agent, the films showed

spherical submicron-sized particles, agglomerated
into large bunches, as shown in Fig. 5c. The films
prepared using EDTA as complexing agent showed
irregular plate-like particles (Fig. 5d), formed due
to large cracks on the surface of the films.

Figure 6 shows SEM images of electrodeposited
InSb thin films grown on copper substrates using
baths with different concentrations of citrate ions.
The films synthesized using different concentra-
tions of sodium citrate ranging from 0.05 M to

Fig. 4. XRD patterns of InSb thin films grown from baths containing 0.05 M InCl3, 0.04 M SbCl3, and 0.30 M citric acid with (a) 0.05 M sodium
citrate, (b) 0.10 M sodium citrate, (c) 0.15 M sodium citrate, (d) 0.20 M sodium citrate, (e) 0.30 M sodium citrate, and (f) 0.40 M sodium citrate.

Table I. Comparison between observed and standard d values of InSb thin films grown using different
complexing agents

S. no.
Standard
d value (Å)

hkl
plane

0.0 M sodium
citrate (Å)

0.2 M sodium
tartrate (Å)

0.2 M sodium
citrate (Å)

0.2 M EDTA
(Å)

1 3.74 (111) 3.78 3.74 3.74 –
2 2.29 (220) 2.32 2.28 2.29 –
3 1.95 (311) 1.96 1.95 1.95 –
4 1.62 (400) 1.64 1.62 1.62 –
5 1.48 (331) – 1.48 1.48 –
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0.15 M exhibited cauliflower-shaped particles or
clusters. However, when the concentration of
sodium citrate was increased to 0.2 M, the mor-
phology changed to uniform growth of spherical
particles with size ranging from 0.1 lm to 0.5 lm
(Fig. 6d). Increasing the concentration of sodium
citrate to 0.3 M did not result in any significant
change in morphology, although the particle sizes
became slightly larger (Fig. 6e). The films deposited
from the bath containing 0.4 M sodium citrate
showed fewer but much larger particles. However,

several large cracks were evident on the surface of
the film. Figure 7 shows the EDS mapping image
along with EDAX spectrum of an InSb thin film
grown using 0.2 M sodium citrate. The images
confirm that the elements In and Sb were distributed
fairly uniformly on the film surface. The EDAX
compositions of the InSb thin films prepared using
different complexing agents and different concentra-
tions of sodium citrate are presented in Tables III
and IV, respectively. From Table III, it can be seen
that nonstoichiometric InSb thin films were grown

Table II. Comparison between observed and standard d values of InSb thin films grown using different
concentrations of sodium citrate in the bath

S. no.
Standard
d value (Å) hkl plane

Concentration of sodium citrate in bath

0.05 M (Å) 0.1 M (Å) 0.15 M (Å) 0.20 M (Å) 0.30 M (Å) 0.40 M (Å)

1 3.74 (111) 3.77 3.75 3.75 3.74 3.75 3.78
2 2.29 (220) 2.30 2.28 2.29 2.29 2.29 2.30
3 1.95 (311) 1.98 1.94 1.95 1.95 1.94 1.96
4 1.62 (400) 1.63 – 1.62 1.62 – –
5 1.48 (331) 1.49 1.41 1.48 1.48 1.48 –

Fig. 5. SEM images of InSb thin films grown from baths containing 0.05 M InCl3, 0.04 M SbCl3, and 0.30 M citric acid with (a) no additional
complexing agent, (b) 0.20 M sodium citrate, (c) 0.20 M sodium tartrate, and (d) 0.20 M EDTA.
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from the baths without additional complexing
agent, and also when grown using EDTA as
complexing agent. The elemental compositions of
In and Sb in the thin films were very close to the
required stoichiometry when sodium citrate and
sodium tartrate were used as complexing agents. It
can be seen from Table IV that the stoichiometry of
the films depended on the concentration of com-
plexing agent in the bath. The stoichiometry of the
films improved as the concentration of sodium
citrate ions in the bath was increased from zero,
and good stoichiometric thin films were obtained
for 0.2 M sodium citrate. Stoichiometric codeposi-
tion of InSb requires that the reduction potentials

of both elements be the same, and addition of
sodium citrate or sodium tartrate brings the
potentials close to each other. The correct quantity
of complexing agent is that which allows deposition
of both elements at the same rate using a single
electrode potential. For the present bath composi-
tion, addition of 0.2 M of the complexing agents
seems to be the right amount. When the concen-
tration of sodium citrate was increased beyond
0.3 M, the composition of the films again deviated
from stoichiometry. This shows that selection of
the correct concentration of complexation agent
(sodium citrate) is important to achieve electrode-
posited films with good crystallinity (as seen by

Fig. 6. SEM images of InSb thin films grown from baths containing 0.05 M InCl3, 0.04 M SbCl3, and 0.30 M citric acid with (a) 0.05 M sodium
citrate, (b) 0.10 M sodium citrate, (c) 0.15 M sodium citrate, (d) 0.20 M sodium citrate, (e) 0.30 M sodium citrate, and (f) 0.40 M sodium citrate.
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XRD analysis), good morphology, and good stoi-
chiometry (as seen by EDAX).

Raman Studies

Raman spectra of the InSb thin films grown using
different complexing agents are shown in Fig. 8.

Peaks corresponding to the transverse optical (TO)
mode at 178 cm�1 and longitudinal optical (LO)
mode at 189 cm�1 were observed for the sample
grown using sodium citrate, in close agreement with
TO and LO peaks reported in previous studies on
InSb nanowires.49,50 The presence of these two
clearly separate peaks for the TO and LO phonon

Fig. 7. EDS mapping images of an InSb thin film grown from a bath containing 0.05 M InCl3, 0.04 M SbCl3, 0.30 M citric acid, and 0.20 M sodium
citrate, showing (a) surface intensity profile of In and Sb atoms, (b) EDAX spectrum, and elemental maps of (c) Sb and (d) In.

Table III. Elemental compositions of In and Sb in films grown using different complexing agents

S. no.
Atomic ratio

in thin film (%)
0.0 M sodium

citrate
0.2 M sodium

tartrate
0.2 M sodium

citrate 0.2 M EDTA

1 In 68.58 49.98 50.10 20.10
2 Sb 31.42 50.02 49.90 79.90

Table IV. Elemental compositions of In and Sb in films grown using different concentrations of sodium
citrate

S. no.
Atomic ratio

in thin film (%)

Concentration of sodium citrate in bath

0.05 M 0.10 M 0.15 M 0.20 M 0.30 M 0.40 M

1 In 65.73 58.76 52.26 49.98 48.98 46.74
2 Sb 34.27 41.24 47.74 50.02 51.02 53.26
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vibrational modes indicates that good-quality InSb
films were electrodeposited when using sodium
citrate as complexing agent. The extra peaks (TO-
TA and 2-TA) observed at about 134 cm�1 and
110 cm�1, respectively, have been attributed to
surface roughness and defects in InSb samples.51

These extra peaks are seen for three samples (a–c)
in Fig. 8. The films grown using sodium tartrate
showed a single intense peak corresponding to the
transverse optical (TO) mode at 178 cm�1, along
with additional peaks at 134 cm�1 and 110 cm�1.
Films grown from the electrolyte without additional
complexing agent exhibited a minor TO peak of
InSb, along with the defect/surface roughness
peaks. Similarly, those grown using EDTA as
complexing agent showed no peaks of InSb in the
Raman spectrum, suggesting that the grown mate-
rial was noncrystalline in nature.

Figure 9 shows the Raman spectra of InSb thin
films obtained using different concentrations of
sodium citrate. At very low sodium citrate concen-
trations, only TO-TA and 2TA peaks with a less
intense TO peak were observed in the samples (a),
suggesting growth of nonstoichiometric inhomoge-
neous films. With increase in the sodium citrate ion
concentration, the intensity of the TO mode peak of
InSb increased while that of the TO-TA and 2TA

peaks decreased (b, c). When the concentration of
sodium citrate in the bath was 0.2 M (d), two
distinct corresponding to the transverse optical
mode at 178 cm�1 and longitudinal optical mode at
189 cm�1 were seen in the Raman spectrum. These
Raman results corroborate the XRD results in that
the crystallinity of the films improved with increase
in the sodium citrate concentration and the best-
quality InSb thin films were electrodeposited using
an optimum concentration (0.2 M) of sodium citrate
in the bath. Further increase in the concentration of
complexing agent beyond 0.3 M (e, f) led to a
decrease in the intensity of the TO mode peak,
indicating deterioration in film crystallinity.

Optical Studies

The IR optical transmission spectra of the InSb
thin films electrodeposited using sodium citrate as
complexing agent were recorded to evaluate the
optical bandgap. The spectrum for one of the films
grown using 0.2 M sodium citrate is shown in
Fig. 10a. The energy bandgap Eg of the film was
determined using the standard relation for direct
optical transition, (aht) = A(ht � Eg) 1/2,2 where A is
a constant and ht is the photon energy. After plotting
(aht)2 versus the photon energy ht, the value of the

Fig. 8. Raman spectra of InSb thin films grown from baths containing 0.05 M InCl3, 0.04 M SbCl3, and 0.30 M citric acid with (a) no additional
complexing agent, (b) 0.20 M sodium citrate, (c) 0.20 M sodium tartrate, and (d) 0.20 M EDTA.
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Fig. 9. Raman spectra of of InSb thin films grown from baths containing 0.05 M InCl3, 0.04 M SbCl3, and 0.30 M citric acid with (a) 0.05 M
sodium citrate, (b) 0.10 M sodium citrate, (c) 0.15 M sodium citrate, (d) 0.20 M sodium citrate, (e) 0.30 M sodium citrate, and (f) 0.40 M sodium
citrate.

Fig. 10. (a) Transmission spectrum and (b) (aht)2 versus ht plot for InSb thin film grown from a bath containing 0.05 M InCl3, 0.04 M SbCl3,
0.30 M citric acid, and 0.2 M sodium citrate.
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direct optical gap can be determined by the linear
intercept with the ht axis. The observed bandgap for
the sample grown using 0.2 M sodium citrate is
0.18 eV, close to the reported value of 0.17 eV.52,53

CONCLUSIONS

InSb thin films were prepared on copper sub-
strates by a single-step electrodeposition method
from aqueous solutions using, apart from citric acid,
various additives such as sodium citrate or sodium
tartrate as complexing agent. The effects of the
complexing agents on the structural, morphological,
and compositional properties of the InSb thin film
were investigated. XRD, SEM, and EDAX studies
revealed that good-quality polycrystalline thin films
with good stoichiometry and uniform growth could
be achieved when adding 0.2 M sodium citrate or
sodium tartrate to the electrolytic bath. SEM stud-
ies showed that, for low concentration of sodium
citrate ions, the thin films exhibited cauliflower
surface morphology, which changed to spherical
particles when the concentration of citrate ions in
the bath was increased to 0.2 M or beyond. The
presence of TO and LO modes in the Raman spectra
also indicated that the best-quality InSb thin films
were electrodeposited when using the optimum
concentration (0.2 M) of sodium citrate in the bath,
confirming the XRD, SEM, and EDAX results.
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