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antimonide semiconductor devices are capable of operating 
with voltages under 0.5  V, reducing their power require-
ments. Single crystal InSb and  InAs1-xSbx have been used 
as high mobility photodetectors in the Long Wavelength 
Infrared (LWIR) and Mid Wavelength Infrared (MWIR) 
[3].

InSb is one of the most studied binary III-V compounds 
with the hole mobility around (1250 cm2 V−1 s) and elec-
tron mobility around (10,240 cm2 V−1 s) at room temper-
ature, the largest value of all semiconductors [4]. It is an 
important semiconductor in the field of infrared detectors, 
in the 3–5 μm wavelength range [5, 6] and in electronic and 
optoelectronics devices due to its high electron mobility [7, 
8]. It shows both n-type and p-type semi-conductivity. The 
indium rich thin films material exhibit p-type semi-conduc-
tivity and the antimony rich material exhibits n-type semi-
conductivity. The n-type InSb thin films can also be used as 
biosensors to detect bacteria [9]. Owing to its unique prop-
erties, InSb is used as Hall sensors and magneto resistors 
[10, 11], speed-sensitive sensors [12, 13] and high speed 
transistors [7, 14]. InSb p-n junctions exhibit photovoltaic 
effect with infrared light and have 100% internal quantum 
efficiency [15]. It is also a source of terahertz radiation 
because it is a strong photo-Dember emitter.

Different physical and chemical techniques are avail-
able for the growth of micro- and nanostructured materi-
als including InSb and other functional inorganic structures. 
The growth techniques include molecular beam epitaxy [16], 
flash evaporation [17], sputtering [18], vacuum evaporation 
[19], electro-spinning [20], chemical oxidative polymeriza-
tion [21], and ultrasonic and chemical treatment approach, 
[22–30]. Electrodeposition is one of the best techniques for 
growing semiconductor thin films owing to its simple and 
inexpensive set-up, good reproducibility, high efficiency of 
material utilization, high growth rate and uniform deposition 

Abstract Stoichiometric InSb thin films were prepared, 
on four different substrates, using a pulsed electrodepo-
sition technique. The electrochemical bath used for the 
growth of InSb thin films was made up of a mixture of 
aqueous solutions of indium trichloride  (InCl3), antimony 
trichloride  (SbCl3), citric acid  (C6H8O7·H2O) and sodium 
citrate  (Na3C6H5O7·2H2O). Energy dispersive analysis of X 
rays along with X-ray diffraction (XRD) studies show that 
the elemental composition and crystalinity of thin films is 
strongly dependent on the ionic composition of the electro-
chemical bath. Stoichiometric InSb thin films can be grown 
on all the four substrates from the same bath, by properly 
selecting the composition of the bath. XRD  studies show 
that the InSb thin films grown on all the four substrates 
have preferred orientation along the (111) plane. The pres-
ence of sharp Raman peaks of longitudinal optical phonon 
mode and transverse optical phonon mode in stoichiometric 
thin films confirm that they are of good crystalinity.

1 Introduction

Indium antimonide (InSb) is technologically an impor-
tant semiconductor, having a direct band gap of 0.17 eV at 
300 K and 0.23 eV at 80 K [1, 2]. It has the Zinc-blende 
crystal structure with a lattice constant and dielectric con-
stant of 6.47 Å and 16.8. It is an excellent material for pho-
tonic crystal applications due its large dielectric constant 
and mechanical properties suitable for devices. Indium 
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over large substrates. Several others have reported the elec-
trodeposition of InSb mainly from aqueous baths. Ortega and 
Herrero reported the electrodeposition of InSb thin films on 
Ti substrates, and showed that single phase growth occurred 
in a small range of voltages below −0.85 V [31]. Machesney 
et  al. electrodeposited InSb thin films on Ti, ITO and Cu 
substrates using the same electrolyte as [31] and while all 
films contained either In or Sb along with InSb, the stoichi-
ometry varied with potential for Ti, but for ITO and Cu, it 
was mostly independent of potential [32]. Deposition from 
a single Indium salt bath on Sb substrates was reported by 
Kozlov et al. They studied the diffusion of In ions onto the 
Sb substrate and observed the formation of InSb compound 
after heat treatment of the substrate [33]. Fulop et al. reported 
the growth of InSb thin films of which the stoichiometry was 
found to depend primarily on the ratio of  InCl3 to  SbCl3 in 
the electrolyte, and to be less dependent on applied potential 
and pH [34]. Khan et al. prepared nanocrystalline InSb thin 
films that can be transferred to an industrial scale [35]. Hnida 
et al. [36], Das et al. [37] and Hnida et al. [38] have synthe-
sized InSb nanowires using electrodeposition. Khan et  al. 
also fabricated field effect transistors based on electrodepos-
ited InSb nanowires thus demonstrating that device quality 
material can be obtained by this technique. Hsieh et al. elec-
trodeposited stoichiometric InSb on a nickel (Ni) substrate in 
a room-temperature ionic liquid 1-butyl-1-methylpyrrolidin-
ium dicyanamide (BMP-DCA), containing anhydrous  InCl3 
and  SbCl3 with a molar concentration ratio of 1:1. The com-
position of the deposited InSb film was found to depend on 
both the applied potential and the deposition charge [39].

The present paper describes the growth and properties of 
InSb thin films obtained on four different substrates using a 
pulsed electrodeposition technique. Pulsed plating has sev-
eral advantages over direct current plating including finer 
grain deposit, lower porosity, higher density, improved 
adhesion and hardness of deposit, better control of alloy 
composition and uniformity in thickness, etc. [40, 41]. To 
the best of our knowledge, this is the first report on the 
use of pulsed plating for the synthesis of InSb thin films. 
We have shown that by this technique, good quality stoi-
chiometric InSb can be deposited on all the four substrates 
used. We have also found that semiconductor/InSb layers 
deposited by pulsed electrodeposition are more uniform 
and adhesive than dc electrodeposition.

2  Experimental details

2.1  Materials

Sodium citrate  (Na3C6H5O7·2H2O) and citric acid 
 (C6H8O7·H2O) from Fisher Scientific, Mumbai, India. 
Deionized water (H2O) from FAIRCHEM, India. Indium 

chloride  (InCl3) and antimony chloride  (SbCl3) from 
CDH, New Delhi, India. All the chemicals were AR grade 
and were used as received without further purification.

2.2  Synthesis

InSb thin films were grown on copper, brass, stainless 
steel and fluorine doped tin oxide substrate using baths 
of four different compositions. The films were depos-
ited by the pulsed electrodeposition technique using an 
EG&G PARC (VERSASTAT-II) computer controlled 
potentiostat. The composition of the bath was varied by 
changing the ionic antimony content from 0.02 to 0.05 M 
keeping the ionic indium content constant at 0.05  M. 
Increasing the  Sb3+content above 0.05 M in the electro-
chemical bath did not give good quality InSb films and 
therefore our work was limited to the following four bath 
compositions: In/Sb = 0.05/0.02, 0.05/0.03, 0.05/0.04 
and 0.05/0.05 for baths B1 to B4.  SbCl3 usually precip-
itates in water, so it was first dissolved in 0.3  M citric 
acid and then mixed with 0.05  M aqueous  InCl3 solu-
tion. 0.2 molar sodium citrate  (C6H5Na3O7) was used as 
a complexing agent which brings the reduction potentials 
of In and Sb close to each other aiding in binary growth. 
Table 1 shows the weight in grams of each chemical used 
in the electrochemical baths. Each bath was made using 
40 ml of DI water.

A carbon electrode was used as the counter electrode, 
and an Ag/AgCl electrode as the reference electrode. 
Copper, brass, stainless steel and fluorine doped tin oxide 
(FTO) substrates were used as the working electrodes on 
which the electrodeposition was obtained. The FTO lay-
ers used in this work were produced by the spray pyroly-
sis technique. The metal substrates were cleaned in dilute 
HCl after which they were cleaned ultrasonically in dis-
tilled water and acetone and then rinsed in distilled water. 
All the experiments were performed at room temperature. 
Each deposition was carried out for 15 min after adjust-
ing the pH of the bath to 3.0. Cyclic voltammetry was 
used to analyze the bath and obtain the potential at which 

Table 1  Weight in grams of each chemical used in the electrochemi-
cal baths

Compounds Wt. (in grams)
For four different baths (B1 to B4)

B1 B2 B3 B4

InCl3 0.2211 0.2211 0.2211 0.2211
SbCl3 0.0912 0.1368 0.1842 0.2281
Na3C6H5O7·2H2O 0.256 0.256 0.256 0.256
C6H8O7·H2O 1.440 1.440 1.440 1.440
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codeposition of In and Sb occurs. There is wide range of 
potentials (−0.8 to −1.5 V) at which codeposition is pos-
sible. In this paper, we present our work on the deposi-
tion of InSb at a potential of −1.3 V using pulses of fre-
quency 10 KHz. All the electrodeposited thin films were 
annealed at 300 °C in vacuum for 1 h.

3  Thin film characterization

The structural studies of the films were carried out on a 
Philips D 8 Advance X-ray diffractometer using Cu  Kα radi-
ation of wavelength 1.5406 Å. The surface morphology and 
elemental compositional studies were investigated using a 
Carl Zeiss FE-SEM/EDAX Quanta 200 FEG microscope. 
The Raman study was carried out using a Raman spectrom-
eter with a 514  nm LASER and a CCD detector. Electri-
cal conductivity type was determined using the hot probe 
technique.

4  Results and discussion

4.1  Cyclic voltametric studies

Cyclic voltammetry was used to investigate the conditions 
appropriate for the electrodeposition of InSb. The success-
ful deposition of semiconductors compounds is possible by 
adding suitable complexing agents or adjusting the ionic 
concentrations in the electrochemical bath. Prior to select-
ing the final bath compositions and deposition potential, 
the voltammograms (CV curves) of Indium and antimony 
baths as well as baths of various In/Sb ionic compositions 
were studied separately. Our studies indicate that the addi-
tion of sodium citrate is beneficial for the deposition of the 
semiconductor. The voltammetric studies show that pure 
In and Sb are deposited/reduced at and below −0.9 and 
−0.6 V, respectively. The addition of sodium citrate shifts 
the deposition potentials of Sb and In closer to each other. 
Figure  1 shows the voltammogram for a bath containing 
0.5  M  InCl3 and 0.4  M  SbCl3 along with sodium citrate. 
Reduction of both ions now occurs at potentials below 
−1 V (versus Ag/AgCl) as the voltammogram shows. The 
nucleation loop is clearly seen in the voltammogram indi-
cating nucleation and growth of the deposit on the substrate 
[42, 43].

Information regarding the alloying of In and Sb is con-
tained in the reverse scans of the voltammograms. Figure 2 
shows the CV curves for electrolytes containing various Sb 
contents. Starting from a bath containing only indium ions, 
as the Sb ions are increased in steps, the stripping peak of 
indium shifts to more negative potentials and at the same 
time the peak height is reduced. The Sb stripping peak 

on the other hand becomes stronger as the Sb content is 
increased, but the shift in the position of the stripping peak 
is not very significant. These studies in conjunction with 
XRD and EDAX studies suggest that the shifting of the 
indium stripping peak towards negative potentials is associ-
ated with InSb compound formation.

4.2  X‑ray diffraction studies

Figures  3 and 4 show the XRD patterns of as-grown and 
annealed stoichiometric InSb films, respectively, grown on 
the four different substrates at the potential −1.3 V versus 
an Ag/AgCl electrode. The electrolytic bath was a mix-
ture of aqueous solutions of 0.05 M  InCl3, 0.04 M  SbCl3, 
0.30  M  C6H8O7·H2O and 0.20  M  Na3C6H5O7·2H2O. The 

Fig. 1  Cyclic voltammogram for a bath containing 0.05  M  InCl3, 
0.04 M  SbCl3, 0.30 M sodium citrate and 0.20 M citric acid

Fig. 2  Cyclic voltammograms for baths containing a 0.05 M  InCl3, 
0.02 M  SbCl3, 0.30 M sodium citrate, 0.20 M citric acid b 0.05 M 
 InCl3, 0.03  M  SbCl3, 0.30  M sodium citrate, 0.20  M citric acid c 
0.05  M  InCl3, 0.04  M  SbCl3, 0.30  M sodium citrate, 0.20  M citric 
acid d 0.05 M  InCl3, 0.05 M  SbCl3, 0.30 M sodium citrate, 0.20 M 
citric acid
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diffraction data of InSb thin films grown on all the sub-
strates, match with the standard diffraction data of InSb 
(JCPDS-ICDD No. 6-2008), showing the formation of zinc 
blende InSb thin films. The sharp diffraction peaks of as-
grown and annealed samples deposited on the four differ-
ent substrates reveal that the electrodeposited thin films are 
polycrystalline in nature. One can also see that the intensity 
of the diffraction peaks at 2θ = 24° is stronger than other 
diffraction peaks of the samples, and comparing the rela-
tive peak heights with those of the powder patterns shows 
that the InSb thin films grow preferentially along the (111) 
plane on all the four substrates. The diffractograms of as 
grown InSb thin films on the different substrates reveal the 
presence of minor additional peaks of In or Sb (or both) 
along with the main peaks of InSb. Annealing the films 
in vacuum at 300 °C, reduces the intensity of these addi-
tional peaks in comparison to the InSb (111) peak as can be 
seen in the diffractograms of Fig. 4. For the brass substrate, 

however, the lone minor peak of Indium, present for the as-
grown film, is entirely eliminated on annealing the sample. 
Thus, the annealed InSb thin films grown on brass sheet 
substrates are single phase free from elemental In and Sb. 
Our X-ray diffraction studies are in agreement with studies 
on thin film InSb grown by other techniques [44, 45]. Most 
of the diffraction patterns exhibit a small shoulder for the 
(111) peak which is found to diminish on annealing. Such 
a shoulder has also been reported by Fulop et al. [34] who 
have attributed its presence to possible inhomogeneous 
stress in the samples.

The very sharp and narrow diffraction peaks confirm 
that the electrodeposited thin films are of good crystalinity. 
Figure 5 shows the XRD patterns of InSb thin films grown 
on brass sheet substrates, using baths of four different com-
positions, holding the indium content constant at 0.05 M. 
The XRD results show that the intensity of the diffraction 
peaks get stronger as the ionic content of Sb in the bath 

Fig. 3  XRD patterns of as grown InSb thin films grown on a copper b brass c stainless steel and d fluorine doped tin oxide (FTO) substrates
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increases from 0.02 to 0.04 M, the strongest peaks occur-
ring for the Sb ionic composition 0.04  M. Compositional 
studies (Table 4), too, show that the bath containing 0.04 M 
 SbCl3 and 0.05 M  InCl3 gives InSb films having the best 
stoichiometry. This shows that best quality InSb is grown 
from a bath for which the In/Sb ionic ratio is 5/4. The lat-
tice constant for this sample was found to be a = 6.470 Å 
which is very close to the reported value. For films grown 
from baths with Sb ion content higher than 0.04 M Sb, the 
intensity of the XRD peaks is reduced and the stoichiom-
etry is poor. A comparison of XRD data with standard data 
is shown in the Tables 2 and 3. The crystallize size was cal-
culated using the Scherer formula [46]

D =
0.9 λ

β cosθ
 where λ is wave length of X-rays (1.5406 Å), θ 

is the angle of incidence of X-rays, β is the full width at 
half maximum and 0.9 is the Scherer constant. The disloca-
tion density δ can be calculated using Williamson and Hall-
man’s formula [47]

  

(2)δ =
1

D
2

The micro strain of the thin films were also calculated 
using the equation [48]

The lattice parameter ‘a’ for the electrodeposited InSb 
thin films was calculated using the following equation 
[49]

 where h, k, l are the miller indices of the lattice planes 
and‘d’ the inter planar spacing.

Table 2 shows the comparison of experimental d val-
ues for stoichiometric thin films deposited on various 
substrates with the standard d values of InSb. It can be 
seen that the d values for all the samples are close to 
the standard values with the maximum deviation around 
+/− 0.6%. The best match occurs for the sample grown 
on brass substrates. Table  3 compares the d values for 
samples deposited on brass substrates using baths of 

(3)ϵ =
βcos

4

(4)d =
a

√

h
2 + k

2 + l
2

Fig. 4  XRD patterns of annealed InSb thin films grown on a copper b brass c stainless steel and d fluorine doped tin oxide (FTO) substrate
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various compositions. As expected, the closest match 
with standard data occurs for the sample with the best 
stoichiometry.

The values of crystallite size, strain, dislocation density 
and lattice parameter for the films grown from baths of dif-
ferent composition are shown Table 4. From the table, we 
can see that the crystallite size is small for samples obtained 
from Sb deficient baths and increases with increase in Sb 
ionic concentration, reaching a maximum value for the 
sample with the best stoichiometry and grown from a bath 
containing an In/Sb ionic ratio of 5/4. The increase in crys-
tallite size is accompanied by a decrease in the strain value 
and dislocation density in the films. The largest crystallite 
size, lowest micro strain and minimum dislocation density 
are observed for the films with the best stoichiometry and 
grown from the optimal bath.

4.3  Surface morphology and compositional studies

SEM studies of the samples show that the surface mor-
phology and size of particles can be controlled by vary-
ing the composition of sodium citrate in the bath. Uniform 
growth does not occur without the addition of sodium cit-
rate. When small amounts of sodium citrate are added to 
the bath, the films grown have cauliflower shaped parti-
cles or clusters (which increase in size as the quantity of 
sodium citrate is increased). However, as the concentration 
of sodium citrate is increased (to 0.256 g in 40 ml  H2O), 
the morphology changes in such way that we now have a 
uniform growth of spherical particles. Further increase in 
the quantity of sodium citrate does not result in any further 
change in morphology, and so all samples investigated in 

Fig. 5  XRD of annealed InSb thin films grown on brass, from baths 
of composition a 0.05 M  InCl3, 0.02 M  SbCl3, 0.30 M sodium citrate, 
0.20 M citric acid b 0.05 M  InCl3, 0.03 M  SbCl3, 0.30 M sodium cit-
rate, 0.20 M citric acid c 0.05 M  InCl3, 0.04 M  SbCl3, 0.30 M sodium 
citrate, 0.20  M citric acid d 0.05  M  InCl3, 0.05  M  SbCl3, 0.30  M 
sodium citrate, 0.20 M citric acid

Table 2  Comparison between observed and standard d values of thin films grown on different substrates

S. No. 2θ (deg.) hkl planes Copper sheet Brass sheet FTO Steel sheet Standard d 
values (Å)Observed d values (Å) Observed d values (Å) Observed d 

values (Å)
Observed d values (Å)

1 24 (111) 3.73420 3.74240 3.71740 3.74438 3.74
2 39 (220) 2.28710 2.28880 2.27671 2.29101 2.290
3 46 (311) 1.95172 1.95378 1.94670 1.95409 1.953
4 56 (400) 1.62170 1.6241 1.61241 1.62158 1.62
5 62 (331) 1.48635 1.48440 1.48143 1.48630 1.480

Table 3  Comparison between 
observed and standard d values 
of thin films grown on brass 
sheet substrates from baths of 
different compositions. (Note 
that the atomic percentages of 
the thin film samples are given 
in the table and not the bath 
compositions)

S. No. 2θ (deg.) hkl planes In: 64.07 
Sb:35.93
(Å)

In:56.04 
Sb:43.96
(Å)

In:49.62 
Sb:50.38
(Å)

In:44.13 
Sb:55.87
(Å)

Standard d 
values (Å)

1 24 (111) 3.71780 3.7291 3.74240 3.78194 3.74
2 39 (220) 2.27946 2.27105 2.28880 2.30204 2.290
3 46 (311) 1.94584 1.94741 1.95378 – 1.953
4 56 (400) 1.67960 – 1.62410 – 1.620
5 62 (331) 1.48635 1.41460 1.48440 – 1.480
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Table 4  Structural parameters 
from XRD for (111) plane 
grown on brass sheet substrate

Atomic ratios (In/
Sb) in thin film (%)

Crystallite 
size (D) nm

Strain (ε) × 10−3 
line−2m−4 

Dislocation density 
δ × 1014 line  m−2 

d(111) (Å) Lattice 
parameter 
(a × 10−10m)

64.07/35.93 19.28 0.0091 0.00269 3.71780 6.43
56.04/43.96 24.24 0.0072 0.00170 3.7291 6.45
49.62/50.38 32.63 0.0054 0.00095 3.74240 6.47
44.13/ 55.87 16.97 0.0104 0.03472 3.78194 6.55

Table 5  Molar ratios and atomic ratios of thin films grown on different substrates

Brass sheet Copper sheet FTO

Molar ratios (In/Sb) 
in sol (M)

Atomic ratios (In/Sb) in 
thin film (%)

Molar ratios (In/Sb) 
in sol (M)

Atomic ratios (In/Sb) in 
thin film (%)

Molar ratios (In/Sb) 
in sol (M)

Atomic ratios (In/
Sb) in thin film 
(%)

0.05/0.02 64.07/35.93 0.05/0.02 60.40/39.60 0.05/0.02 61.02/38.98
0.05/0.03 56.04/43.96 0.05/0.03 55.04/44.96 0.05/0.03 54.15/45.85
0.05/0.04 49.62/50.38 0.05/0.04 49.77/50.33 0.05/0.04 50.65/49.35

Fig. 6  Elemental mapping images of EDS spectra for a stoichiometric InSb thin film grown on brass sheet substrate
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this work were grown from baths containing the above con-
centration of sodium citrate (0.256 g in 40 ml  H2O).

EDAX studies conducted on the samples show that the 
composition of the films is strongly dependent on the molar 
ratios of In and Sb in the bath. Stoichiometric InSb thin 
films can be electrodeposited on all the four substrates, by 
properly selecting the bath composition. The EDAX data 
are summarized in Table  5 which shows the atomic In/
Sb ratios for InSb thin films grown on different substrates 
using baths of different compositions. The results show that 
as the  SbCl3 concentration in the electrolytic bath increases 
from 0.2 to 0.4 M, with the  InCl3 concentration held con-
stant at 0.05  M, the stoichiometry improves. Thin films 
obtained from the bath containing 0.05 M  InCl3 and 0.04 M 
 SbCl3 have the best stoichiometry. From the table, it can be 
seen that the films grown on all the four substrates, have 
very good stoichiometry provided they are grown from 
baths of above mentioned optimal composition. The XRD 
and SEM/EDAX results show that stoichiometric and good 
quality thin films free from extraneous peaks of In and Sb 
were obtained on brass sheet substrates. The EDS mapping 

images for the stoichiometric InSb thin films on brass 
substrate are shown in Fig.  6. The images reveal that the 
elements In and Sb are distributed uniformly on the film 
surface.

Figure  7 shows the SEM images of electrodeposited 
stoichiometric thin films grown on different substrates. 
Figure 8 shows SEM images of electrodeposited InSb thin 
films grown on brass substrates, using baths of four differ-
ent compositions. The SEM images in Figs. 7 and 8 show 
that the surfaces of the films are uniformly covered with 
spherical particles of size ranging from 0.1 to 0.5 micron. 
The surface morphology is almost similar on all the sub-
strates although the size of the particles can be seen to be 
higher for tin oxide substrates. The SEM images in Fig. 8 
show uniform growth and the morphology does not vary 
with electrolyte composition, except when the Sb content 
is higher than the optimal content or when the quantity 
of the complexing agent is low. It can be seen in Fig.  8d 
that the morphology is poor (consisting of cauliflower 
growth) when the Sb ionic content is high. The fact that the 
stoichiometry of the deposited InSb thin films is strongly 

Fig. 7  SEM micrographs of annealed InSb thin films grown on a copper b brass c stainless steel and d fluorine doped tin oxide (FTO) substrates
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dependent on the molar ratio of In and Sb ions in the elec-
trochemical bath is a limitation of this method. This means 
that if the deposition continues for long periods, the bath 
may have to be replaced by a fresh one or its composition 
readjusted. Another limitation of this work is that films 
grown for more than 20 min start to peel off from the sub-
strates. This puts an upper limit on the film thickness at 
around 0.6–0.8 micron.

The growth of spherical InSb particles in the presence of 
sodium citrate can be explained on the basis of free energy 
considerations and the nature of the complexing agent. 
Normally, the crystal growth of particles occurs in such a 
way that the free energy of the particles is lowered. This 
happens when the volume to surface area of the particle is 
large. Spherical particles have a larger volume to surface 
ratio compared to particles of other shapes like cylinders, 
cubes, elongated beads, flowers and flakes etc, and is there-
fore the preferred shape of growth, provided the growth 
occurs at a sufficiently low rate. Growth under nonequillib-
rium conditions, however, can lead to particles of various 
other shapes. Thus controlling the growth rate or inducing 

Fig. 8  SEM micrographs of annealed InSb thin films grown on brass 
from baths of composition a 0.05  M  InCl3, 0.02  M  SbCl3, 0.30  M 
sodium citrate, 0.20  M citric acid b 0.05  M  InCl3, 0.03  M  SbCl3, 

0.30  M sodium citrate, 0.20  M citric acid c 0.05  M  InCl3, 0.04  M 
 SbCl3, 0.30  M sodium citrate, 0.20  M citric acid d 0.05  M  InCl3, 
0.05 M  SbCl3, 0.30 M sodium citrate, 0.20 M citric acid

Fig. 9  Raman spectra of annealed InSb thin films grown on brass, 
from baths of composition a 0.05  M  InCl3, 0.02  M  SbCl3, 0.30  M 
sodium citrate, 0.20  M citric acid b 0.05  M  InCl3, 0.03  M  SbCl3, 
0.30  M sodium citrate, 0.20  M citric acid c 0.05  M  InCl3, 0.04  M 
 SbCl3, 0.30 M sodium citrate, 0.20 M citric acid
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nonisotropic growth, by means of additives, is a way of 
controlling the particle shape. In the case of the electrodep-
osition of InSb, the electrolyte seems to favour nonisotropic 
growth in the absence of sodium citrate, leading to clus-
ters having the shape of cauliflowers. When sodium citrate 
is added to the bath in sufficient concentrations, the large 
number of citrate ions present in the solution, cover the sur-
face of the nanoparticles and thus stabilize the high surface 
energy. The nanoparticles acquire a negative surface charge 
when the citrate ions cap the particles. This surface charge 
causes repulsion among the different nanoparticles prevent-
ing their fusion and possible anisotropic growth. Thus the 
capping and stabilization, by the citrate ions, results in the 
formation of spherical nanoparticles during the electrodep-
osition process.

4.4  Raman studies

Figure 9 shows the Raman spectra of thin films grown on 
brass sheet substrates from baths of four different composi-
tions. The Raman graph shows that annealed films grown 
from bath of composition of 0.05  M  InCl3 and 0.04  M 
 SbCl3 on brass substrate show clearly separate peaks of 
the transverse optical (TO) and longitudinal optical (LO) 
phonon modes of the InSb thin film at 178 and 189 cm−1 
respectively, with additional peaks appearing at 150 and 
110  cm−1 assigned to TO–TA and 2TA phonon modes, 
respectively. The TO and LO phonon modes of the depos-
ited thin films match closely with the TO and LO peaks 
reported for InSb nano wires [50]. Raman micrographs of 
non-stoichiometric thin films show only TO–TA and 2TA 
phonon modes with less intense peaks of TO and LO. The 
presence of TO and LO phonon modes confirms that the 
deposited films are crystalline in nature.

4.5  Electrical studies

The resistivity of the electrodeposited films was studied 
using the four probe method and the conductivity type 
of the films was studied by the hot probe technique. The 
electrical studies show that the indium rich thin films are 
p-type and antimony rich thin films are n-type in conduc-
tivity. Annealing the films at temperature 300 °C, for 1 h in 
vacuum, shows no change in the type of conductivity. The 
stoichiometric films grown on metal substrates with p type 
conductivity have a resistivity in  the range 10–20  Ω  cm 
(corresponding to a conductivity range 0.5−0.1  S  cm−1). 
A comparison with the conductivities published for vari-
ous polymer composites can be made. Reddy et  al. have 
reported a conductivity of 1.28  S  cm−1 for their POT Ag 
composites [51] and for their SPAN-M polymers, Reddy 
et  al. [52] have measured a conductivity of 1.5  S  cm−1, 
both of which are better conductors than our p-type InSb 

samples. Xu and Tan [53] have reported conductivities in 
the range 0.2–0.8 S cm−1 in their carbon nanotube polypy-
role hybrid nanotubes, which are again slightly higher than 
for our samples. However, the conductivity in InSb is due 
to impurity levels (Sb vacancies or In interstials) and can-
not be compared with conduction mechanisms in polymers.

5  Conclusions

In conclusion, polycrystalline InSb thin films were grown 
on different substrates from baths of four different compo-
sitions using an applied potential of −1.3 V versus an AgCl 
ref electrode. The stoichiometry of the deposited InSb thin 
films is strongly dependent on the In/Sb ionic ratio in the 
electrochemical bath. The electrochemical bath for the 
growth of films with the best stoichiometry was made up of 
aqueous solutions of 0.05 M  InCl3, 0.04 M  SbCl3, 0.30 M 
 C6H8O7·H2O and 0.20 M  Na3C6H5O7·H2O. Raman studies 
show clearly separated peaks of the transverse optical (TO) 
and longitudinal optical (LO) phonon modes for the stoi-
chiometric InSb thin film at 178 and 189 cm−1 respectively. 
The XRD results show that the thin films grown on brass 
sheet substrates are single phase InSb without the presence 
of elemental In and Sb. Hot probe studies show that the p 
type films have resistivity in range 10–20 Ω cm.
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