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Abstract In the present investigation, we have success-

fully synthesized polycrystalline Sb2Se3 thin films by sin-

gle-step electrochemical method. Effect of concentration of

precursor solution on structural, morphological, optical,

and wettability properties by means of X-ray diffraction

(XRD), scanning electron microscopy (SEM), optical

absorption, and contact angle measurement have been

investigated. It is evident from XRD pattern that Sb2Se3

thin films are polycrystalline having orthorhombic crystal

structure. Also, as precursor concentration increases the

diffraction peak intensity also increases. Scanning electron

micrographs reveal that the increase in precursor concen-

tration causes the formation of soap foam like micro-

structure which is spread in the form of ellipsoids over

whole substrate surface. The optical band gap decreases

from 1.49 to 1.35 eV and contact angle decreases from 40�
to 13�, i.e., the surface of Sb2Se3 thin films converts from

hydrophilic to superhydrophilic nature due to increase in

precursor concentration. In addition, the holographic

interferometric properties have been studied. The thick-

ness, stress to substrate and deposited mass of the thin films

is determined using double exposure holographic interfer-

ometry (DEHI) technique.

Introduction

In recent years, considerable interest has been shown in the

synthesis of thin semiconductor films by electrochemical

and chemical deposition of colloidal semiconductor [1].

Thin semiconducting films synthesized by electrochemical

and chemical deposition methods are quite attractive for

designing systems for electro-optics and photoelectro-

chemical (PEC) solar cells. These cells are simple in

construction and have the advantages that they can be used

for both photovoltaic and chemical energy conversions.

Recently, considerable attention has been given to the

preparation and characterization of thin metal chalcogenide

films by various techniques: pulsed laser deposition [2],

antimony selenide via chemical bath deposition [3, 4],

electrodeposition method [5, 6], spray pyrolysis technique

[7], and SILAR method [8]. Among various selenides,

antimony triselenide finds some special applications as

target material of lithium–ion batteries [2] and photovoltaic

cells [6, 7].

The double exposure holographic interferometry (DEHI)

technique has been widely accepted as a viable tool for

non-destructive testing of materials. This technique is

sufficient to form a permanent record of relative surface

displacement of object occurring after a fixed interval of

time. As a result, the DEHI technique can be applied to

many engineering problems, especially, continuous com-

parison of the surface displacement relative to an initial

position [9]. The technique has been successfully employed

to study the surface deformation of stainless steel (SS) with

Ti–Ba–Ca–Cu thin film deposition [10].

Electrodeposition is very attractive method due to its

potential advantages such as simple and easy control on the

surface morphology. To the best of author’s knowledge,

there is no any report in which this different kind, i.e., soap

foam like morphology investigated. Also, there is no any

single report on DEHI technique to calculate different

surface properties (thickness, stress to substrate, and

deposited mass).
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In the present work, we report on single-step electro-

synthesis of polycrystalline Sb2Se3 thin films. Effect of

concentrations of precursor solution on structural, mor-

phological, optical, and wettability properties have been

investigated. In addition, the holographic interferometric

properties have been studied. The thickness and stress of

the films have been determined by DEHI technique for

various concentrations.

Experimental

Preparation of Sb2Se3 thin film

The electrodeposition of Sb2Se3 thin films was carried out

from an electrolyte bath consisting of potassium antimony

tartarate and selenium dioxide (SeO2) aqueous solutions.

All solutions were prepared immediately prior to each

experiment by dissolving the requisite amounts of analyt-

ical reagent grade salts in double distilled water. The

concentration of the antimony precursor solution was var-

ied from 0.05 to 0.1 M at an interval of 0.025 M by

changing the amount of potassium antimony tartarate dis-

solved in double distilled water. The pH of the bath was

maintained to *3. The used SS substrates were mirror

polished with zero grade polish paper, cleaned with

detergent and finally cleaned ultrasonically. A graphite

plate was used as a counter electrode. All the potentials

were measured with respect to SCE. The cathode to anode

distance was 0.5 cm. Electrodeposition was carried out

potentiostatically using a constant voltage source. The

deposition conditions were optimized to get good quality

Sb2Se3 films of maximum thickness. The prepared Sb2Se3

films were found to be well-adherent uniform and grayish

in color.

The Sb2Se3 thin films were analyzed by X-ray diffrac-

tion (XRD) within the range 10–100� on computer con-

trolled Philips PW-3710 using Cr Ka radiations (k =

2.2897 Å) to determine the film structures. Microstructural

study was carried out using scanning electron microscopy

(SEM-JEOL 6360). The optical absorption study was car-

ried out over the wavelength range 400–1500 nm using

UV–Vis–NIR spectrophotometer, with FTO substrate as a

reference. For the surface wettability test, contact angle

measurement based on the sessile-drop method consisting

of the observation of water drop through a comprising

microscope coupled to goniometer was preferred. A 2 mL

drops were sequentially deposited at different surface

positions on the film using a Rame-Hart Inc. model-10

micro-syringe. Contact angles were determined after 10 s

of stability period. This time is necessary for focusing and

adjusting the crosshairs of the microscope on the drop.

Double exposure holographic interferometry technique

Holograms are recorded using double exposure holo-

graphic interferometry technique. The holograms were

recorded by conventional two beam off-axis technique

using 10 mW He–Ne laser having wavelength k = 6328 Å.

The holograms were recorded on the holographic film

(Kodak 8E 75 HD) before and after the deposition of Bi2Se3

thin films. The reconstructed image of substrate was

observed with the reference beam which shows the local-

ized fringes.

Measurement of thickness of the films and stress

to the substrate

The simple non-destructive technique, for the quantitative

measurement of stress in thin films by the use of DEHI

technique is reported by [11]. While recording the holo-

gram, if the object is illuminated with a beam of light

making an angle h1 with the normal and is viewed at an

angle h2 during reconstruction, the reconstructed image has

a superimposed fringe pattern corresponding to a dis-

placement of the surface. The displacement in the normal

direction is given by

d ¼ nk
cos h1 þ cos h2

; ð1Þ

where n is the number of fringes and k is the wavelength of

light. In general, h1 and h2 are sufficiently small, so that

d ¼ nk
2

The stress to the stainless substrate is given by the

formula [12]

s ¼ t2
s YsD
3l2tf

where, S is the stress in dyne/cm2, ts is the substrate thickness,

tf is the film thickness, D is the deflection of the substrate

equal to 4k/2, Ys is the Young’s modulus, l is the length of the

substrate on which the film is deposited. The mass of the

deposited film was calculated using the relation

Mass ¼ density� volume

Results and discussion

Cyclic voltammetry

Cyclic voltammetry was used to monitor the electro-

chemical reactions in solutions of 0.1 M [K(SbO)�
C4H4O6] ? 0.1 M SeO2 ? 0.1 M EDTA to find the suit-

able Sb2Se3 deposition potential. All voltammetry curves
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were scanned first in the cathodic direction and the current

density indicates a cathodic current.

Figure 1 shows the cyclic voltammograms measured for

the SS electrode in the electrolytic bath of 0.1 M

[K(SbO)�C4H4O6] ? 0.1 M SeO2 ? 0.1 M EDTA. It is

clearly seen that the cathodic current increases sharply

from -0.83 V/SCE, which belongs to simultaneous reduc-

tion of both antimony and selenium ions. The films depos-

ited at -0.85 V/SCE potential are homogenous, uniform,

and well-adherent to the substrates. The crossover between

anodic and cathodic current curves appears on the reverse

potential sweep which indicates that nucleation and growth

process exist on the substrate in electrolytic bath.

Film formation and reaction mechanism

Electrodeposition of Sb2Se3 was carried out from aqueous

acidic bath. The Sb2Se3 films were cathodically deposited

from an aqueous solution containing antimony and sele-

nium ions. The electrodeposition of Sb2Se3 had been car-

ried out from an aqueous acidic solution containing

antimony and selenium ions.

SeO2 ! Se2þ þ 2O2�

SeO2þ is converted into Seads:

The electron reacts with Seads.

3Seads þ 6e� ! 3Se2�

A complex of Sb3? reacts with Se2- to give

2Sb3þ þ 3Se2� ! Sb2Se3

Structural study

Figure 2a–c shows the XRD patterns of Sb2Se3 thin films

deposited for three different concentrations 0.05, 0.075,

and 0.1 M, respectively. With increasing the concentration

of precursor solution, increase in film thickness was

observed. This may be due to sufficient reaction time

period available for the formation of oriented growth of

Sb2Se3 thin films along specific plane. It is evident from

XRD pattern that Sb2Se3 thin films are polycrystalline

having orthorhombic crystal structure. Similar type of

results has been reported elsewhere [4, 6]. The XRD pat-

tern indicates the presence of (130), (520), (440), (212),

(351), (061), and (370) planes of Sb2Se3 materials, which is

in good agreement with JCPDS cards no. 01-075-1462. In

XRD pattern, Se phase is also observed which may be due

to the higher concentration of SeO2. It should be noted that

the relative peak intensity of the diffraction arising from all

the peaks increases with increase in concentration of pre-

cursor solution. The diffraction peaks marked by * are due

to selenium.

Surface morphological studies

The surface morphology of the Sb2Se3 thin films for dif-

ferent concentration of precursor solution were shown in

Fig. 3a–c at 10,0009 magnification. Observed surface

morphology for 0.05 M concentration suggest a uniform

growth of first few layers of Sb2Se3 nanocrystallites and as

the growth proceeds agglomeration of grains takes place,

giving non-uniformity in grain size on surface of the thin

film (Fig. 3a). However, the increase in precursor con-

centration to 0.075 M governs vertical growth of Sb2Se3 so

as to form vertically patterned arrays of Sb2Se3 nanocrys-

tallites (Fig. 3b). In this case, the surface of Sb2Se3 thin

films rough, porous, and nanocrystallites are uniformly

spread over the whole surface. Further, increase in pre-

cursor concentration to 0.1 M completely destroys the

previously developed surface morphologies. Now the sur-

face of Sb2Se3 thin films looks like soap foam which is
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Fig. 1 Cyclic voltammogram on stainless steel substrate in the

solution containing 0.1 M [K(SbO)�C4H4O6 ? SeO2 ? EDTA]
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Fig. 2 The X-ray diffraction patterns of Sb2Se3 thin films for three

different precursor concentrations: (a) 0.05 M, (b) 0.075 M, and

(c) 0.1 M

J Mater Sci (2011) 46:2789–2795 2791

123



spread in the form of ellipsoids over whole substrate sur-

face as seen from Fig. 3c. This morphological change is

attributed may be due to the presence of excess antimony in

atomic percentage [13].

Optical studies

The variation of optical band gap of Sb2Se3 films for three

different precursor concentrations is shown in Fig. 4. This

data was further used for analyzing optical direct band gap

energy using following classical relation for near edge

optical absorption in semiconductor The theory of optical

absorption gives the relationship between the absorption

coefficient a and the photon energy ‘hm’ can be written as

a ¼ AðEg � hvÞn

hv
; ð5Þ

where a is the absorption coefficient, A is a constant, Eg is

the band gap, and n is equal to 1/2 for a direct and 2 for

indirect transition. Figure 3 shows the plots of (ahm)2 ver-

sus hm plotted for estimating the values of direct band gap

energy of Sb2Se3 films by extrapolating curves to zero

absorption coefficient. The band gap energy (Eg) values are

found to be 1.49, 1.38, and 1.35 eV for 0.05, 0.075, and

0.1 M precursor concentrations, respectively, which are

slightly greater than earlier reported values [6]. The

decrease in band gap energy may be attributed to increased

grain size [14, 15]. Table 1 shows the comparison of band

gap with earlier reported values.

Fig. 3 Scanning electron

micrograph (SEM) images

(10,0009) of Sb2Se3 thin films

for three different precursor

concentrations: a 0.05 M,

b 0.075 M, and c 0.1 M
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Fig. 4 The variation of (aht)2 with photon energy (ht) of Sb2Se3 thin

films for three different precursor concentrations: (a) 0.05 M,

(b) 0.075 M, and (c) 0.1 M

Table 1 Comparison of band gap values with earlier reported values

S. no. Method Band gap Reference

1. Microwave-assisted Sb2Se3 1.16–1.17 [20]

2. Microwave-assisted Sb2Se3 1.16 [21]

3. Electrodeposited Sb2Se3 2.0 [6]

4. Thermal evaporation Sb2Se3 1.29 [22]

5. Chemical bath deposition Sb2Se3 1.11–1.19 [3]

2792 J Mater Sci (2011) 46:2789–2795

123



Wettability test

Wettability test is carried out in order to investigate the

interaction between liquid and Sb2Se3 thin films. If

the wettability is high, contact angle (h), will be small and

the surface is hydrophilic. On the contrary, if the wetta-

bility is low, h will be large and the surface is hydrophobic.

A contact angle of 0� means complete wetting and a con-

tact angle of 180� corresponds to complete non-wetting.

Both super-hydrophilic and super-hydrophobic surfaces are

important for practical applications [16]. From Fig. 5, we

observed that the Sb2Se3 thin films are hydrophilic as water

contact angle is 40� (\90�) means high wettability. As the

concentration of precursor solution increases the water

contact angle decreases. The contact angles for 0.075 and

0.1 M concentration was found to be 25� and 13�. This

may be due to the strong cohesive force between the water

droplet and hydroxide present in the Sb2Se3 compound.

Similar type of behavior has been reported by More et al.

[17] for chemically deposited TiO2 thin films. Thus, as

concentrations of precursor solution increases the surface

of Sb2Se3 thin films converts from hydrophilic to super-

hydrophilic nature. This specific property is attributed to

nanocrystalline nature that is expected to possess very high

surface energy. Due to which the water is attracted rather

repelled by the Sb2Se3 film. This specific property is useful

for making intimate contact of aqueous electrolyte with

electrode surface in PEC cell.

Double exposure holographic interferometry

The actual experimental setup of double exposure holo-

graphic interferometry technique is shown in Fig. 6. The

recorded holograms of Sb2Se3 thin films deposited onto SS

substrate at different concentrations of electrolyte are

shown in Fig. 7. From the hologram study (Fig. 8), it is

observed that as the bath concentration increases, the

number of fringes localized on the surface of SS substrate

goes on increasing [18]. From the Figs. 9, 10, and 11, it is

observed that thickness increases deposited mass increases

and stress to the substrate decreases with increasing bath

concentration, respectively, as shown in Table 2. Janseen

et al. reported that decrease in CrN thin film stress with

Fig. 6 Actual experimental

setup of the double exposure

holographic interferometry

technique

Fig. 5 Contact angles of Sb2Se3 thin films for three different

precursor concentrations: (a) 0.05 M, (b) 0.075 M, and (c) 0.1 M
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concentration: (a) 0.05 M, (b) 0.075 M, and (c) 0.1 M
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Fig. 10 The variation of Sb2Se3 film deposited mass at different

concentration: (a) 0.05 M, (b) 0.075 M, and (c) 0.1 M
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Fig. 7 Recorded holograms of Sb2Se3 thin films at different concentration: a 0.05 M, b 0.075 M, and c 0.1 M
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thickness [19]. This may be due to scattering or interfer-

ence of incident light.

Conclusions

In summary, we have successfully synthesized polycrys-

talline Sb2Se3 thin films by simple and inexpensive elec-

trodeposition method. From scanning electron micrograph

images, it is seen that there is significant change due to the

change in the concentration of precursor solution. The

optical band gap decreases from 1.49 to 1.35 eV and

contact angle decreases from 40� to 13�, i.e., the surface of

Sb2Se3 thin film converts from hydrophilic to superhy-

drophilic nature due to increase in precursor concentration.

In addition, the holographic interferometric properties have

been studied. The thickness, stress to substrate and

deposited mass of the thin films is determined using DEHI

technique.
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