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Abstract Undoped and Zn-doped SnS nanostructures

have been successfully synthesized through an elec-

trodeposition process by using SnCl2 and Na2S2O3 as

precursors on fluorine-doped tin oxide-coated (FTO)

glass substrates with different zinc concentrations. The

structure, surface morphology, and the optical properties

of the synthesized films are studied. The X-ray diffrac-

tion patterns of the SnS nanostructure confirm the

orthorhombic structure. Scanning electron microscopy

shows thin films with homogeneous and uniform surface

as well, by adding Zn ions, morphology of SnS films

changed from cubic to rod. Energy dispersive spec-

troscopy shows presence of Zn in the films. All samples

are characterized by UV–Vis reflectance measurement in

the wavelength range 500–1200 nm. The energy band

gap values, calculated from optical measurement of

reflectance, are between 1.46 and 1.49 eV, being suit-

able for absorbers layers in the photovoltaic applications.

Eventually, studying the photocurrent responses of the

nanostructures revealed that the Zn-doped SnS nanos-

tructures exhibited better response than the undoped SnS

nanostructures.
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1 Introduction

As part of a thrust in environmentally aware materials

research, new inorganic light absorber materials are sought

to be inexpensive, environmental-friendly, and it helps to

improve solar cell energy conversion efficiencies [1, 2].

These absorber materials can be used to build photovoltaic

devices with the standard type of thin-film heterojunction

configuration, or even be used in novel nanostructured

configurations, such as three-dimensional (3D) solar cell

[3] or extremely thin absorber (ETA) solar cells [4–7].

Tin monosulfide is a promising semiconductor, as it

absorbs light within peak solar radiation wavelengths

(885–1200 nm) [8–11]. It has a high absorption coefficient

(a[ 104 cm-1) [8–10]. However, few researches have

been performed on this material as on similar metal

monosulfides, such as CdS. The most commonly synthe-

sized phase for photovoltaic materials research, the

orthorhombic a-SnS (herzenbergite), is p type, which is

characterized by a direct optical transition of *1.3 eV [8–

11]. The addition of an impurity to the SnS compound has

a special effect on structural, optical, and electronic prop-

erties of SnS semiconductor. For instance, Niknia et al.

prepared Pb-doped SnS thin films by using an electrode-

position technique to improve optical properties. They

found a red shift for the band gap values from 1.46 to

1.40 eV with an increase in the Pb concentration [12]. Seal

et al. deposited Sb- and In-doped SnS thin films. Films

composed of primarily orthorhombic SnS were electrode-

posited on titanium substrates. It had a smaller effect on the

measured photocurrent, and at higher precursor concen-

tration ([5 %) the dopants resulted in the formation of

secondary phases of Sb and In oxides with reduction in the

measured photocurrent [13]. For the Ge- and Sb-doped SnS

films subjected to anneal at 200–350 �C in N2, the band

gaps of 200 �C-annealed films remained unchanged, while

those of 300- and 350 �C-annealed films decreased with

the annealing temperature because of the evaporation of Ge

and Sb, respectively. Hsu et al. obtained this result by using

solvothermal route [14]. Recently, Patel et al. have carried

out doped SnS by pulsed DC magnetron sputtering of

elemental Cu at different temperatures. An improvement in

the photocurrent density from 1.1 to 1.8 mA/cm2 was

observed in the photo-electrochemical cell by this doping

process [15]. Kumar et al. reported Ag-doped SnS thin

films were deposited onto microscopic glass substrates at a

substrate temperature of 350 �C by the spray pyrolysis

technique. The lower electrical resistivity of

8.63 9 10-1 X cm and the optical band gap of 1.33 eV

were obtained at 8 % of Ag [16]. Kiruthigaa et al. prepared

Ce-doped SnS2 thin films using a solid state reaction at low

temperature and solvent-free. Optical investigation

revealed that the energy band gap value of Ce-doped SnS2
decreased compared to that of undoped [17]. Moreover,

SnS thin films were deposited at different potentials by

Mariappan et al. [18]. They managed to produce smooth

and uniform films that were suitable for photovoltaic

application. The modified chemical vapor deposition

(CVD) process was used for deposition of Sb-doped SnS

thin film. Small amounts of antimony (*1 %) were found
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to greatly increase the electrical resistance of the SnS.

Higher concentrations (*5 %) of antimony had not con-

verted the SnS: Sb to low-resistivity n type conductivity

[19]. There are very few reports on the Zn-doped SnS thin

films prepared by hydrothermal which have demonstrated

low values for their carrier concentration and conductivity

[20]. To date, no research has targeted method the Zn-

doped SnS thin films by the electrodeposition method;

therefore, this study aimed to investigate the effect of Zn

dopant on SnS thin films by using the electrodeposition

technique and photocurrent properties.

2 Experimental section

2.1 Synthesis of SnS and Zn-doped SnS

nanostructures

The synthesis of SnS thin films was performed in a con-

ventional three-electrode electrochemical cell. Aqueous

solutions of SnCl2 and Na2S2O3 at the concentrations of

*2 9 10-3 M (100 ml) and 20 9 10-3 M (100 ml) were

prepared in different beakers. All solutions were trans-

ferred to a beaker and by adding a few drops of H2SO4 the

pH of the solution was adjusted to 1.5. Form the literature

survey, it is known that when the pH is equal to, or smaller

than 2.5, atomic ratio of Sn/S is less than 1; when the pH is

equal to, or larger than 3.0, Sn/S is greater than 1. The Sn/S

ratio increases by increasing the pH value, because the

supply of S by reaction (1) is diminished when the pH is

raised [21].

S2O
2�
3 þ 6Hþ þ 4e� $ 2Sþ 3H2O ð1Þ

The reaction scheme for the formation of the SnS on a

cathodic surface is represented by two equations as

follows:

Sn2O
2�
3 þ 2Hþ

aq ! SðsÞ þ SO2ðgÞ þ H2OðlÞ ð2Þ

Sn2þaq þ SðsÞ þ 2e� ! SnSðsÞ ð3Þ

The first equation is representing the well-known

decomposition of thiosulfate in acid solution giving rise to

elemental S and SO2. The decomposition of thiosulfate in

acid solution is a classic example of a disproportionation

reaction which is a specific type of redox reaction in that

the same species is simultaneously reduced and oxidized

to form two different products. In our case, the two S ions

of starting thiosulfate having a (2?) chemical state give

rise, as products of the disproportionation reaction, to one

atom of elemental S, having zero as chemical state, and

one S ion of the sulfurous acid having a (4?) chemical

state, thus perfectly balancing the electron exchange

between the S species. Although the second reaction does

not clearly indicate, which species is reduced to allow SnS

precipitation, it is supposed that the reduction of Sn2? is

favorable at the cathode to form Sn(s) and then

SnS(s) formation on the surface [22, 23]. This is because

of the fact that it is the continuation of the electrical

current. In fact, this would be the case since ‘S’ is not

necessary for the continuation equation. Moreover, based

on the enthalpies of formation of SnS and ZnS (-108 and

-206 kJ/mol respectively) it is expected that the ZnS is

formed on the surface of the cathode; however, because of

the following reasons, the dominate phase is SnS: (1)

electromotive force for the reduction half of Sn2? is more

than Zn2?, (2) the concentration of Sn2? is higher than

Zn2?. On the other hand, the probability of the formation

of ZnO in a low pH is very low; therefore, this is rea-

sonable that the main product on the surface of cathode

should be SnS or Zn-doped SnS that all of characteriza-

tion results confirm this claim. The thickness of the SnS

film was determined to be about 1 lm by the weight

difference method assuming that the sample is uniform

and dense as that of the bulk having a density of

7.4 g cm-3.

The temperature of the solution was kept at 80 �C. An
FTO-coated glass substrate, platinum sheet, and saturated

calomel electrode (SCE, E0 = 0.244 V vs. NHE) served

as the working, counter, and reference electrodes,

respectively. The electrodes were ultrasonically cleaned

in acetone and methanol successively for 10 min. A

computer-controlled electrochemical analyzer (poten-

tiostat, Autolab, A3ut71167, The Netherlands) was used

to maintain the cathodic polarization condition at -1.2 V

with respect to the SCE. The deposition period was

45 min. In order to make the electrolyte for doping, an

aqueous solution of ZnCl2 at a concentration of

*2 9 10-3 M was prepared in a separate beaker. By

adding different quantities of this solution (1 cc, 3 cc, or

7 cc) to different beakers, separate experiments were

carried out. The specimens were called Zn 0, Zn 1, Zn 2,

and Zn 3 for the undoped and doped specimens with

different amounts of the solution, respectively. After

conducting each experiment, the deposited SnS thin film

was washed softly in pure water, and naturally dried in the

air. The SnS films were uniform and their color was dark

brown. All the used chemicals were analytical grade

reagents and water used was double-distilled water. At

least three specimens were synthesized under identical

experimental conditions and characterized by various

analytical techniques in order to check the reproducibility

and repeatability of the results.
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2.2 Materials characterization

The structure of the deposited films was characterized by a

Philips X’Pert Pro MPD X-ray diffraction (XRD) system

with a Cu Ka radiation source. The surface morphology

and composition of the films were analyzed by an FESEM,

Ziess RIGMA VP field emission scanning electron

microscope (FESEM) with an energy dispersive X-ray

(EDX) analysis attachment, which works at an operating

voltage of 20 kV. The optical properties were investigated

using the photoluminescence (PL) and UV–Visible (UV–

Vis) spectra recorded at room temperature. The UV–Vis

diffuse reflectance spectra (DRS) were recorded using a

UV–Visible spectrophotometer (Perkin Elmer-Lambda

950) over a wavelength range of 500–1200 nm. The PL

was measured with a photoluminescence spectrometer

(Varian-Cary Eclipse) using a xenon lamp as the light

source with an excitation wavelength of *440 nm.

Solar cell devices were assembled using the deposited

films as working electrodes and Pt foil as counter elec-

trodes, which were sealed in as sandwich cell that was

filled with the electrolyte in a 100-lm-thick spacer. The

electrolyte liquid was I-/I3
-. The photocurrent response

was measured by a potentiostat (Autolab, A3ut71167, The

Netherlands) using a 100-W xenon lamp as the light

source. The incident light intensity was calibrated by a

standard solar cell. The illuminated area of the specimens

was 0.5 cm2, and the distance between the working elec-

trode and the lamp was 30 cm. The photocurrent was

recorded continuously during the ON and OFF periods of

the lamp. All the experiments were carried out under

ambient conditions.

3 Results and discussion

3.1 Morphological and microstructural analysis

3.1.1 X-ray diffraction

The XRD patterns of the SnS film (undoped and doped)

deposited onto the FTO glass substrate are shown in Fig. 1.

All the deposited films are polycrystalline. These patterns

consist of the same peak centered at approximately

2h = 37.807�, which correspond to the (1 1 4)-reflection of

the SnS lattice with an orthorhombic structure. When the

amount of ZnCl2 in the deposition solution increased, the

diffuse dispersion peaks of XRD patterns increased as well.

The patterns exhibit several XRD peaks corresponding to

the different planes based on JCPDS card nos. 079-2193,

01-075-0925, and 032-1361. It indicates that all the

diffraction peaks of the deposited SnS films are coincident

with the corresponding diffraction peaks of orthorhombic

SnS. The lattice parameters were calculated using the

observed values of 2h = 37.80� for the (1 1 4) plane and

the d values (inter-planar spacing) for the orthorhombic

structure, which is given by

1

d2
¼ h2

a2
þ k2

b2
þ l2

c2
ð4Þ

where (h k l) are the Miller indices of the plane concerned

and a, b, and c are the lattice parameters. The values of the

lattice parameters of the SnS film were calculated to be

a = 0.433 nm, b = 1.1248 nm, and c = 0.399 nm with

a/c = 1.085, which were in good agreement with the

standard values of the lattice parameters taken from the

JCPDS card file data. The strongest peak at 26.45� indi-

cates that the SnS films are preferentially oriented along the

(0 2 1) plane. Preferential orientation of SnS films is due to

the fact that the growth process is controlled by nucleation

[24]. Therefore, the films are SnS with orthorhombic

structure. In addition, the crystalline size was evaluated

using the Scherer formula. The average crystallite sizes of

the SnS films were calculated to be 47.6 nm (Zn (0)),

62.5 nm (Zn (1) and Zn (2)), and 51.3 nm (Zn (3)). For

lower Zn concentration, the crystallite size increased and

decreased for a higher concentration. The decreased

intensity of the XRD peaks for the higher concentration

showed a reduction in the crystallinity due to the incor-

poration of more Zn atoms into the SnS lattice. Moreover,

the increase of the ZnCl2 content causes the broadening of

the SnS (1 1 4) peak and the decreasing of other small

peaks. When the amount of ZnCl2 in the deposition solu-

tion increases, the diffuse dispersion peaks of XRD pat-

terns also increase. It is clear that the crystalline properties

Fig. 1 XRD patterns of undoped and Zn-doped SnS thin films grown

on FTO glass substrates
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of the thin film depend on doping concentration impurity: it

causes the broadening of peaks, particularly (1 1 4)

orthorhombic peak. Zainal [25], observed similar behavior

for SnS thin films from aqueous solution.

3.1.2 Scanning electron microscope and energy dispersive

analysis

Figure 2 shows FESEM micrographs of (a) Zn (0), (b) Zn

(1), (c) Zn (2), and (d) Zn (3). The Zn0 specimens

demonstrated well-defined crystallographic facets in dif-

ferent ranges, one of which was in the form of sheets with a

thickness of 20–50 nm and the other was in the form of a

cubic rod smaller than 1 lm. By adding Zn ions, the sur-

face of the specimen became rod structures (Fig. 2b). With

increasing the Zn concentration, the surface of the speci-

mens changed to regulated structures. Moreover, it was

also observed that the surface of the films, which were

grown at lower and higher concentrations, exhibited deeper

holes between the grains. These differences between the

shape and density of the specimens can be explained by the

presence of Zn ions in the electrolyte. The grain sizes are

between 47.6 and 62.5 nm. It should be noted that the grain

sizes estimated from the XRD pattern are generally smaller

than those obtained by SEM determination since the esti-

mation from Eq. (4) is generally the sub grain size on the

principle of X-ray diffraction, while the grain observed by

SEM should be the result of sub-grain collection [26]. The

composition of the films was determined by the EDX

analysis which indicated that the atomic ratios of Zn 1, Zn

2, and Zn 3 were 1.2, 3.1, and 4.7, respectively, and that

there was no evidence of the oxygen signal (Fig. 3). Zn 0

showed the presence of only Sn and S.

3.2 Optical properties

3.2.1 Photoluminescence

Figure 4a and b illustrate the PL emission spectra of the

undoped and Zn-doped SnS nanostructures, respectively.

The SnS nanostructures show two strong emission bands

centered at 470 nm (blue emission) and 530 nm (green

emission). Figure 4b depicts the band-to-band emission

(*829 nm) of the SnS nanostructures, which is in accord

with the energy band gap of 1.46 eV. The strong blue-

green emission might be similar to that of SnS nanoparti-

cles, which is ascribed to the influence of a large quantity

of defects [27–30]. During the preparation process, a high

density of sulfur and tin vacancies may be expected.

Besides sulfur and tin vacancies, various kinds of defects,

such as interstitials, stacking faults, have also been intro-

duced in the nanostructures [27]. In addition, comparing

Fig. 2 SEM micrographs of synthesized Zn-SnS thin films grown on FTO glass substrates for a Zn (0) (undoped), b Zn (1), c Zn (2), d Zn (3)
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with the undoped SnS, the PL spectra of the nanostructured

Zn-doped SnS thin films showed an obvious blue shift in

the emission. This blue shift can be attributed to the large

difference between the energy band gap values of SnS

(*1.5 eV) and ZnS (3.54 eV). The strong blue-green

emission also suggests that the SnS thin films have

potential application to blue and green light emitters or any

other optical devices.

3.2.2 UV–Vis reflectance

The optical absorbance spectra of electrodeposited SnS

thin films that were recorded as a function of wavelength in

the range 500–1200 nm are shown in Fig. 5a. The spectra

revealed a characteristic absorption peak of SnS for the

specimens made with different concentrations of Zn and

the undoped SnS, which can be attributed to the electron

Fig. 3 EDX analysis of synthesized Zn-SnS thin films grown on FTO glass substrates for a Zn (0) (undoped), b Zn (1), c Zn (2), d Zn (3)

Fig. 4 a and b PL spectra of the undoped and Zn-doped nanostructured SnS thin films
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transitions from the valence band to the conduction band.

In addition, the direct band gap can be estimated from the

maximum of the first derivative of the absorbance plot

versus energy also from intersection of the second

derivative with energy axle [31-34] as shown in Fig. 5b.

The figure shows band gaps of 1.46, 1.47, 1.48, and

1.49 eV for the undoped, Zn (1), Zn (2), and Zn (3)

specimens, respectively.

3.2.3 Photovoltaic characterization

Figure 6 shows the photocurrents of the specimens under

pulse illumination light. Under illumination, the

photocurrent of the films quickly increased and remained

relatively constant during the illumination. The photocur-

rent response of the film had a sharp-edge peak when the

light was out. Generally, electrons and holes are generated

after light absorption with energy equal to, or greater than

the band gap of the semiconductor. Some kinds of doped

transition metals such as Zn can provide more negative

charge carriers and/or shallow trap levels for photo-gen-

erated electron and hole so as to inhibit the recombination

and enhancing charge-generation efficiency [35–37]. The

photocurrent response of Zn-doped SnS is higher than the

SnS.

4 Conclusions

The undoped and Zn-doped SnS nanostructures were

obtained using electrodeposition technique on FTO sub-

strates. The XRD analyses indicated that the films were

polycrystalline in nature and that they exhibited an

orthorhombic crystal structure. Because of the Zn doping,

the crystallite size increased from 47.6 to 62.5 nm. SEM

studies showed that the SnS films represented most

homogeneous surface and that the morphologies of the

films changed less with variation of Zn concentration. In

addition, the EDX results showed the presence of Sn, Zn,

and S elements in the doped films. Optical measurements

revealed an increase in the band gap, which was attributed

to the effect of incorporating the Zn ions into the SnS

lattice. In addition, the results showed that the Zn ions

played important roles in enhancing the photocurrent and

improving the sensitivity of the synthesized films. This

Fig. 5 a UV–Visible absorption spectra of the undoped and nanostructured Zn-doped SnS thin films, b derivative of the UV–Vis absorption

spectra of the undoped and nanostructured Zn-doped SnS thin films

Fig. 6 The typical photocurrent response of the undoped and

nanostructured Zn-doped SnS thin films under pulse illumination of

the xenon light
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indicated that the properties of nanostructured SnS films

can be altered by Zn doping, which could be used in

optoelectronic applications.
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