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ABSTRACT

This work reveals the effect of silver doping on structural, optical and electrical

properties of Sb2S3 films grown by a citrate-mediated chemical bath deposition

technique. The silver content in solution was 7.5 mol% with respect to Sb3? ions.

The films were deposited in a cold bath for four hours and subjected to thermal

treatment in a N2 atmosphere at 300 �C for 1 h. Polycrystalline nature of Sb2S3
films with orthorhombic phase was confirmed in both undoped and Ag-doped

samples by X-ray diffraction technique and Raman spectroscopy. Scanning

electron microscopy imaging showed the presence of irregular-shaped inter-

connected particulate grains in the undoped films, while nearly spherical

clusters of smaller grain size were observed for Ag-doped Sb2S3 films. X-ray

photoelectron spectroscopy results revealed the incorporation of metallic Ag

into the Sb2S3 lattice. A detailed growth mechanism has been proposed for the

formation of Sb2S3 and incorporation of metallic silver in the host matrix. The

optical properties were recorded by UV–Vis diffuse reflectance spectroscopy.

The inclusion of Ag in Sb2S3 films causes a red shift in band gap values from 1.75

to 1.66 eV. The dark resistivity of Sb2S3 films was decreased by one order on

silver doping.

Introduction

Among the binary chalcogenides, antimony sulfide

thin films attract good expectations to the researchers

due to their attractive photosensitivity and thermo-

electric properties, large dielectric constant, high

refractive index and air-stability [1–4]. In addition to

low toxicity and natural abundance of its constituent

elements, Sb2S3 has high absorption coefficient

([ 105 cm-1) and direct optical band gap in the range

of 1.6–2.2 eV [5] making them potential absorber

material for harvesting solar energy in different types

of solar cells such as thin film photovoltaics [6],

Schottky diodes [7], semiconductor-sensitized solar

cell [8, 9] and hybrid organic-inorganic extremely

thin absorber solar cells [10, 11]. Recently, DeAngelis

et al. have demonstrated the potential of Sb2S3 thin

films as a photoanode material in photocatalytic
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water splitting [12]. The use of Sb2S3 thin films in Pt-

nSb2S3 Schottky barrier solar cells has been illustrated

with efficiency, (g) of * 5.5% [7]. A number of rele-

vant research has been reported on Sb2S3-based

semiconductor-sensitized solar cells comprised of

FTO/TiO2/Sb2S3/hole conductor/Au yielding a

power conversion efficiency of 6.5% [13]. In photo-

voltaics, the electrical resistivity of the active layer is

one of the major concerns along with several addi-

tional important criteria such as effective absorption

of incident photon and ability to collect the photo-

generated carriers before they recombine. The resis-

tivity of Sb2S3 at room temperature is very high of the

order of 108–109 X-cm which restricts its use as buffer

layer in photovoltaics [14]. One way to improve the

resistivity is by doping with foreign atoms. So far,

few attempts have been made in doping Sb2S3 films

with foreign atoms: Ag doping by Salim et al. and

Dong et al. using chemical bath deposition and radio

frequency sputtering respectively [15, 16], Sn-doping

by Mushtaq et al. [17] by CBD method, C-doping by

Cardenas et al. [18] by CBD, and Ni-doping by

Mushtaq et al. [19] by CBD technique. Incorporation

of Ag atoms in Sb2S3 is found to be advantageous as

the intrinsic high resistivity of Sb2S3 films can be

lowered as reported by Mitkova et al. [20]. In addi-

tion, silver doping is found to increase the refractive

index of Sb2S3 films which makes attractive its

application in photonics [21]. A major difficulty for

an effective doping of Sb2S3 material with Ag ions is

due to the large contrast in ionic radii of silver and

antimony ions (ionic radii of Sb3? = 0.74 Å and

Ag? = 1.26 Å) and the charge difference between

Ag? and Sb3? which are expected to cause a lattice

distortion and charge re-compensation process in

host matrix, producing a significant change in struc-

tural, optical and electronic properties.

In the present work, undoped and silver-doped

Sb2S3 thin films were developed by a citrate-mediated

chemical bath deposition method. To the best of our

knowledge, the use of sodium citrate as complexing

agent in the deposition of Sb2S3 films by CBD method

has not been reported so far. The structural, optical

and electrical properties of undoped and Ag-doped

films were studied using X-ray diffraction (XRD),

Raman scattering, scanning electron microscopy

(SEM), energy-dispersive X-ray spectroscopy (EDS),

X-ray photoelectron spectroscopy (XPS), UV–Vis

spectroscopy and photoresponse study. Both

undoped and Ag-doped Sb2S3 thin films revealed

orthorhombic stibnite phase. A red shift in absorption

edge and consequently a lower optical band gap were

determined for Ag-doped Sb2S3 compared to the

undoped film. The resistivity of Sb2S3 films was

found to improve by one order due to Ag doping.

Experimental section

Materials

All chemical are commercially available and were

used as received. The reagents used for the prepa-

ration of undoped and silver-doped Sb2S3 thin films

were as follows: antimony (III) chloride (SbCl3,

Sigma-Aldrich, 99%), ethylene glycol (C2H6O2, J.

T. Baker, 99.97%), sodium citrate tribasic dihydrate

(C6H5O7Na3�2H2O, Sigma-Aldrich, 99%), sodium

thiosulfate 5-hydrate (Na2S2O3�5H2O, J. T. Baker,

99.5%), silver nitrate (AgNO3�2H2O, Sigma-Aldrich,

99%) and Millipore water (18 X).

Preparation of Sb2S3 films

Antimony sulfide thin films were prepared by

chemical bath deposition method using sodium

citrate as a complexing agent. The chemical bath was

prepared by dissolving 650 mg of SbCl3 in 8 mL of

ethylene glycol. This was followed by the addition of

1 mL of 1 M trisodium citrate solution under stirring.

A milky white solution was formed due to the com-

plexation of Sb3? ions with citrate ions. Subsequently,

25 mL of 1 M Na2S2O3 solution was added which

was previously cooled at 10 �C prior to the addition.

The whole mixture became transparent after the

addition of thiosulfate solution. Finally, the total

volume was adjusted to 100 mL by adding cold

deionized water and stirred thoroughly. For the

deposition of Sb2S3, clean microscopic glass sub-

strates were placed vertically in the bath supported

on the wall of the beaker. The deposition was carried

out at 10 �C in order to avoid immediate precipitation

and to assure a good adhesion of Sb2S3 layer on the

substrates. In our study, the optimal growth time for

Sb2S3 deposition was found to be 4 h. At the end of

deposition, substrates coated with orange yellow

films were taken out from the bath, washed with

deionized water and dried under N2 flow. For the

preparation of Ag-doped Sb2S3 thin films, 37.23 mg

of AgNO3 (corresponding to 7.5 mol% with respect to
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Sb precursor) was dissolved in 2.5 mL of deionized

water and was added to citrate complexed Sb3?

solution prior to the addition of sodium thiosulfate

solution. Upon the addition of AgNO3, the bath

solution turned into highly viscous white mixture

which became transparent after adding thiosulfate

solution. The rest of the experimental parameters

were kept similar as described earlier. In all the cases,

thin film on one side of the substrate facing the wall

of the beaker was retained to study the structural,

optical and electrical properties, while the coating on

the other side was removed by cotton swabs moist-

ened with dilute HCl (1%). In order to induce crys-

tallinity, the undoped and Ag-doped Sb2S3 films

were annealed in a vacuum furnace at 300 �C for 1 h

in a tubular vacuum furnace (MTI-1200 OTF) under a

nitrogen pressure of 1 atm.

Characterization

The thickness of the undoped and Ag-doped Sb2S3
films was determined by surface profilometer (Dek-

tak 150) and found to increase from 612 to 670 nm on

doping. The crystal structure of Sb2S3 thin films was

characterized by X-ray diffraction using a Bruker D8

Discover diffractometer with monochromatized Cu–

Ka radiation (k = 1.5406 Å). The scanning was done

in the 2h range of 10�–80� at 40 kV and 40 mA.

Raman scattering measurements were performed by

means of confocal micro-Raman equipment (Jobin

Yvon RAM HR800) focusing 632.8 nm line of He-Ne

laser on Sb2S3 films through 50X objective of a

microscope (Olympus BX41). The optical reflectance

spectra of the films were recorded in the wavelength

range of 300–1200 nm in diffuse reflectance mode

using a Varian (Agilent) Cary 5000 spectrophotome-

ter. The surface morphology and composition of the

Sb2S3 films were analyzed using field emission

scanning electron microscope (FESEM JSM 5400LV)

equipped with a NORAN energy-dispersive X-ray

spectrometer (EDS) attached to the FESEM.

A Thermo Fisher Scientific K-Alpha X-ray photo-

electron spectrometer with Al Ka (1487 eV) as the

excitation source was used to examine the chemical

state of the constituent present in the films. The

photoconductivity measurement was done using an

automated Keithley 230 voltage source and a Keithley

619 electrometer. Two planar carbon electrodes of

3 mm in length and separated by 5 mm were painted

on the film surface using conductive graphite paint,

and light was illuminated from the top. Prior to the

application of any voltage, the samples were kept in

the dark for 30 min. Photocurrent response of the

films was measured under a tungsten halogen lamp

with an illumination intensity of 1000 W/m2.

Results and discussion

XRD study

Figure 1 shows the XRD patterns of undoped and

Ag-doped Sb2S3 films annealed at 300 �C. The stan-

dard patterns corresponding to the orthorhombic

stibnite (JCPDS# 42-1393) and cubic senarmontite

(JCPDS# 05-0534) structures are included for refer-

ence. In both cases, all the diffraction peaks are

assigned to the planes of stibnite Sb2S3 phase except

two minor peaks at 2h = 13.8� and 27.53� which may

belong to the (111) and (222) planes of senarmontite

Sb2O3 structure. For Ag-doped Sb2S3 film, two low-

Sb2S3;JCPDS#42-1393
 Sb2O3;JCPDS#05-0534
 AgSbS2;JCPDS#53-0842
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Figure 1 XRD patterns of chemically deposited undoped and

Ag-doped Sb2S3 films annealed at 300 �C for 1 h. The reference

patterns of stibnite Sb2S3 (orthorhombic), cuboargyrite AgSbS2
(cubic) and senarmontite Sb2O3 (cubic) phases are also included

for the comparison.
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intense peaks were observed at 2h values 27.34� and
31.58�, which can be attributed to (111) and (200)

planes of cuboargyrite AgSbS2 phase (JCPDS#

53-0842). No peak corresponding to metallic Ag was

detected suggesting that it may be present at low

concentration which is below the detection limit of

XRD instrument or it is present as amorphous phase.

In addition, the intensity of XRD peaks decreases

drastically in the doped films along with an incre-

ment in peak width which is mainly due to the lower

crystallinity of the film compared to the undoped

one. The larger size of dopant ions compared to Sb3?

(ionic radius of Sb3? and Ag? ions is 0.74 and 1.26 Å,

respectively) causes several lattice defects and dis-

tortion of Sb2S3 unit cell [15]. Similar observation has

been reported for Sn-doped TiO2 nanoparticles used

as photoanode in dye sensitized solar [22] and Ag-

doped ZnO films [23]. In the undoped film, the

intensity of (020), (120) and (130) reflections is higher

compared to the other planes, while for Ag-doped

Sb2S3, the intensity of (020) and (120) decreases being

the (130) is of highest intensity. This suggests that Ag

doping causes a significant reduction in the prefer-

ential orientation of (020) and (120) planes in the

doped films.

To get further information about the microstruc-

ture of the films, we have calculated several param-

eters like crystallite size, crystal strain and dislocation

density based on the XRD patterns. The average

crystallite size (D) of the grains in the films was

estimated from the broadening of the three promi-

nent peaks, (020), (120) and (130) with the help of

Scherrer’s equation and taking the average of the

three values:

D ¼ 0:9k=b cos h ð1Þ

where k is the X-ray wavelength, b is the full width at

half-maximum of the diffraction peaks under con-

sideration, and h is the Bragg angle.

The lattice strain (e) was calculated for undoped

and Ag-doped Sb2S3 films using the Scherrer’s

relation:

e ¼ b= tan h ð2Þ

The dislocation density (d) caused by Ag doping

was evaluated using the formula:

d ¼ 1=D2 ð3Þ

The average crystallite size for Sb2S3 film was

found to decrease from 19.3 to * 17 nm on Ag

doping, while the crystal strain was found to increase

from 10.5 9 10-3 to 12.2 9 10-3. We assume that due

to the larger ionic radius of Ag ion, the growth of

Sb2S3 crystallites are inhibited to some extent leading

to the smaller grain size and the higher lattice strain

in the doped films compared to the undoped one.

The lattice parameters for undoped and Ag-doped

Sb2S3 thin films were calculated by using the fol-

lowing equation for the orthorhombic system

(a = b = c):

1

d2hkl
¼ h2

a2
þ k2

b2
þ l2

c2
ð4Þ

where d is interplanar spacing determined using

Bragg’s equation and h, k, l are the miller indices of

the lattice planes. The calculated values of lattice

parameters and other microstructural parameters are

tabulated in Table 1. The lattice parameter, a, of the

unit cell is found to decrease from 11.273 to 10.846 Å

while b is found to undergo an increment from 11.353

to 11.422 Å on doping. On the other hand, the lattice

parameter c was not changed considerably on dop-

ing. The observed change in lattice parameters can be

attributed to the incorporation of Ag into Sb2S3
matrix where the difference in size between dopant

and host ions is considerably large.

The texture coefficient, TC (hkl), was calculated for

the main planes using the following expression:

TC hklð Þ ¼
I hklð Þ
I0 hklð Þ

P
N

I hklð Þ
I0 hklð Þ

N ð5Þ

where I0(hkl) is the standard intensity of the plane,

I(hkl) is the observed intensity of the (hkl) plane, and

N is the number of diffraction peaks. The results of

TC calculated from integrated intensity ratios for

respective Miller indices are shown in Table 2.

It is known that an increase in the TC with respect

to unity implies a higher degree of preferred orien-

tation along a particular plane. On the other hand, the

deviation in texture coefficient from unity for a par-

ticular plane indicates the change in atomic densities

for that particular Miller plane [24]. Therefore, an

increment in TC implies an increase in planar density

along a specified plane and vice versa. The results

indicate that the undoped film is highly textured

along (020) plane, while the Ag-doped films show a

significant increase in TC from 0.813 to 1.117 along

(130) with a concomitant decrease in TC along (020)

plane. Therefore, texture analysis reveals that the

J Mater Sci (2018) 53:11562–11573 11565



incorporation of Ag in Sb2S3 lattice causes a consid-

erable increase in planar density for (130) plane with

a simultaneous decrease of (020) plane which in turn

indicates that Ag doping creates many vacancies on

(020) plane of Sb2S3 unit cell.

Raman scattering

To study the effect of Ag doping on Raman scattering

properties of Sb2S3 films, Raman spectral analysis

was done and the spectra for undoped and Ag-doped

Sb2S3 films are shown in Fig. 2. In the case of as-

deposited Sb2S3 films, a broad peak centered at

310 cm-1 can be observed which is characteristic of

amorphous phase of antimony sulfides. Upon

annealing, well-defined and intense Raman peaks

were observed at 190, 237, 282 and 311 cm-1 together

with a weak band at 157 cm-1 for both undoped and

Ag-doped Sb2S3 films. These bands are in well

agreement with the characteristic vibrational modes

of stibnite Sb2S3 phase. The peaks at 157, 190 and

282 cm-1 can be correlated to Ag modes and the

peaks at 237 and 311 cm-1 are associated with B1g

vibrational modes [25, 26]. A small peak at 115 cm-1

can be assigned to senarmontite Sb2O3 phase which is

in agreement with XRD results [27]. In the presence

of Ag dopants, Raman peaks become weaker and

broader. Additionally, a peak at 254 cm-1 and its

second harmonic mode at 450 cm-1 were observed

which can be attributed to cuboargyrite phase of

AgSbS2 which is in well agreement with XRD results.

A similar report has been documented in the

literature, indicating that the 254 cm-1 peak corre-

sponds to Sb-S stretching vibrations of SbS3 pyramids

in miargyrite phase of AgSbS2 [28]. The broadening

of phonon modes and the concomitant decrease in

intensity is due to the decrease in phonon correlation

lengths caused by local crystal lattice disorder

induced by doping [23].

SEM analysis

The morphology of the Sb2S3 films after annealing

was studied using field emission scanning electron

microscopy (FESEM), and images are presented in

Fig. 3. In both cases, the dark background corre-

sponds to either Sb2S3 or Sb2S3:Ag film along with the

irregular distribution of surface particles. In the case

of undoped film, these aggregates are interconnected

with each other and distributed all over the surface

Table 1 Microstructural

parameter calculated for doped

and undoped Sb2S3 films

Sample D (nm) e d (nm-2) Lattice parameters (Å)

a b c

Sb2S3 19.32 10.5 x 10-3 2.68 x 10-3 11.273 11.353 3.843

Sb2S3:Ag 16.98 12.2 x 10-3 3.47 x 10-3 10.846 11.422 3.835

Table 2 Texture coefficients calculated for pure and Ag-doped

Sb2S3 films

Planes (hkl) Texture coefficient

Undoped Sb2S3 Ag-doped Sb2S3

(020) 1.644 1.256

(120) 1.165 1.155

(130) 0.813 1.117

(132) 0.376 0.470
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Figure 2 Raman spectra of undoped and Ag-doped Sb2S3 films

before and after annealing.
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while in the Ag-doped film, the clusters are more

isolated as can be observed in Fig. 3a, b. The presence

of unevenly distributed, agglomerated surface parti-

cles is reported to be a common morphological fea-

ture in chemical bath-deposited Sb2S3 films [5]. The

incorporation of Ag is found to decrease the number

of surface particles forming a more homogenous film

with slightly higher thickness; this can be associated

with the formation of new nucleation centers due to

Ag doping [29]. The octahedron-shaped crystallites

shown in Fig. 3d corresponds to antimony oxide as

evidenced by EDS analysis.

Semiquantitative chemical composition of

undoped and Ag-doped Sb2S3 thin films was mea-

sured by energy-dispersive X-ray spectroscopy. The

atomic percentages of Sb and S are 36.83 and 63.17 in

the undoped film, suggesting the films are slightly

Sb-deficient. In the doped film, the presence of Ag

has been detected as 7.25 at. %, while Sb and S are

found to be present in the ratio of 35.32 and 57.43,

respectively. EDS measurements performed on octa-

hedron-shaped crystals result in the characteristic

emission peaks of Sb and O with an atomic percent-

age ratio of 27.84 and 72.16, respectively.

XPS analysis

The XPS spectra were registered with a Thermo

Fisher Scientific K-Alpha spectrometer using the

AlKa excitation line at 1487 eV. All the XPS signals

were calibrated using the C1s peak at 284.6 eV

resulting from the adventitious hydrocarbon. The

peaks were deconvolved using Shirley background

method. For these measurements, we used an energy

step size of 0.10 eV, a pass energy of 50 eV, and a

spot size of 400 mm.

A detailed analysis of the chemical states was fur-

ther carried out using X-ray photoelectron spec-

troscopy. Figure 4 shows the XPS survey scan from

the surface of Sb2S3 and Sb2S3:Ag thin film in a

binding energy range of 0 –1000 eV. The spectrum of

the undoped film showed the characteristic peaks

from Sb 3p, 3d, 4d and S 2p. In addition to Sb and S

peaks, Ag-doped films showed the double Ag 3d

1µm

(a)

1µm

(b)

1µm

(c)

1µm

(d)

Figure 3 SEM micrographs of Sb2S3 films annealed at 300 �C for 1 h: a, b correspond to pure Sb2S3 taken at 5000 and 10000

magnification, respectively. c, d Ag-doped Sb2S3 films imaged at 5000 and 10,000 magnification.
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peaks confirming the presence of Ag in the films. The

C1s peak present in both samples can be presumably

due to the contamination from the environment. The

high-resolution XPS spectrum of Ag 3d (Fig. 4b)

shows peaks at 373.29 and 367.37 eV corresponding

to Ag 3d5/2 and Ag 3d3/2, respectively, with a spin

orbital separation of 5.92 eV which are characteristic

of metallic Ag [30].

Figure 4c shows the high-resolution XPS spectra of

Sb 3d core level obtained from Sb2S3 and Sb2S3:Ag

films. The experimental spectra and the deconvoluted

ones (dotted) are included in the figure. The Sb 3d3/2

and Sb 3d5/2 shows two distinct peaks, indicating the

presence of Sb in different environments. The Sb2S3
and Sb2S3:Ag have identical Sb 3d peak positions.

The high-intense peaks at 538.28 and 528.88 eV with a
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Figure 4 a XPS survey spectra of undoped and Ag-doped Sb2S3
films. High-resolution spectra of b Ag 3d spectrum, c Sb 3d

spectrum of Sb2S3 and Sb2S3:Ag thin films and d S 2p spectrum of

Ag-doped film. The experimental data, the fitting curve and

deconvoluted peaks (dotted lines) are presented in the spectra.
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separation of 9.4 eV coincide well with Sb 3d3/2 and

Sb 3d5/2 of Sb3? in Sb2S3 [31, 32]. The low-intense

peaks at slightly higher binding energies, 539.38 and

529.98 can be matched with Sb3? in Sb2O3 [33, 34].

The presence of Sb2O3 is evident in X-ray analysis

also. The high-resolution core level spectrum of S2p

doublets is given in Fig. 4d. The deconvoluted peaks

are located at 161.98 and 160.78 eV with a doublet

separation of 1.2 eV which correspond to the binding

energy values of S2p3/2 and S2p1/2, respectively.

These values are in agreement with the S in metal

sulfides (S2-), in our case of S-Sb bond in Sb2S3 [35].

Formation mechanism

CBD was used to deposit Sb2S3 thin films from an

aqueous solution containing Sb-salt, ethylene glycol,

sodium thiosulfate and sodium citrate. One of the

difficulties in the use of Sb salts in aqueous solution

arises from the strong tendency of Sb salts to hydro-

lyze in water and precipitate as insoluble hydroxyl

salts. In the present case, Sb (III) chloride was dis-

solved in a small amount of ethylene glycol and then

complexed by aqueous solution of sodium citrate. The

intention to use ethylene glycol as solvent instead of

widely used acetone for SbCl3 is to maintain reducing

atmosphere and prevents the oxidation of metallic

ions. The pH of the citrate complexed Sb-solution was

determined to be * 1.5. After the addition of sodium

thiosulfate as sulfur precursor, the pH of the solution

was increased to * 5 and citrate species were gradu-

ally replaced by thiosulfate ions forming a complex

between Sb3? and S2O3
2- ions. The resulting antimony

(III)-thiosulfate complex was further dissociated into

Sb(III) and thiosulfate ions. At acidic medium, the

thiosulfate ions were further hydrolyzed to release

sulfide ions (S2-). Finally, Sb3? and S2- ions released by

the above reactions condense on the surface of the

substrate to form Sb2S3. In this growth mechanism,

sodium citrate not only acts as a complexing agent and

maintains control over the free antimony ions in

solution but also serves as a buffer. Usually, Sb3? ions

tend to precipitate as Sb2O3 in neutral or less acidic

solution. However, the resulting complexation of Sb3?

by citrate species and the buffering action of sodium

citrate prevent the formation of antimony oxide to

large extent [36]. In the case of Ag-doped Sb2S3, the

Ag? ions become reduced to Ag0 by sodium citrate

which acts as reductant. The electropositive reduction

potential of Ag? ? Ag0 in water with E0 = ?0.799 V

allows the use of sodium citrate as a reducing agent

(E0 = - 0.230 V). It has also been reported that under

equimolar conditions of [citrate]/[Ag?], a fraction of

Ag? was not reduced [37]. As in our synthesis, the

molar ratio of [citrate]/[Ag?] [[[1, all the Ag? are

expected to be reduced to Ag0 as evidenced by XPS

results. The following set of chemical reactions

describes the formation of Sb2S3 and Ag-doped Sb2S3
by CBD method:

Sb IIIð Þ þ citrate3� ! Sb IIIð Þ � citrate ð6Þ

2Sb(III)� citrateþ 3S2O
2�
3 ! Sb2 S2O3ð Þ3 ð7Þ

Sb2 S2O3ð Þ3! 2Sb3þ þ 3S2O
2�
3 ð8Þ

S2O
2�
3 þH2O ! SO2�

4 þ S2� þ 2Hþ ð9Þ

2Sb3þ þ 3S2� ! Sb2S3 Ksp ¼ 10�92:77
� �

at 25 �C ð10Þ

For Ag doping:

ð11Þ

2Sb3þ þ 3S2� þAg0 ! Agdoped Sb2S3 ð12Þ

Optical properties

The diffuse reflectance absorbance spectra of

undoped and Ag-doped films are shown in Fig. 5a.

As it can be seen, there is an absorption onset at

around 750 nm for undoped Sb2S3 film which has

been red-shifted to 800 nm on Ag doping. The

absorption capacity of the films in the wavelength

range of 600–800 nm suggests the visible light sensi-

tivity of the films. The UV–Vis diffuse reflectance

spectra of Sb2S3 films are shown in inset of Fig. 5b.

The reflectance spectra have been converted into

absorbance data using Kubelka–Munk function

F Rað Þ ¼ 1� Rað Þ2

2Ra
ð13Þ

Ra ¼
Rsample

Rstandar

ð14Þ

where F(Ra) is the Kubelka–Munk function and R is

the reflectance. The optical band gap of Sb2S3 films
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was calculated from F(Ra) using the following

equation associated with the direct transition:

F Rað Þ ¼ A hm� Eg

� �1=2 ð15Þ

where hm is the photon energy, A is a constant and Eg

is the band gap. The curves of [F(Ra) hm]2 versus (hm)
for the films are plotted in Fig. 5b. By extrapolating

the linear portion of the [F(Ra) hm]2 versus (hm) curves
to photon energy axis, the Eg values of Sb2S3 and

Sb2S3:Ag films were determined as 1.75 and 1.66 eV,

respectively. The red shift in absorption onset from

750 to 800 nm in Ag-doped Sb2S3 is due to the

interaction between 3d level of Ag and the valence

band of Sb2S3 matrix which obviously causes a sig-

nificant band gap narrowing on doping. Similar

observations have been reported by Gong et al. for

Ag-doped Zn–In–S quantum dots where by increas-

ing the Ag (dopant) concentration from 0 to 3 mol%,

the band gap could be adjusted from 3.28 to 2.01 eV

[38].

Photoconductivity

Figure 6 shows the cyclic photoresponse curves of

Sb2S3 and Sb2S3:Ag-doped films. The current was

collected at a constant applied bias of 20 V, first 40 s

in dark, then 20 s in light and again 40 s in dark.

Multiple cycles were done to evaluate the photosta-

bility of the films, and as can be seen from the fig-

ure the films were photosensitive (current variation

with illumination) and stable. The dark and light

conductivities of Sb2S3 films were 1.84 9 10-9 and

1.11 9 10-7 (X cm)-1, respectively. This indicates

two orders of increase in conductivity under illumi-

nation. When doped with Ag, the dark conductivity

of Sb2S3 films was found to increase, from

1.84 9 10-9 (Xcm)-1 to 1.33 9 10-8 (Xcm)-1 showing

a possible incorporation of Ag. The photosensitivity

was calculated as SPh ¼ IL � IDð Þ=ID where IL and ID
are the illuminated and dark currents, respectively.

The Sph is 65 and 12 for undoped and doped thin

films, respectively. Both the conductivity and photo-

sensibility values are in good agreement with the

values reported for chemical bath-deposited Sb2S3
films in the literature [25, 39, 40]. The decrease in

photosensibility with Ag doping could be associated

with the increase in the dark conductivity due to the

introduction of silver ions. Another important feature

is the nature of current fall once light is switched off;

Sb2S3 shows a sharp decrease (Fig. 6a), whereas Sb2-
S3:Ag shows a slow decay (Fig. 6b). This slow decay

can be attributed to the presence of charge trap cen-

ters in the band gap of Sb2S3 films doped with Ag.

Conclusion

In this work, the effect of Ag ion incorporation on

some physical properties of the Sb2S3 thin films has

been studied systematically. XRD and Raman studies
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Figure 5 a Diffuse reflectance absorbance spectra of undoped and Ag-doped Sb2S3 film. b Plot of [F(Ra) hm]2 versus (hm) of Sb2S3 films

showing a decrease in band gap on Ag doping. Inset shows the diffuse reflectance spectra of Sb2S3 films.
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revealed the incorporation of Ag in Sb2S3 host lattice

without altering the crystal structure. The calculated

crystallite size was decreased; meanwhile, the lattice

stress and dislocation density were increased on

doping. Ag incorporation was found to improve the

morphological properties of the Sb2S3 films being the

films more uniform and dense. Both films are found

to be photoactive in visible spectral range with a

slight decrease in the band gap values on doping.

XPS analysis confirms the presence of metallic Ag in

Sb2S3 lattice. A possible reason has been put forward

for the incorporation of metallic Ag and not Ag ions

into the Sb2S3 lattice. Electrical measurements indi-

cate that the dark conductivity was increased by one

order on silver doping, and both films are

photosensitive.
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