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Polycrystalline (BiggsSbgs)2Ss thin films are deposited on glass substrates by thermal
evaporation technique. The as-deposited and annealed films are characterized by X-ray
diffraction, EDAX, atomic force microscopy and UV-Vis. spectrophotometry.
Polycrystalline nature of the annealed (BiggsSbgos),Ss films is confirmed by X-ray
diffraction. The elemental composition of (Big.g5Shg 5),S3 powder and film is estimated
from EDAX analysis. Surface morphology of the as-deposited films and the effect of
annealing on the morphology of films are examined using atomic force microscopy.
Calculated direct optical band gap of the films is in the range of 2.4-2.21 eV and 2-1.55 eV
for as-deposited and annealed films respectively.
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1. Introduction

Ternary V-VI compounds of type A,B; (A= Bi and Sbh, B='S, Se and Te) are important
semiconductor materials due to their low cost and abundance of the constituent elements [1]. The
bismuth sulphide (Bi,Ss) thin film is suitable for photoelectrochemical conversion of solar energy
due to its optimum band gap of 1.7 eV [2]. The properties of bismuth sulphide can be tailored by
preparing solid solutions with suitable materials. Antimony sulphide (Sb,S3) has similar
crystallographic properties as that of Bi,S; thereby suggesting possibility of existence of (Bi,Sh;.
«)253 solid solution. Properties of a number of ternary compound semiconductor thin films [3-12]
are reported by various research groups. In the present work an attempt has been made to prepare
(Big.g5Sboos)2Sz thin films by thermal evaporation technique. Crystal structure, composition,
morphology and optical properties of thermally evaporated (Big.5Sho 05).S3 solid solution thin films
are reported in this paper.

2. Experimental

(Big.g5Sbo05)»S3 solid solution thin films are deposited onto microscope slides by thermal
evaporation of (Big.g5Sbogs)>Sz powder. (Big.esSbgos)2Ss powder is prepared by solid state reaction
route. High purity Bi,S; (Sigma) and Sb,S; (Sigma) powders are thoroughly milled and mixed
with mortar and pestle and the pelletized mixture is sintered at 300°C for 3 hours. The crystalline
phase formation of the sintered pellet is confirmed by X-ray diffraction. Sintered (Big.95S00.05)2S3
powder is transferred to a molybdenum boat and thermally evaporated in a Hind Hivac vacuum
coating unit (Model:12A4D). Prior to deposition the chamber is evacuated to a base pressure of 10°
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® mbar. The source - substrate distance is kept constant at 11 cm. To ensure uniform deposition,
the substrate holder is rotated at a constant speed of 12 rpm. During deposition, thickness of the
films is monitored using a digital thickness meter. The as-deposited films are annealed at 300° C
for two hours. The XRD pattern of the sintered powder, as-deposited and annealed films are
recorded using D8 Advance diffractometer operating with Cu K, radiation. The elemental
composition of the (BiggsSbo.05)2Ss powder and film are analysed using Energy Dispersive X-ray
Spectrometer (INCA Oxford). The surface morphology of the films are scanned using Scanning
Probe Microscope (Nanoscope-E) from digital instruments. UV-Vis-NIR spectrophotometer
(JASCO V-570) is used to record the optical transmittance spectra of the films.

3. Results and discussion
3.1 Structural Characterization

X-ray diffraction pattern of the Bi,S; thin film, (Big.¢sSbhg 0s).Ss powder, as-deposited and
annealed (Big.gsSby 5)2Ss films are shown in figure 1. Broad diffraction peaks observed in the case
of Bi,S; thin film (annealed at 200°C) indicates that the deposits consist of fine grains. XRD
pattern of the (Big.gsShq05).S3 powder exhibits relevant peaks which are indexed to orthorhombic
crystal structure of bismuth sulphide. Crystallization is partial in the case of as-deposited
(Big.g5Shoos)-S3 film which is evidenced by the XRD pattern. Annealed (BiggsSbgos).Ss film is
polycrystalline in nature and the grains have a preferred orientation along (020) direction.
Comparison of the peak positions in all the diffractograms with the standard data (JCPDS 84-
0279) confirms the phase formation of the material in orthorhombic bismuthinite crystal structure.
The calculated value of the lattice parameters are a = 3.9827A, b =11.262 A, ¢ =11.345 A.
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Fig. 1. XRD pattern of (a) Bi,S; thin film (b) (Big.g5Sbg 05),Ss powder (c) as-deposited
(Big.95Sbg.05)2S3 thin film (d) annealed (Big g5Sbg g5).Ss thin film



471

Empirical relationship describing the relationship between the lattice parameter of a three
dimensional solid solution and its composition is known as Vegard’s law. The simplest
mathematical expression of Vegard’s law is [13],

a (mixture) = (1-x)a; + xa, (D)

where a is the lattice parameter of the mixture, a; and a, are the lattice parameters of the
constituents and x is the molar fraction of the second component. The calculated lattice parameters
of the solid solution thin films are related to that of the components through Vegard’s law and
they are found to obey the law very well. Microstuctural parameters such as grain size, dislocation
density and microstrain are calculated from XRD data. Average grain size is calculated using
Scherrer formula [14] ,

D=09\Bcos O 2
where A is the wavelength of the X-rays used, B is the peak width at half maximum intensity in
radian, 6 is the Bragg angle of the diffraction peak. Microstrain is calculated from f values using
the relation [15]

e=Pcotb/4 3)
Dislocation density is calculated using the relation [16]

8=n/D? 4)
where n is the factor which is equal to unity for minimum dislocation density. The calculated
values of microstructural parameters are given in table-1.The EDAX spectrum of (Big.g5Sbo 05)2S3

powder and film are shown in figure.2. It is recognised from the EDAX analysis that the atomic
percentage of antimony in (BiggsSbo.05).Ss powder is lower than the expected value (2%).

Table 1. Microstructural Parameters of annealed Bi,Szand (Bi;S3)o.95(Sb2Ss)o.05 films

Dislocation
Thickness,d Average grain density,d . .
Sample (nm) size, D (nm) (1014 m'2) Microstrain, ¢
Bi,S; film 103 23.1 18 0.00570
(Bi2S3)0.95(Sb2S3)0.05 110 38 14 0.00402
film 319 76 5.8 0.00331
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Fig. 2. EDAX spectrum of (a) (Big.g5Sbg.05)2S3 powder (b) (Big.95Sb.05)2S3 thin film

The atomic percentage of antimony in (Big.gsSbges).S; powder and film is 1.23% and 0.51%
respectively. EDAX analysis revealed that the films are non-stoichiometric and contain excessive
bismuth. The presence of excessive bismuth in the film may be attributed to the slow rate of
evaporation of bismuth (which has pronounced effect at higher evaporation times) when compared
to the other constituents in the source material. Figure 3 represents the atomic force micrographs
of the as-deposited and annealed (BiggsShoos).Ss films. AFM micrographs reveal that the as-
deposited films consisted of uniform grains. Coalescence of the grains is observed in the case of
annealed films. Root mean square (RMS) roughness is defined as the standard deviation of the
surface height profile from the average height and it is the most commonly reported measurement
of surface roughness [17]. RMS roughness of as-deposited and annealed (Big 05Sbo 05)2Ss films are
calculated using the software “Nanoscope Control 6.13” and the values are presented in table- 2.
The RMS roughness of the films is found to increase with annealing.

Table -2 RMS roughness of as-deposited and annealed (Big gsSho,o5),S3 films

RMS roughness

Thickness (nm) As-deposited Annealed
54 1.681 2.034
110 1.240 2.208
319 0.938 2.305
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3.2 Optical Characterization

Optical transmittance spectra of the as-deposited and annealed (BiggsSbos).Ss solid
solution thin films are shown in figure 4. The films are highly transparent in the NIR region of the
electromagnetic spectrum. Annealed (BiggsShoos).S3 films have lower transmittance than the as-
deposited films.
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Fig. 4. Transmittance spectra of as-deposited (wide line) and annealed (narrow line) (Big g5Sbg gs).Ss films

The following relationship [18] is used for the determination of absorption coefficient from the
transmittance data.
a = (L)*In(1/T) (5)
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where t, T are film thickness and optical transmittance respectively. The spectral dependence of
optical density (at) of (BiggsSboes)2Ss films of varying thickness is shown in figure 5. The films
are highly absorbing in the shorter wavelength region.
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Fig. 5. Variation of optical density of as-deposited (solid line) and annealed (dotted line) (Big.95Sbg.05)2S3
films

The nature of the optical transition taking place in the films is determined using Tauc relation [19]
ahv = A(hv - Eg)" (6)

where hv is the photon energy, Eg is the band gap energy, A and n are constants. n = 1/2 for
allowed direct transition and n=2 for allowed indirect transition.
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Fig. 6. (ahv)® Vs. hv plot of as-deposited and annealed (Bi,S3)o.05(SP2S3)0.05 films

Linear nature of the (ohv)” Vs. hv plot (figure 6) indicates that the optical transitions
involved are direct and allowed. The value of the band gap is obtained by extrapolating the linear
portion of the Tauc plot to the energy axis. Band gap values of as-deposited and annealed films are
given in table-3.

Table 3 Optical band gap values of (Bi;S3)0.95(Sb2S3)0.05

Band gap (eV)
Thickness (nm) | As-deposited Annealed
54 2.40 2.0
110 2.35 1.85
319 2.21 1.55

The band gap value decreases with annealing which may be attributed to the improvement
of grain size in the annealed films. A red shift in band gap is observed as the thickness of the films



475

increase. The band gap value of (BiggsShg s)2Ss films obtained in the present study is lower than
the band gap values of (BiysSbys),Ss thin films deposited by electrodeposition technique [1].

4. Conclusion

Thin films of (BiysSbys),S; are prepared by the thermal evaporation of (BigsSbgs).Ss
powder. (BigsShgs),Ss films annealed at 300°C are polycrystalline and exhibited orthorhombic
crystal structure. Lattice parameters of the (BigsShqs),Ss solid solution films obeyed Vegard’s law.
The films have high absorption coefficient in the visible region. The direct optical band gap of the
as-deposited (BigsShos),Ss films is in the range of 2.4-2.21 eV. The band gap of the films
decreased with annealing and the band gap values of annealed films range from 2-1.55 eV.
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