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Polycrystalline SnS thin films were grown on glass substrates using a novel procedure involving a chemical
reaction between the precursor species evaporated simultaneously. This is a relatively new material, which ex-
hibits excellent properties to be used as absorbent layer in solar cells. X-ray diffraction (XRD) measurements
indicate that the synthesized samples grow in several phases (SnS, SnS; and SnyS3) depending upon the depo-
sition conditions. However, through an exhaustive parameter study, conditions were found to grow thin films
predominantly in the SnS phase with orthorhombic structure. It was found that this type of compound presents
p-type conductivity, a high absorption coefficient (greater than 10* cm™!) and an energy band gap E, of about
1.3 eV, indicating that this compound has good properties to perform as absorbent layer in thin film solar cells.
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I. INTRODUCTION

The most extensively studied polycrystalline thin film so-
lar cells are based on CulnSe, (CIS) and CdTe as absorbent
material [1]. Modules have been produced using these mate-
rials, with efficiencies exceeding 12% [2, 3]. Although high
efficiency solar cells based on CIS and CdTe have been pro-
duced, it is generally recognized that other materials may in
the long term have advantages over the former. In the case of
CdTe technology, there is concern respect to the use of cad-
mium and in the case of CIS a major concern is the supply of
indium when the technology move to large-scale production;
also the toxicity of selenium. Current efforts are being made
in various laboratories to develop new photovoltaic materials
to improve the efficiency without these problems. The fac-
tors that should be considered in developing new photovoltaic
materials include: a suitable energy band gap, the possibility
of depositing the material using low cost deposition methods,
abundance of the precursor elements and low environmental
costs with respect to the synthesis of the elements, produc-
tion, operation and disposal of modules. Tin sulphide (SnS) is
one of the promising materials for low cost thin film solar cells
technology, because of its optimum energy bang gap E, and a
high fundamental absorption coefficient [4]. Elements Sn and
S are abundant in nature; moreover, they do not contribute to
pollution during the SnS growing process.

SnS thin films have been deposited by different techniques
such as: the vacuum evaporation of the SnS compound [5],
two stage process [6] and electrochemical deposition [7].
In this work, thin films of SnS have been grown by co-
evaporation of the precursor species. A description of the
methods used for the growth of the SnS films and details of
the effect of the deposition parameters on the optical proper-
ties as well as on the phase and crystalline structure in which
the samples grow, will be reported.

II. EXPERIMENTAL

Thin films of SnS were prepared by co-evaporation of the
precursor species on a glass substrate, heated at temperatures
ranging from 200 to 400 ° C. Fig. 1 shows the experimental
set-up of the system used in the present study.
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FIG. 1: Experimental set-up used for the deposition of SnS thin films
by co-evaporation of Sn and S.

The deposition system is constituted by the evaporation
chamber connected to a vacuum system which allows working
at pressures of about 10~ Torr , two boats (for the evapora-
tion of S and Sn respectively) and a thickness monitor (Max-
tec TM-400) with a quartz crystal as sensor, used for mea-



C. Cifuentes et al.

suring the deposition rate of Sn. The substrate temperature is
controlled with an Eurotherm 900C PID (proportional integral
differential) controller. The deposition rate of S was not mea-
sured because sulfur does not condensate on the quartz crystal
under the conditions we grew the SnS films. The chemical
composition of the SnS films is controlled by controlling the
evaporation temperature and/or the mass of evaporated S to
evaporated mass of Sn ratio.

In order to find suitable deposition conditions, the SnS films
were prepared varying the deposition parameters in a wide
range, as indicated in table I.

The influence of the deposition parameters on the transmit-
tance and on the phase and crystalline structure was deter-
mined through spectral transmittance and XRD measurements
carried out with a VIS - IR Oriel spectrophotometer and a dif-
fractometer Shimadzu 6000.

TABLE I: Variation range of the deposition parameters of SnS thin
films deposited be co-evaporation.

Deposition parameters Variation range
Substrate temperature ( ° C) 200-400
Evaporation Temperat. of S (° C) 150-170
Sn-deposition rate (Ass) 0.7-2.5

Mass of S / mass of Sn 2-20

The optical constants (refractive index n, absorption coeffi-
cient o, and energy band gap E;) of the SnS, and SnS; phases
were determined from spectral transmittance measurements
and numerical calculations done with the help of a program
developed by us . The conductivity type of the SnS films was
determined through thermoelectric power measurements.

III. RESULTS AND DISCUSSION
A. Structural properties

A representative number of SnS films were prepared vary-
ing the deposition parameters as indicated in table 1. Each
of these samples was initially characterized through transmit-
tance and XRD measurements. From these measurements
was obtained information regarding: the phase, crystalline
structure, lattice parameters, optical gap and absorption coef-
ficient. These studies showed that, generally, tin sulfide films
deposited by co-evaporation, grow with a mixture of the SnS
and SnS; phases. However, we have also found that using an
adequate set of deposition parameters, it is possible to get tin
sulfide films in the SnS phase with orthorhombic structure or
in the SnS, phase with tetragonal structure. The presence of
the secondary Sn,S3 phase with orthorhombic structure was
also identified in several samples.

Most of the deposition parameters affect the phase in which
the tin selenide films grow. However, the greatest effect on the
chemical composition is caused by the substrate temperature
and by the mg to mg, ratio. In general, the tin sulfide films
tend to grow in the SnS phase when the substrate tempera-
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ture is increased and/or when the mg to mg, ratio decreases.
By the contrary, the SnS, phase is achieved by decreasing the
substrate temperature and/or by increasing the mg to mg, ratio.
In table II are listed the deposition parameters which allowed
to grow tin sulfide films in any of the mentioned phases.

TABLE II: Parameter set through which the SnS and SnS, phases are
achieved using the co-evaporation method.

... Phase
Deposition Parameters
SnS SnS,
Substrate temperature ( ° C) 350 250
Evap. Temperat. of S (° C) 180 180
Sn-Deposition rate (Als) 1.8 1.8
(ms/mgy) 5 15

Figure 2 shows typical XRD spectra obtained with tin sul-
fide thin films grown in the SnS and SnS; phase respectively.
A XRD pattern corresponding to samples presenting a mixture
of the SnS and SnS; phases is also depicted in Fig. 2.
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FIG. 2: Typical XRD spectra of tin sulfide thin films grown in: a)
SnS; phase, b) mixture of the SnS and SnS; phases and c) SnS phase.

It was found that the tin sulfide films tend to grow with pre-
ferred orientation: the SnS films grow along the (111) plane,
whereas the SnS; films do it along the (001) plane.

Table III contains data regarding structure and lattice con-
stants of typical SnS and SnS; thin films deposited by the
above mentioned methods; these were obtained comparing the
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TABLE III: Phase, structure and lattice constants of SnS and SnS,
films prepared by co-evaporation of S and Sn.

Latti stant (A
Phase Structure attice constant ()

a b ¢
SnS4 Orthorhombic 4.101 11.205 3.861
Snsg Hexagonal 3.656 5.877

4PDF#00-039-0354
bPDF#00-001-1010

XRD pattern of Fig. 2 with the data reported in the JCPDS
(Joint Committee on Powder for Diffraction Standards) data
base for these types of compounds.

B. Optical properties

All the deposited SnS samples were characterized through
spectral transmittance measurements. From these measure-
ments was obtained information regarding the influence of
the deposition conditions on the optical gap, absorption co-
efficient and optical constants. In general, each of the deposi-
tion parameters affects somehow the transmittance behavior.
However, the main features related with the effect the method
and preparation conditions cause on the transmittance spectra
are the following:

Independently of the phase or structure in which the tin sul-
fide films grow, their cutoff wavelength A, is significantly in-
fluenced by the film thickness d. Fig. 3 shows typical trans-
mittance spectra of SnS and SnS; films with different thick-
nesses. A shift of the transmittance curves toward the re-
gion of lower values of A is observed when their thickness
decreases.
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FIG. 3: Influence of film thickness on the spectral transmittance of
a) SnS and b) SnS; thin films.

We have not found a definitive explanation for this behav-
ior. However, we consider that the shift of the cutoff wave-
length observed when the thickness of the SnS samples in-
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creases from values smaller than 100 nm, in which the films
are in the coalescence stage, up to values of the order of um,
in which a continuous film is formed, could be associated to
changes in the band structure, induced by changes in the dif-
ferent interaction processes taking place during the different
growth stages of the thin films. In particular, the superposition
degree of electron clouds of neighboring atoms, which affects
the bandwidth, is feasible to increase by increasing the film
thickness. It was also found that for thicknesses greater than 1
um, the cutoff wavelength A of the tin sulfide films keeps ap-
proximately constant independently of the film thickness, in-
dicating that the shift of A.can not be associated to an increase
of the optical density (o..d) when the film thickness increases.
Therefore, to prevent the effect of the thickness on the finding
of the optical gap, samples with thicknesses greater than 1 ym
will be selected to determine the optical gap, reported for SnS
and SnS; films respectively.

The cutoff wavelength of the films grown in the SnS,phase
is lower than that of the SnS films, indicating that the opti-
cal gap Ej of the SnS; films is greater than that of the SnS
films. In Fig. 4 are depicted typical transmission spectra of
tin sulfide films of similar thicknesses, showing the shift of
the transmission spectrum of the SnS films respect to that of
the SnS, films.
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FIG. 4: Comparison of the transmission spectrum of a typical SnS
film with a typical SnS, film.

C. Optical constants

This section presents results corresponding to the calcula-
tion of the optical constants (refractive index n, absorption
coefficient o and optical gap E,) of the SnS and SnS, films.
These were obtained using the transmittance spectrum of typi-
cal films with thicknesses greater than 1um, in order to prevent
the effect of the thickness on the band structure.

Figure 5 shows curves of n vs. A, & vs. A, and (othv)? vs.
hv , obtained for the SnS and SnS, films. The optical gap
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E,, was determined from the intercept with the hv axis at the
linear part of the graph of (cthv)? vs hv.
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FIG. 5: Curves of a) n vs. A, b)o. vs. A and ¢) (0hv)? vs. hv
corresponding to SnS and SnS; thin films with thicknesses greater
than 1ym.

From the results shown in Fig. 5, the following facts can
be remarked: (i) In the range studied, the refractive index of
the SnS films varies between 2.5 and 3.9; similar values have
been reported by other authors [8], for SnS films deposited by
evaporation. On the other hand, it was found that the refrac-
tive index of the SnS films is significantly greater than that of
the SnS, films. This behavior could be attributed to the fact
that the SnS films present, generally, an electrical conductivity
greater than the SnS; films, taking into account that the refrac-
tive index can be expressed by the relation, n = 4wc/ca. ; (ii)
The n vs. A curves of the SnS and SnS; films, fitted quite well
to a polynomial expression of the form n = A +B/ A? (Cauchy
equation), indicating that, in the range of wavelengths studied,
the tin sulfide films present normal dispersion; (iii) The ab-
sorption coefficient of both types of tin sulfide films is greater
than 10* cm™!, indicating that these films are adequate to be
used as absorber layer in thin film solar cells.
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In this work we have not taken into account light scatter-
ing effects caused by surface roughness in the calculation of
o.. However we recommend to include this effect, in order to
prevent an apparent increases in the value of a. The linear
behavior of the (athv) vs hv curves indicates that the SnS and
SnS; thin films have a direct energy band gap. Using the re-
lation oc2=A(Eg-hv), which is valid for this type of materials,
E, values of 1.3 eV and 1.6 eV were found, for the SnS and
SnS, films respectively.

IV. CONCLUSION

Through an exhaustive parameter study, the conditions to
prepare SnS thin films with adequate properties to be used as
absorber layer in thin film solar cells were found. The films
were deposited by co-evaporation of the precursor species,
which is a novel procedure to prepare this type of compounds.

Characterization carried out through XRD measurements
indicated that, depending on the preparation conditions, the
tin sulfide films may grow in the SnS phase with orthorhom-
bic structure or in the SnS; phase with tetragonal structure or
with a mixture of both. The presence of the secondary SnyS3
phase with orthorhombic structure was also identified in sev-
eral samples.

The optical constants (refractive index n, absorption coeffi-
cient o, and optical gap E,) of SnS and SnS, thin films were
determined by simple straightforward calculations using only
the transmission spectrum. Values of o greater than 10*cm ™!
were found for both types of films (for hv greater than E, ); for
the optical gap, values around 1.3 eV and 1.6 eV were found
for the SnS and SnS; films respectively.
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