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Abstract In this work, results are reported concerning the
effect of the Bi concentration on the structural and elec-
trical transport properties of SnS thin films, grown through
a chemical reaction of the metallic precursors with ele-
mental sulfur (sulfurization) in a two-stage process. XRD
measurements revealed that the samples deposited by sul-
furization of Sn or Bi grow in the SnS and Bi,S; phases,
respectively, whereas those obtained by sulfurization of a
Sn:Bi alloy grow with a mixture of several phases. Special
emphasis was placed on studying through o versus T
measurements, the effect of the Bi concentration on the
transport properties of SnS:Bi films. To identify the dom-
inant transport mechanisms, the ¢ versus T curves were
analyzed in two different temperature ranges. It was also
found that in the range of temperatures greater than 300 K,
the conductivity is predominantly affected by transport of
free carriers in extended states of the conduction band,
whereas in the range of temperatures below 250 K, the
conductivity is dominated by the VRH (variable range
hopping) transport mechanism.

Introduction

The most extensively studied polycrystalline thin film solar
cells are based on CulnSe, (CIS) and CdTe as absorbent
material [1]. Although high efficiency solar cells based on
CIS and CdTe have been produced, it is generally recog-
nized that other materials may in the long term have
advantages over the former. There is concern respect to the
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use of cadmium in both types of solar cells but the greatest
concern is the supply of indium when the technology of
CIS moves to large-scale production. Current efforts are
being made in various laboratories to develop new photo-
voltaic materials with a suitable energy band gap. The
factors that should be considered in developing these new
materials include: the possibility of depositing them using
low cost methods, abundance of the precursor elements,
and low environmental impacts. Tin sulfide (SnS) is one of
the promising materials for low cost thin film solar cells
technology, thanks to its optimum energy band gap Eg and
a high fundamental absorption coefficient [2]. Elements Sn
and S are abundant in nature and they do not contribute to
pollution during the SnS growing process.

Tin sulfide thin films have been deposited by different
techniques such as: the vacuum evaporation of the SnS
compound [3], two-stage process [4], and electrochemical
deposition [5]. In this work, thin films of SnS with donor
impurities of Bi have been grown by sulfurization of the
precursor species. In general, the SnS films grow with
p-type conductivity, however, we have found that substi-
tuting Sn by Bi is possible to get n-type SnS:Bi thin films
with similar properties to those of the SnS films. This is an
interesting result because it allows fabricating p-SnS/
n-SnS:Bi cells in situ.

In this work, special emphasis was placed on studying
through ¢ versus T measurements, the effect of the Bi
concentration on the transport properties of SnS:Bi films.
To identify the dominant transport mechanisms, the ¢
versus T curves were analyzed in two different temperature
ranges. The results revealed that, in the range of tempera-
tures greater than 300 K, the conductivity is predominantly
affected by free carrier transport in extended states of the
conduction band and in the range of low temperatures, the
conductivity is predominantly affected by transport in a
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band of localized states as predicted by the Davis—Mott
model, where the carriers can move between states via a
phonon-assisted tunneling process [6]. This transport
mechanism is known as variable range hopping (VRH).

Experimental

The SnS:Bi films were grown by sulfurization of the
metallic precursors, in a two-stage process. In the first
stage, a thin film is deposited by evaporating a mixture of
Sn and Bi from the same boat, on a glass substrate at
ambient temperature. In the second stage, the film of the
Sn:Bi alloy is annealed for 40 min at temperatures ranging
from 350 to 450 °C in a sulfur environment, produced by
evaporation of elemental sulfur from a tantalum effusion
cell, at temperatures around 140 °C. A thickness monitor
(Maxtec TM-400) with a quartz crystal as sensor was used
to measure the flux of the metallic species, and a PID
temperature controller (Eurotherm 900C) was used to
control the temperature of both substrate and sulfur
evaporation.

It is well known that tin sulfide films can grow in dif-
ferent phases such as SnS, SnS,, Sn,S;, etc. [7]; however,
only the SnS phase has p-type conductivity and good
photovoltaic properties [8]; therefore, it was necessary to
perform an exhaustive study of the synthesis parameters to
achieve samples containing only the SnS phase. This study
revealed that the parameters most critically affecting the
phase in which the samples grow and their properties are
the annealing temperature and the amount and flux of
evaporated S. The results indicated that it is possible to
grow films in the SnS phase by annealing the metallic
precursors at temperatures greater than 400 °C, in a sulfur
atmosphere obtained by evaporating an adequate amount of
S at 140 °C. The samples prepared at annealing tempera-
tures lower than 300 °C grow predominantly in the SnS,
phase.

The SnS films with different Bi concentrations (SnS:Bi)
were deposited using the same parameters that allowed us
to get tin sulfide films in the SnS phase; the content of Bi in
the film was varied by varying the amount of Bi that is
added to the evaporated mixture of Sn and Bi. Electrical
conductivity measurements were carried out using a pro-
cedure based on the two probe method, varying the tem-
perature in a range between 90 and 550 K. The
conductivity type of the SnS:Bi films was determined
through thermoelectric power measurements and the phase
in which the samples grow was determined by XRD
measurements using the Cu Ko radiation of a Shimadzu-
6000 diffractometer. Film thickness was ~800 nm and
these were measured with a Veeco Dektak 150 surface
profiler.
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Results and discussion
Structural characterization

The SnS:Bi films were initially characterized through XRD
measurements in order to get information regarding the
influence of the Bi content on the phase in which the films
grow, as well as on the crystalline structure. Figure 1
shows typical XRD spectra of SnS:Bi films deposited
varying the concentration of Bi in the evaporated mixture
of Sn and Bi, where the concentration x is determined by
the relation: x = [mols of Bi/mols of (Bi + Sn)]*100.
The experimental XRD spectra were analyzed by com-
paring them with those reported in the JCPDS data base.
Theoretical simulations of the XRD spectra of Fig. 1 were
also performed using Powder Cell simulation program and
the network constants were obtained trough Rietveld
refinement method [9, 10], in order to improve the confi-
dence degree of the analysis. In Table 1, are listed the
phases identified in the SnS:Bi films whose diffractograms
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Fig. 1 Typical XRD spectra of SnS:Bi thin films, with Bi concen-
trations varying between x = 0 (SnS) and x = 1 (Bi,S3)
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Table 1 Structure and phases identified in the studied SnS:Bi sam-
ples and values of the corresponding lattice constants

Bi-conc. (%) Phase  Structure Lattice constant (10\)
a b c
0 SnS Orthorhombic 4.101 11.205 3.861
<50 Bi,S;  Orthorhombic  11.115 11.180 4.021
SnS, Hexagonal 3.656 3.656 5.877
SnS Orthorhombic 4.101 11.205 3.861
Sn,S;  Orthorhombic 8.852 13970 3.770
>50% Bi,S;  Orthorhombic  11.115 11.180 4.021
SnS Orthorhombic 4.101 11.205 3.861
SnS, Hexagonal 3.656 3.656 5.877
100 Bi,S;  Orthorhombic  11.115 11.180 4.021

are depicted in Fig. 1; the corresponding structure and
lattice parameter are also listed in Table 1. From Table 1,
is evidenced a mixture of phases substituting Bi atoms on
SnS composite.

The results show that the films deposited through a
chemical reaction of Sn or Bi with sulfur grow in the SnS
and Bi,S; phases, respectively, whereas those obtained by
sulfurization of a Sn:Bi alloy grow with a mixture of the
Bi,S;, SnS,, and SnS if the Bi concentration (in the
evaporated material) is greater than 50% and with a mix-
ture of Bi,S3, SnS, and Sn,S; if the Bi concentration is less
than 50%.

Electrical characterization

In Fig. 2, are depicted curves of Ino versus 1,000/T per-
formed corresponding to SnS:Bi thin films deposited
varying the concentration of Bi in the evaporated material,
between 0 and 100%.

The measurements show two quite different slopes,
indicating that the conductivity is affected by two different
transport mechanisms, each one predominating in a dif-
ferent temperature range; on the other hand, it is observed
that the electric conductivity of the SnS films at room
temperature is significantly reduced by the incorporation of
Bi in the SnS lattice (see Fig. 2). This behavior is caused
by compensation of the p conductivity of the SnS films,
which is induced by the substitution of Sn by Bi donor
impurities. It is also observed that the SnS:Bi films with Bi
concentrations lower than 50% present values of conduc-
tivity lower than those of the samples with higher Bi
concentrations, probably due to the presence of the Sn,S;
phase in this type of samples, which is much more resistive
than the other phases present in samples with Bi concen-
trations greater than 50% [11].

From thermoelectric power measurements, it was also
found that the SnS:Bi films with Bi concentrations less than
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Fig. 2 Curves of In ¢ versus 10*/T for SnS:Bi thin films deposited
varying the Bi concentration between 0 and 100%. In the inset, the
variation of the activation energy as a function of the Bi concentration
is shown

50% present p-type conductivity, whereas the samples with
Bi concentrations greater than 50% are n-type. This result
indicates that it is possible to fabricate in situ solar cells
with p-SnS/n-SnS:Bi structure.

The results of Fig. 2 were analyzed assuming predom-
inance of one determined mechanism in a determinate
temperature range in an attempt to identify the mechanisms
affecting the electrical transport of the SnS:Bi thin films.
From this analysis, it was found that in the range of tem-
peratures greater than 300 K, the conductivity can be
expressed by the relation: ¢ = ogexp|—(Ec — Er)/(kT)],
indicating that in this range of temperatures the conduc-
tivity is predominantly affected by transport of free carriers
in extended states of the conduction band. As the coeffi-
cient gy (given by gNcu(T)) varies slowly with tempera-
ture, whereas the term exp[—(Ec — Eg/kT] strongly
depends on 7, ¢ can be assumed to be constant. Under this
approximation, the slope of the plot of Inc versus 1/T gives
the activation energy E, = Ec — Ef.

The linear behavior of the lno versus 1,000/T curves,
demonstrates that the conductivity of the SnS:Bi films in
the high temperature range is dominated by transport of
free carriers in extended states of the conduction band. The
results of Fig. 2 show additionally that the Bi concentra-
tion, significantly affects the activation energy of the
SnS:Bi samples (see inset of Fig. 2).

In the range of low temperatures (7 < 250 K), the curve
of Ing versus T~ '* can be expressed by a relation of the form:

5 = oo(T)exp(~-13) 1)

where gy and A are constants depending on the material,
and can be experimentally determined. The behavior of ¢
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versus T indicates that in the range of low temperatures, the
conductivity is predominantly affected by transport in a
band of localized states at the Fermi level, as predicted by
the Davis—Mott model, where the carriers can move
between states via phonon-assisted tunneling process [6].
This transport mechanism is known as VRH and has been
observed in amorphous semiconductors [12] and metal
alloys [13].

Figure 3 shows plots of In[o(7T)] versus T4 performed
with the experimental data of Fig. 2. The linear behavior of
the In[o(7)] versus T~ " curves confirms that the conduc-
tivity of the SnS:Bi films in the low temperature range is
dominated by the VRH transport mechanism.

Based on the classic formalism of the percolation the-
ory, the parameters characterizing the hopping transport
(hopping activation energy W and hopping range R) can be
determined through the following expressions [14]:

W =k(AT?)"* (2)
3 1

R = 2AVA-1/4(2 3
g " (3)

where o' varies typically between 3 and 30 A [15].

Figure 4 shows the variation of the parameters W and R
as a function of temperature, for SnS:Bi thin films with
different Bi concentrations. o' = 14 A was assumed.

The results of Fig. 4 show that the activation energy W
of the VRH transport in SnS:Bi films as well as the hopping
range are significantly affected by the Bi concentration. It
is also observed in Fig. 4 that the activation energy
increases with temperature, whereas the hopping range
decreases with temperature. These results indicate that the
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Fig. 3 Plots of In[a(T)] versus T~ '* corresponding to SnS:Bi thin
films containing different Bi concentrations
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Fig. 4 Variation of the hopping parameters R and W as a function of
temperature, for SnS:Bi films with different concentrations of Bi

energy required for a carrier to jump from one localized
state to another increases with both the temperature and the
increase of the Bi content in the SnS:Bi film. Contrary to
this, the jumping distance decreases with temperature.

Conclusions

SnS:Bi thin films were grown through the chemical reac-
tion of the metallic precursors with elemental sulfur
evaporated from an effusion cell in a two-stage process.
XRD measurements revealed that the films deposited by
sulfurization of Sn and Bi grow in the SnS and Bi,S;
phases, respectively, whereas the films deposited by sul-
furization of the Sn:Bi alloy grow with a mixture of the
Bi,S;, SnS,, and SnS phases if the Bi concentration in the
evaporated Sn:Bi alloy is greater than 50% and with a
mixture of Bi,S3, SnS, and Sn,S; if the Bi concentration is
less than 50%.

It was found from thermoelectric power measurements
that the SnS:Bi films with Bi concentrations lower than
50% present p-type conductivity, whereas the samples with
Bi concentrations greater than 50% are n-type. These
results indicate that it is possible to fabricate in situ solar
cells with p-SnS/n-SnS:Bi structure.

Measurements of conductivity as a function of temper-
ature revealed that the electrical transport in SnS:Bi films is
affected by two different mechanisms. In the range of
temperatures greater than 300 K, the conductivity is pre-
dominantly affected by transport of free carriers in exten-
ded states of the conduction band, whereas in the range
of temperatures lower than 250 K, the conductivity is
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dominated by the VRH transport mechanism. It was found
that the energy required for a carrier to jump from one
localized state to another increases with both the temper-
ature and the increase of the Bi content in the SnS:Bi film.
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