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Abstract 

Tin sulfide (SnS) films were prepared by vacuum evaporation. As-grown SnS films 
showed p-type conduction with a resistivity of 13 ~ 20 1"~ cm, a carrier density of 6.3 × 1014 
~ 1.2 × 1015 cm -3, and a Hall mobility of 400 ~ 500 cm2/Vs. The absorption coefficients of 
the films were an order of 104 cm -1 at the fundamental absorption edge. The n-CdS/p-SnS 
heterojunctions were made by depositing n-CdS, p-SnS and Ag ohmic electrode on the 
transparent electrode (indium-tin oxide, ITO) in the order ITO/n-CdS/p-SnS/Ag struc- 
ture. The photovoltaic properties of a short-circuit current of 7 mA/cm 2, an open-circuit 
voltage of 0.12 V, a fill factor of 0.35, and a conversion efficiency of 0.29% were obtained 
under the illumination of 100 mW/cm 2. 

1. Introduction 

Tin sulfide (SnS) is one of the promising materials for low-cost thin film solar 
cells, because of a bandgap of 1.3 ~ 1.4 eV and a fundamental  absorption coeffi- 
cient larger than 10 4 cm -1 [1]. Tin sulfide is a I V - V I  compound semiconductor 
and the orthorhombic structure with the distorted NaCl type [2]. Undoped SnS 
films are always p-type conduction. Though antimony metal  (Sb) and antimony 
sulfide (SbES 3) were doped in the films to get an n-type SnS film, we cannot get an 
n-type SnS film in the present  stage. In this paper,  we describe the physical 
propert ies  of  vacuum-deposited SnS films and the photovoltaic propert ies of 
n -CdS/p-SnS heterojunctions. 
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2. Experimental 

Tin sulfide films have been prepared by vacuum evaporation. The important 
control parameters are the evaporation rate, substrate temperature, source-to-sub- 
strate distance, and source temperature to produce films of the proper  stoichio- 
metric composition. The vacuum system was evacuated below 3 x 10 -6 Tort  by an 
oil diffusion pump with a liquid nitrogen trap. Tin sulfide films were deposited on 
the slide glass, ITO film, and aluminium (A1) film substrates heated to between 
150 ~ 350°C from electrically heated crucible in vacuum. The source material is 
SnS powder with 99.99% purity. The source-to-substrate distance was 10 cm. The 
substrate temperature was monitored by a chromel-alumel  thermocouple. 

The n-CdS/p-SnS heterojunctions were made by depositing n-CdS, p-SnS, and 
Ag ohmic electrode on the transparent electrode ITO (indium-tin oxide) films by 
turns. 

3. Physical properties of SnS films 

3.1. Crystallinity 

The X-ray diffraction patterns of vacuum-evaporated SnS films on a glass 
substrate are shown in Fig. 1 with various substrate temperatures. No diffraction 
peaks besides SnS were observed in the films deposited on the glass substrates. 
The orientation of SnS films changed from (111) crystal plane to (040) crystal plane 
with increasing substrate temperature.  The (111) crystal plane of the film oriented 
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Fig. l. X-ray diffraction patterns of vacuum-deposited SnS films on the glass substrates with various 

substrate temperatures .  
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Fig. 2. Photograph of the scanning electron microscopy of SnS films on the glass substrate at a substrate 
temperature of 280°C. 

below 200°C and the (040) crystal plane preferentially oriented above 280°C. A 
strong peak of (040) crystal plane was observed in the films deposited on an AI film 
substrate. The (111) preferentially oriented SnS films were grown on a CdS film 
deposited on ITO substrate. The typical crystal lattice constants of SnS film are 
a = 0.427 nm, b = 1.119 nm, and c = 0.398 nm above 250°C. SnS films exhibited 
the orthorhombic structure with the distorted NaCI type. Photograph of the 
scanning electron microscopy (SEM) of the film deposited on the slide glass is 
shown in Fig. 2. The grain sizes of the films are about 300 nm, and tend to enlarge 
with an increasing substrate temperature.  The composition of the SnS films 
becomes about 10% S-rich from the data due to X-ray fluorescence analysis and 
Auger  electron spectroscopy. 

3.2. Optical properties 

The transmittance and reflectance of SnS films were measured with a photo- 
spectrometer.  The absorption coefficient a of the film was derived from the data 
of transmittance and reflectance. As indicated in Fig. 3, a plot of ot 2 as a function 
of h v  (where h v  is the photon energy) yields a straight line. This indicates that the 
absorption near  fundamental  absorption edge is a direct transition. The energy 
bandgap of the film was determined by extrapolating ( a  2 - h v )  plots, and was 1.48 
eV. This energy bandgap is larger than the published values [1]. This indicates that 
these SnS films contain merely Sn2S 3 (1.9 eV) and SnS 2 (2.3 eV), though their 
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Fig. 3. Variation of squared absorption coefficient of SnS film deposited on the glass substrate at a 
substrate temperature of 280°C. 

diffraction peaks are not confirmed by X-ray diffraction. The absorption coeffi- 
cient near the fundamental absorption edge is larger than 2 × 10 4 cm -1. These 
optical properties of the SnS films are suitable for solar cell materials. 

3.3. Electrical properties 

The resistivity, carrier density, and Hall mobility of SnS films were measured by 
the van der Pauw method. As the composition of the SnS films becomes about 
10% S-rich from the data due to X-ray fluorescence analysis and Auger electron 
spectroscopy, the SnS films are observed to be p-type. Vacuum-deposited SnS 
films exhibit always p-type conduction with a resistivity of 13 ~ 20 11 cm, a carrier 
density of 6.3 × 1014 ~ 1.2 × 10 ~5 cm -3, and a Hall mobility of 400 ~ 500 cm2/Vs.  
Taking the initial slope of the log ~r versus 1/T  (~r=conductivity, T =  
temperature), we obtained the activation energy for conduction of the as-grown 
SnS films. The activation energy for conduction was about 0.28 ~ 0.34 eV, suggest- 
ing the presence of deep acceptor levels, in accordance with the results in the 
literature [2]. To get an n-type SnS film, Sb and Sb2S 3 were doped in the films. 
The resistivity of the films became about two or three orders of magnitude larger 
than that of as-grown SnS films. We cannot get an n-type SnS film in the present 
stage. Further work will involve better understanding and control of the deposition 
and doping processes. 
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Fig. 4. Semilog plots of current-voltage characteristic of n-CdS/p-SnS heterojunctions. 
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Fig. 5. Plots of 1 / C  2 - V of n-CdS/p-SnS heterojunction measured at 1 MHz. 
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Fig. 6. Current-voltage characteristics of n-CdS/p-SnS under while light (tungsten lamp, ]00 mW/cm2), 

4. Properties of n-CdS/p-SnS heterojunctions 

The dark current -vol tage  characteristic of the n -CdS/p-SnS heterojunction is 
shown in Fig. 4. The diode quality factor and the saturation current density of this 
heterojunction were 3.5 and 2.83 × 10 4 A / c m  2, respectively. The barrier height 
4~u was estimated to be 0.56 eV from the saturation current, assuming Richardson 
constant of a free electron. The dependence of the junction capacitance C on the 
bias voltage V was measured at the frequency of 1 MHz. The plots of 1 / C  2 -  V 
are shown in Fig. 5. The curve is roughly straight line, and the voltage intercept is 
0.49 V. The heterojunction behaves as a me ta l / semiconduc to r  Schottky junction, 
in which the CdS layer plays the role of a metal. From the analysis of the slope of 
1 / C  2 -  V plots measured at 1 MHz, the carrier density N A of p-SnS layer was 
11.6 × 1015 cm -3 and the width of the depletion layer at zero bias was 3.01 × 10- 5 
cm. The photovoltaic propert ies of a typical n -CdS/p-SnS heterojunction are 
shown in Fig. 6. The photovoltaic propert ies of a short-circuit current of 7 
m A / c m  2, an open-circuit voltage of 0.12 V, and a fill factor of 0.35 were obtained 
under the illumination of 100 m W / c m  2. The conversion efficiency was 0.29%. The 
spectral response of the n -CdS/p-SnS heterojunction was measured.  The short- 
and long-wavelength cut-offs correspond to the bandgaps of CdS and SnS, respec- 
tively. The photoresponse observed in the long-wavelength region over the band 
edge of SnS is considered as the response due to the interface states and the 
defect levels in the SnS films. 
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5. Conclusion 

We have demonstrated the feasibility of a low cost photovoltaic cell based on 
SnS film as an active layer. As-grown SnS films showed always p-type conduction. 
Though Sb and Sb2S 3 were doped in the films to get an n-type SnS film, we cannot 
get an n-type SnS film in the present stage. The films exhibited the absorption 
coefficient of an order of 104 cm -1 and the energy bandgap of 1.4 ~ 1.5 eV. These 
properties are suitable for solar cells. Further work will involve better understand- 
ing and control of the deposition and doping processes. 
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