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In this work, thin layers of semiconducting tin sulfide Sn,S, compounds have been prepared by sulfri-
sation of tin oxide SnO, on glass substrate. Structural studies showed that, depending on sulfur supply
concentration, a mixture of SnS; and Sn;S3 is obtained at an annealing temperature of 550 °C for 2 h. From
the transmission and reflectance spectra, the extinction coefficient and refractive index were calculated
as guides to understanding crystal growth kinetics. On the other hand, the exploitation of these optical

measurements along with optothermal investigations showed that the electronic transitions in these
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layers were of allowed direct type and exhibit two gaps indicating the presence of two competent sulfide
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1. Introduction

Tin sulfide Sn,Sy is a chalcogenide compound which belongs
to a family of IV-VI semiconductors that have attracted attention
in recent decades due to its numerous applications. Its band gap
energy, varying within in the range of 0.8-3.5eV [1,2] makes it
suitable as an absorber or window layers in photovoltaic solar cells
due to the possibility of the change of its character n- [3,4] or p-type
[5]. Moreover, thin films of this compound, which contain no toxic
constituents, have been prepared using different methods such as:
vacuum evaporation [6], chemical deposition [7], electrodepostion
[8], physical vapor transport [5], dip deposition [9], spray pyrolysis
[10-12], chemical vapor transport [ 13-15] molecular beam epitaxy
[16] SILAR [17,18], chemical vapor deposition [19] and PECVD [20].

In this work, Sn,Sy thin films have been prepared by sulfuri-
sation of fluorine-doped tin oxide SnO,. Precursor materials have
been obtained using a low-cost spray pyrolysis technique, while
sulfurisation process was achieved under vacuum inside a con-
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trolled sulfurised medium. The structural and optical properties of
the as-grown layers have been investigated in the cases of light and
heavy sulfur content. A particular attention has been given to the
oxygen-sulfur substitution kinetics during layer growth as well as
the variety of the obtained compounds.

2. Experimental details

2.1. Films growth

First, fluorine-doped tin oxide SnO;:F thin film was prepared on glass substrate
by the spray pyrolysis technique using tin tetrachloride (SnCls) methanol distilled
water and ammonium fluorine as starting materials. The solution and gas flow
rates were maintained at 1.5Lmin~! and 4L min~', respectively corresponding to
a mini-spray pyrolysis. The Pyrex substrates prepared in 20 mm x 10 mm x 3 mm
dimensions were cleaned in advance in a boiling solution of chromic acid, deionized
water and ultrasonic bath. The cooled substrates were placed on a heater sink which
temperature T; was maintained at 440°C [21]. The precursor solution was sprayed
through a preheating furnace on Plexiglas substrates. Nitrogen (N,) was used as
carrier gas. The chemical process leading to an adherent SnO, :F film consists of two
steps:

Step A.1: The droplets of penta-hydrated stannic tetrachloride (SnCls-5H,0) are
dissociated under the effect of the spray:

1
(SnCl,,5H,0), +2nH,0—22—>n8nCl, + 12n H,0
7 3 (Step A.1)
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Fig. 1. X-ray diffraction of SnO,:F (e=1.2 wm).

Step A.2: The ammonium florid acts on the deposited (and heated) stannic tetra-
chloride according to an incorporation process due to ionic close electro-negativity
and dimension (the radii ratio of the ions F~ and 0%~ is around 0.96). Emanations
of di-hydrogen and ammoniac gases have been verified experimentally.

—
440°C

nSnCl,+n(NH,,F) + 2n H,0 £2-C

Second, the obtained SnO;:F thin films were introduced with sulfur grains
(mass = Mygpain, 99.98% of purity) into Pyrex tubes under two conditions: (i) light
sulfuring (Mgrin ~ 16 mg); (ii) heavy sulfuring (Mgri, ~850mg). Each tube was

nSnO, F +4nHCl +n NH, .V H,
-3
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sealed under vacuum (1072-10-3 Pa) and annealed during 2h at 550°C using a
programmed tubular oven.

2.2. Characterization techniques

X-ray diffraction spectra were obtained by means of Bruker-Axs type diffracto-
meter using two monochromatic radiations CuK, (A1 =1.54056 A; A, =1.54438 A).
Film surfaces were analyzed by Atomic Force Microscopy (AFM: Nanoscope 3A
dimension 3100 digital). Optical transmittance and reflectance measurements were
carried out in the wavelength range 300-1800 nm using unpolarized light by means
of a spectrophotometer (Shimadsu UV 3100 F). An integrating sphere (LISR 3200)
coupled to the spectrophotometer was used for these measurements. Finally, the
optothermal expansivity of each sample has been calculated through the BPES.

3. Results and discussion
3.1. X-ray diffraction investigations

XRD patterns of the deposited SnO,:F thin films prepared at
440°C are shown in Fig. 1.

The diffraction patterns show(110),(101),(200),(211),(310)
and (3 01) X-ray diffraction lines which are characteristic to SnO,
variety (JCPDS Card No. 41-1445) crystallizing in tetragonal system

4

(Step A.2)

[22] with a little shift to the higher 20 angles due to the fluorine
doping. On the other hand, the grain size in accordance with the
Scherrer-Debye formula [23] was evaluated to be 443 A.
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Fig. 2. X-ray diffraction of sulfured SnO,:F (e =1.2 um). (b) Lightly sulfured and (c) heavily sulfured.
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Fig. 3. 2D and 3D AFM micrographics of SnO,:F (e=1.2 wm). (a) Unsulfured; (b) lightly sulfured; (c) heavily sulfured.

Fig. 2 shows that annealed SnO, films with excess of sul-
fur led to the films having a mixture of two sulfide phases:
SnS, (JCPDS: 23-677) and Sn,S3 (JCPDS: 30-1377) whereas whose
without excess were formed by both oxide and sulfide ones.
Explanation to these evolutions is detailed in the following
parts.

3.2. AFM analysis

2D and 3D AFM micrographs of SnO,:F thin film with thickness
of the order of 1.2 wm (Fig. 3a) reveal that the surface of the film is
perturbed by clusters with a mean dimension of 231 nm. This is due
to growth mechanism of the film prepared by the spray pyrolysis
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Fig. 4. Optical transmittance and reflectance spectra of SnO,:F. (a) Unsulfured; (b)
lightly sulfured; (c) heavily sulfured.

technique [24]. Indeed, the surface of the film is formed by small
droplets that vaporize above the substrate and condense as micro-
crystallines with various dimensions. These microcrystallines then
coalesce to form clusters. The mean roughness is depicted to be
44 nm. In the same way, roughness and grain size, as deduced from
AFM images, showed a roughness increases at the beginning of the
sulfurisation phase (58 nm) due to sulfur diffusion (bright zones
in Fig. 3b). But once this latter becomes in excess, the roughness
decreases (41 nm) and the surface contrast between unsulfured and
sulfured zones disappears.

3.3. Optical properties

Optical transmittance and reflectance spectra in 300-1800 nm
wavelength range for the SnO,:F before and after sulfurisation of
thin films are shown in Fig. 4. We note therefore that spectrum
presented interferential fringes due to multiple reflections indicat-
ing that the films are relatively homogenous. These fringes became
weak with sulfuring. In addition, we remarked that for SnO5:F, the
transparency was of the order of 75% and decreased with sulfuring.
The decrease in the infrared was probably due to the contribution
of free carriers. Considering optical reflectance measurements [25]
and SEM observation, the thickness of these films was of the order
of 1.2 um.

The calculation of the extinction coefficient k and the refractive
index n are made by maple program through resolving the system

0.4 T T T T T T

0.0 ' 05 ' 10 ' 15 ' 20
A (um)

Fig.5. Extinction coefficient spectrum. (a) Unsulfured; (b) lightly sulfured; (c) heav-
ily sulfured.

(1) of non linear equations for each wavelength:

Rineor. (1, k, A) — Rexperim.(nv k,A)=0 (1)
Ttheor.(n» k, )‘) - Texperim‘(ns k, )L) =0

where Ripeor.(A) and Typeor.(A) are respectively the reflection and
transmission expressions reported elsewhere [25]. The results are
reported on spectrum of Figs. 5 and 6.

For all spectra, we could remark an increase of the extinc-
tion coefficient and a decrease of refraction index in the infra-red
zone due to free carriers. In addition, k became higher (0.1 instead
of 0.025) when film was heavily sulfured thus the film is more
absorptive. Moreover a sulfur excess made refractive index higher
particularly in the visible zone. This phenomenon is may be due to
the sulfur engagement.

The lack of transparency traduced by increasing values of the
extinction coefficient k for increasing sulfur content was in concor-
dance with the diminution of transmittance (Fig. 4a). In the same
way, the evolution of the refraction index peak (from 1.8 to 2.1
to 2.5) with increasing sulfur content revealed establishment of
defects probably due to remaining atomic non-reactant sulfur.

0,0 05 1,0 1,5 2,0
A (um)

Fig. 6. Refractive index spectrum of SnO;:F. (a) Unsulfured; (b) lightly sulfured; (c)
heavily sulfured.
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Fig.7. («hv)? versus hv plot of SnO>:F.(a) Unsulfured; (b) lightly sulfured; (c) heavily
sulfured.

The optical absorption coefficient & was deduced from the fol-
lowing formula:
o= 4—ﬂk
A
Using « calculated values, the band gap energy Eg corresponding
to direct band gap transitions is calculated via the (ahv)? versus hv
plots (Fig. 7) using the formula [26]:

(ahv)? = A(hv — Eg); A= cst.

Eg values are reported along with other characteristics in Table 1.

We note that the plot corresponding to excess sulfured SnO,:F
exhibits two Eg value corresponding to two sulfur phases. These
values of Eg are next to those of Sn,S3 and SnS; reported inliterature
[27,28]. The little difference is probably due to the presence of the
remaining SnO, phase.

Table 1
Relevant parameters (before and after sulfurisation).

3.4. Opto-thermal study

3.4.1. Effective absorptivity & and Amlouk-Boubaker
opto-thermal expansivity ¥ ap

The effective absorptivity &, as defined in precedent studies
[29,30], is the mean normalised absorbance weighted by I(X)AM“;,
the solar standard irradiance:

fo1 I(R)am s x al(X)dA
fo] 1(X)am1.5 dA

a=

(2)

where I(A)avm1 5 is the Reference Solar Spectral Irradiance, fitted
using the Boubaker Polynomials Expansion Scheme (BPES) [31-39]:
I(h) = [(1/2N0)Zgi19n.84n(): x Bn)] » where By, are the Boubaker
polynomials [31-36] B4, minimal positive roots, 6, are given coef-
ficients, Ny is a given integer, (%) is the normalised absorbance
spectrum and A is the normalised wavelength:

3)

A€ [Amin, Amax] < A €[0, 1]
Amin = 0.3 wm;  Amax = 1.8 um

The normalised absorbance spectrum «(X) is deduced from the
BPES by establishing a set of N experimental measured values of
the transmittance-reflectance vector (Ti(ki);Ri()»i))L:] y versus

the normalised wavelength %; |i=1 N Then the system (4) is set:

No
RGD = | 330> _6n x Banl x Bu)
] n;01 (4)
T) = | gye D x Ban(% x o)
n=1

where B, are the 4n-Boubaker polynomials B4, minimal positive
roots [33-37], Ny is a given integer and &, and &), are coefficients
determined through the Boubaker Polynomials Expansion Scheme
(BPES).

SnO;:F Before sulfurisation After light sulfurisation After heavy sulfurisation
Eg (eV) 4.00 3.90 3.00-2.48
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Fig. 8. Sulfuration kinetics sketch. (a) Lightly sulfured SnO, and (b) heavily sulfured SnO,.
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The normalised absorbance spectrum «(X) is deuced from the
relation:

~ 4 ~
nl_}i()‘)> + 21n]_7R()‘) (5)

~ 1 4
“W=Tm ( 1(7) 0

where d is the layer thickness.

The obtained value of normalised absorbance spectrum (%) is
a final guide to the determination of the effective absorptivity &
through (Eq. (2)).

The Amlouk-Boubaker opto-thermal expansivity ¥ag is a
thermo-physical parameter defined in precedent studies [40-43],
as a 3D expansion velocity of the transmitted heat inside the mate-
rial. It is expressed in m3 s~1, and calculated by:

D
Vap = 3 (6)
where D is the material’'s thermal diffusivity [41] and & is the
already defined effective absorptivity (Eq. (2)).

The values of the calculated values of the Amlouk-Boubaker
opto-thermal expansivity ¥ag, for the different samples, are gath-
ered in Table 1.

4. Discussion and perspectives

A very instructive study has been presented by Ramakrishna
Reddy et al. [44] on the annealing temperature ranges selectiveness
during the formation of Sn,Sy binary materials. The authors have
observed, in agreement with the reports of Lopez et al. [45] and
Thangaraju et al. [46], that Sn-S compounds are predominant for
sulfurisation temperatures superior to 300 °C. Koteeswara-Reddy
et al. [47] stated similarly that SnySy films grown at high tempera-
tures were nearly stoichiometric in nature with an elemental Sn/S
ratio of 1.03. In fact, under high temperatures, the Sn-O bonds are
weakened inside the structure (Fig. 8a). Under a moderate sulfur
concentration S/O, substitution occurs randomly but efficiently. An
excess of sulfur supply causes a deeper substitution process (Fig. 8b)
resulting in big amounts of Sn,S3 and SnS, as deduced from XRD
and AFM analysis.

It has been indeed reported that such binary compounds could
be obtained by direct contact between metallic films and elemental
sulfur [44,48-52], but a simple comparison between these routes
and the mechanism using appropriate doping (i.e. Fluorine [53-60])
shows that the kinetics observed in the actual study are quite 400
times quicker.

Moreover, the optothermal study revealed an obvious enhance-
ment of the Amlouk-Boubaker opto-thermal expansivity ¥ap. In
fact, after sulfurisation, a higher value of ¥ ag has been recorded
(Table 1). Since this parameter indicates and brings together a high
thermal diffusivity (hence a good heat transmittance) of the com-
pound along with a high absorption coefficient which is required
for some optical applications in thermally aggressive mediums.

5. Conclusions

In summary, we have discussed the effects of the controlled
sulfurisation on as-grown SnO,:F thin films prepared at 440°C
using a simplified and already optimized spray pyrolysis setup. Sul-
furisation kinetics have been investigated through the results of
several characterization techniques. It has been shown, in concor-
dance with the recent literature, that the mechanism is drastically
enhanced by the presence of the doping agent (i.e. fluorine), and
that excesses of sulfur in the reactive medium leads to an inter-
esting mixture of SnySy binary compounds (namely, SnS; and
Sn,S3). Additional optical and optothermal analyses revealed a

loss of bandgap (down to 18%) along with a drastic increase of
the Amlouk-Boubaker opto-thermal expansivity ¥ ag. These two
features make the proposed sulfurisation process promising for
opto-electronic and solar energy devices, particularly those need-
ing appropriate heat diffusion means.

Nevertheless, it has been noted, by colleagues from collaborat-
ing laboratories, that the electrical resistivity of the yielded films
was abnormally high. A vacuum heat treatment under inert atmo-
sphere is being carried out in order to enhance the obtained layers
electrical behavior.
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