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INTRODUCTION

Solar energy is one among the other renewable energy sources that
produces reliable and pollution-free electricity with long term maintenance. The
process of conversion of solar energy into electricity is referred as photovoltaics
(PV) [1]. The effective wide-spread use of PV technology requires earth
abundant, eco-friendly, high efficient and low-cost with long term durable
photovoltaic devices [2].

Thin film solar cells are one of the promising approaches in attaining the
goal for power production with PV devices in terms of their material usage, cost
and stability. Over the decade, thin film growth technology has been intensified
for preparing various layers onto distinct substrates (metal, flexible) using
different deposition methods [3].

Various inorganic semiconductor materials are widely studied to meet
the state-of-the-art of the solar cells technology. Cu,S/CdS [4] was the first
heterojunction device made from thin films that receives significant attention for
further development of thin solar cells. Amorphous silicon (a-Si) and micro-
crystalline silicon (p-Si) are widely used in thin film solar cell technology with
cheaper method and less material usage, the reported power conversion
efficiencies are 10.1% and 10.8% [5] but degradation in parameters is the major
difficulty with this materials.

The two most prominent chalcogenide polycrystalline thin films
materials for solar cells preparation are cadmium telluride (CdTe) and copper
indium gallium selenide (CIGS) that have direct band gap and high optical
absorbance. These devices demonstrated the single-junction conversion
efficiencies of 21.5% [6] and 21.7% [7], however, toxic Cd as well as the use of
expensive elements such as Te, In and Ga are the major disputes for their large
scale production [8].

This lay down the motivation to many researchers to look for substitute
materials. Quaternary copper zinc tin sulphide/selenide (CZT(S/Se)) is one
emerging material with all its elements are earth abundant. The solar conversion
efficiency of around 12.6 % [5] is obtained, although it is difficult to achieve a
stable phase of CZT(S/Se) without any other secondary phases. Although
numerous semiconductor photoabsorber materials are studied for the solar cell
applications, each material has its own merits and demerits towards the final
device application. Attempts have been made to overcome all the above
problems with cost effective way based on the simple and novel semiconductor
materials.

During past decade continuous investigations have been focused on tin
monosulpide (SnS) binary material from IV-VI compounds that attain renewed
interest as a photoabsorber layer due to its band gap of 1.3 eV, high absorption
coefficient of ~10° cm™' and p-type conductivity. It is binary material with
abundant constituent’s elements Sn and S [9, 10]. SnS—based solar cells are
theoretically predicted to achieve efficiency of 32 % and as the minimum
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percentage for large-scale usage of solar cells is 20%, it can be considered as
very promising material [11, 12]. All these properties make this material a good
candidate in low-cost thin film solar cell technology. Some authors proved its
potentiality in device applications. Currently the highest laboratory reported
power conversion efficiency of SnS-based solar cells is still only 4.4% [13].

Therefore, in this direction the present PhD work was aimed to obtain
SnS thin films by chemical solution deposition method as well as annealing of
as-grown films in suitable ambient to obtain desired quality. The as-grown and
annealed films were systematically characterized to know their elemental and
phase composition, crystal structure, surface morphology and optical properties.

The thesis consists of four chapters. First chapter deals with introduction
and a brief review on SnS thin films. The experimental techniques used in the
PhD work are presented in second chapter. Third chapter gives the results and
discussion of the SnS thin films in relation to the deposition conditions.
Conclusions drawn from the results will be in the fourth chapter.

This thesis is based on three research articles.
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1 LITERATURE OVERVIEW

1.1  Tin sulphides

Different binary forms of tin sulfides exist. Tin (II) sulphide or tin
monosulphide is a bluish-black solid with chemical formula SnS, it dissolves in
concentrated hydrochloric acid and also in strongly alkaline solutions. Annealing
in air converts SnS to SnO; [14, 15]. Crystalline structure of tin monosulphide
can be orthorhombic or zinc blend (Fig.1) [16].

SnS could be deposited by different chemical and physical methods.
Deposition parameters should be controlled well to prevent existence of
secondary phases such as SnS; or Sn,S; which can be formed very easily. These
additional phases affect properties of the SnS thin film for example causing band
gap shifting [17].

R LY
Iy & A

Fig. 1 Crystal structures of SnS: a) zinc blend and b) orthorhombic [18].
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Tin (IV) sulphide or tin disulphide (SnS;) is an n-type semiconductor
material with band gap in the range of 2.12-2.44 ¢V and has yellow color. It has
hexagonal cadmium iodide-type (Cdl,) crystal structure, which is composed of
sheets of tin atoms sandwiched between two close-packed sheets of sulphur
atoms (Fig.2) [19-21].
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Fig. 2 Crystal structure of SnS, [20].

Black tin sesquisulphide - Sn,S; - represents the mixed-valence (II and
IV) tin sulphide compound with an ribbon-type structure as shown in Fig. 3
where the trigonal-pyramidal tin(II) locates at the edge and the octahedral tin
(IV) at the center of the ribbon [22, 23]. SnyS; has band gap around 2.0- 2.1 eV
[24, 25].

Following the all above given, tin sulphides of different elemental
composition have very different properties and we have to control precisely the
composition of formed tin sulphide in our thin film deposition process.

Fig. 3 Ribbon structure of Sn,S; [22].

1.2 Methods of tin sulphide thin film growth

Different physical and chemical techniques have been used for
deposition of SnS thin films. Physical methods such as physical vapor
deposition (thermal vacuum evaporation [26, 27], magnetron sputtering [28, 29]
etc.), atomic layer deposition [30, 31] and electron beam deposition [32, 33]
along with chemical methods such as chemical vapor deposition [34],
sulfurization [35], spray pyrolysis [36-38], electro-chemical deposition
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(galvanic) [39] and chemical solution deposition [40] could be applied for SnS
thin film preparation.

Among all this methods chemical solution deposition - or also known as
chemical bath deposition (CBD) - has a number of benefits [41-43]:

o it is simple technique

o it is inexpensive method due to simple and cheap equipment and starting
chemicals, which are also usually inexpensive and available

. the deposition can be held onto the different substrate surfaces, with
different shape and sizes

o the method allows depositing films at low temperatures which prevent

corrosion or oxidation of substrate material and also gives a possibility to use
organic substrates.

1.3  Chemical solution deposition method

Chemical solution deposition means the deposition of a film onto a solid
substrate resulting from chemical reactions between dissolved in solution
precursors. Solution should be stirred well and then the substrate, which is
previously cleaned, places vertically into the solution inside a vessel. The vessel
should be closed hermetically to avoid dust or another unwanted particles getting
into the solution and prevent escape of the gases phases [44] (Fig. 4).

hermetic covering

R ——

solution

glass vessel
Fig. 4 Schematic of chemical solution deposition of thin films.
Film growth process passes three main stages [45]:
During an induction period (or nucleation or incubation period) chemical

equilibrium is achieved in the solution and on the surface of the substrate forms
primary layer of the film.
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2. Next follows growth phase, when metal and chalcogenide ions of the precursor
solution condense on the top of already formed primary film and film growth
accelerates.

3. Film ceases to grow at the ferminal phase.

1.4  Mechanisms of chemical deposition

Chemical solution deposition is extensively applied for making thin
films for semiconductor and photo-voltaic devices in laboratories and industrial
production, but its definite mechanism is still unclear. Mechanism of the film
growth can also change during the deposition [46, 47].

The simplest mechanism which is usually expected to be occurring
generally is called ion-by-ion mechanism. It has such a name due to ionic
reactions taking sequentially place in the solution. This mechanism could be
illustrated by the following reaction:

R.1.1
M™ + X™ - MpXal

where M"" is metal ion, X™ is chalcogenide ion and MX, is obtained thin film
[48].

Thin film has to be formed onto the substrate but not in the solution
itself. For this reason formation of complex is essential to preserve the ions of
the metal in solution and prevent the formation of precipitating out hydroxide
[49]. Complexing agent should not be too weak and be able to block bulk
precipitation of hydroxide; on the other hand it has to be not too stable to prevent
deposition of the desired film [14]. There are a lot of different complexing
agents with distinct complexing strength that could be used. Due to the stable
complex the free metal ions release slowly and react with chalcogenide ions
forming the desired thin film [50].

Since the solution does not contain particles in it and as the substrate for
film presents a degree of heterogeneity, the substrate serves as catalyst and
facilitates the nucleation [51], so the deposition of film in the ion-by-ion process
happens mainly on surfaces and not as the precipitation in the solution. As it can
be seen on the Fig. 4 a, metal and chalcogenide ions diffuse to the surface of the
substrate where M X, nuclei will be formed (Fig. 5a and b). Nuclei will grow by
absorbing more ions from the solution and at the same time new nuclei start to
nucleate (Fig. 5 ¢). If the nucleation has already started on the surface, film
begins to grow faster there because deposition happens quicker on the nucleated
than on the clean surface. Formed M,X, crystals continue to grow and adhere to
each other froming the film (Fig.5 d) [52].

15
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Fig. 5 Scheme of the ion-by-ion mechanism [adapted from 14].

The other mechanism is known as cluster hydroxide mechanism [48]. It
occurs if formation of metal hydroxide is not avoided completely and metal
hydroxide exists as colloid in solution

R.1.2
M" + nH,0 <> M(OH), + nH"

The thin film will be formed by reaction of that cluster with slowly
generated chalcogenide ions:
R.1.3
M(OH), +X™ — MuX, + nOH

The nucleation in this process happens easier due to the presence of
colloidal solid phase of metal hydroxide in the solution [14]. Colloidal particles
of hydroxides diffuse to the surface and adhere (Fig.6 a) to the substrate (Fig.5
b). Next metal hydroxides will be converted into M,X, by reacting hydroxide
with chalcogenide ions at the surface of the colloid and process proceeds inward
(Fig.6 c) [52]. Analogical process will go not only on the deposition surfaces but
also in the solution (Fig.6 d). Formed M,X, crystals will stick to the substrate
and to one another (Fig.6 e). Formation of the thin film structure will occur if
particles reach the deposition substrate surface before they precipitate out as
large aggregates from the solution [53].

16



d) e)

Fig. 6 Scheme of the hydroxide mechanism [adapted from 14].

Another basically distinct from two previous mechanisms is complex
decomposition mechanism not involving the formation of free chalcogenide ions.
This mechanism bases on the formation and decomposition of metal-
chalcogenide complexes [54].

Formation of the film involving metal-chalcogenide complex
decomposition passes similarly as for the previous two mechanisms. The
complex consisting of metal, chalcogenide and ligand decomposes to MuX, on
the surface of the substrate (Fig. 7 a and b) and also in some amount
homogeneously in the solution (Fig. 7 ¢). M,X, nuclei will grow absorbing
elements of decomposed complexes until the film of aggregated M, X, crystals is
formed (Fig. 7 d) [55].

M-X-L M-X-L
M-X-L M-X-L
M-X-L M-X-L
M-X-L
a) b) ©) d)

Fig. 7 Scheme of the complex decomposition mechanism [adapted from 14].

1.5  Chemical solution deposition of tin sulphide thin
films

The first attempts to deposit tin sulphide thin films by chemical solution
deposition had been made by researchers already in early 1870. Deposition was
held using boiling solution of tin (II) or tin (IV) chloride. Tartrate was used as a
complexing agent and thiosulphate as a source of sulphur [14].

17



The following table gives overview of recent studies in SnS chemical
solution depositions (1991-2015 years).

Chemical solution deposition parameters

Ref Thickness
Precursors Initial Deposition Time of pH of of Annealing
concentration | temperature | deposition | solution film temperature
Sn:S and time
[56] SnCL*2H,0+ [Sn 0.04M: . 75°C S5h - 1000
H;CC(S)NH, S 0.08M b.25°C 40 h nm
[57] SnCl+ Sn 0.005M: 40°C to 0,3-1,5h |- 40-200 |-
H;CC(S)NH, [S0.08M  [75°C nm
[58] [SnCL*2H,O+ [Sn 0.05M: |- 18 h 7 340 nm 250°C 1,8h,
Na»S,03*5H,0(0.1M 300 °C 1h
[59] [SnCL*2H,O+ [Sn 0.05M: .t 24 h 7 600 nm [150°C 2 h
INa,S,03*5H,0S 0.05M
[60] [SnCl;*2H,0+ ja. Sn 0.01M: fa. r.t. a5-6h | a. 500 300°C and
H:CC(S)NH, S 0.01M nm  [125-550°C,
b. Sn0.005M: . 35°C b. 20 h b. 500 |different
S 0.08M nm durations
[61] [SnCL*2H,O+ [Sn 0.045M: (30°C 24 h 7 290 nm
Na28203*5H20 S0.1IM
[62] [SnCL*2H,O+ | a.23°C a.6h - a. 100 |
H3CC(S)NH, b.40°C  |b.22h nm
b. 500
nm
[63] [SnCL,*2H,O+ [Sn 0.045M: .t. 24 h 7 1960 -
Na28203*5H20 S 0.1M nm
[64] SnCL*2H,O0+ | r.t. Sh - 100-434 -
H3CC(S)NH2 nm
[47] SnCL*2H0+ [Sn 0.05M:  [rt. (27°C) R4 h 10,7 F i
H;CC(S)NH, S 0.05M
[51] SnCL*2H,0+ [Sn 0.05M:  [60°C 2-10h 931 | Heated to
H;CC(S)NH, [S 0.05M 300°C
[50] SnCl+ Sn 0.06M / r.t., 1,5h - 270 nm -
H3;CC(S)NH, [Sn 0.08M/ H40°C—
Sn 0.1M: 60°C
S 0.1M
[65] [SnCL*2H,O+ [Sn 0.005M: @45°C - - 400 nm |-
H;CC(S)NH; S 0.04M
[55] [SnCl, + Sn 0.04M: |60 °C, 3 h S 380 nm [
Na,S,03*5H,0la. S 0.04M  [80°C
b. S 0.08M
c. S 0.125M
[66] [SnCl, + Sn 0.04M: [35°C 10h a. 5 - -
Na28203*5H20 S 0.04M b. 6
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[67] |SnCl, + - 20°C — - - 600 nm (300-600°C
H3;CC(S)NH; 50°C 0,5 h

[68] [SnCL,*2H,O+ |Sn 0.003M: | - 7 - -
INaxS S 0.01M

[54] [SnCL*2H,O+ [Sn 0.05M: R27°C 24 h, 48h,19,7 - -
H3CC(S)NH, |[S 0.05M 72 h

[69] [a. SnCl, + - a. r.t. a.24h |- 125 nm -
H3CC(S)NH: b. 90°C b.3h
b. SnCl,+ c. r.t. c.24h
Na28203*5H20
c. SnCl, + TA

[70] SnCL*2H,O+ |Sn 0.04M: |60°C 6h 6 - -
H3CC(S)NH, [S 0.08 M

[71] [SnCL*2H,0O+ [Sn 0.04M:  60°C 6 h 6 511 nm
H3CC(S)NH, [S 0.08 M

[72] |SnCl, + Sn 0.005M: [75°C 1h 9 500-
H3;CC(S)NH, |S 0.1M 1000

nm

Table 1. Overview of literature results of chemical solution deposited SnS thin films.

In the above-given Table 1 are reported results obtained in the use of
different sulphur precursors. In ref [58], [59], [61], [63], [47], [55], [66] and [69]
sodium thiosulphate pentahydrate (Na»S,03«5H,O) was used as a source of
sulphur. Mechanism reactions with thiosulphate in the solution are still not clear.
Several mechanisms could be found in the literature, but no one had any
convincing proof.

Deposition using thiosulphate (S,03>) is mostly held in a weakly acidic
(pH >= 3) solutions. In this case, the possible reactions taking part in solution
are assumed to be [14]:

R.1.4
$:05* + H20 > HaS(aq) + S04~
R.1.5
H,S + H,0 <> HS + H;0"

If pH of solution is high (alkaline solution) the reaction could be written as:
R.1.6
82032_ +OH < HS + SO42_

In strongly acidic solution thiosulphate decomposes giving elemental sulphur:
R.1.7
a. $,0; +H'— S| + HSO5

R.1.8
b. 82032_ +2H"— Sl + SOZT + H,O
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In the following results of SnS depositions using thiosulphate as sulphur
source, summarized in the Table 1, will be given in more details.

In reference [58] chemically deposited SnS thin films were then
thermally treated in argon atmosphere at different temperatures. Thickness of the
as-deposited film increased with duration of deposition and maximum value of
the thickness of film was obtained after 18 hours of deposition. As-deposited
films and films heated in argon atmosphere for one hour had polycrystalline
orthorhombic structure and after thermal treatment films became more textured.
The value of the optical band gap for as-deposited was 1.38 eV with direct
transitions When as-grown films were heated at 300 °C their photoconductivity
increased [58].

Tin sulphide thin films were deposited onto non-conducting glass
substrate [59]. Obtained films were without any cracks or pinholes consisting of
spherical shaped grains with a compact texture and good adhesion to substrate
surface. XRD analysis indicated orthorhombic crystal structure. Crystallinity of
the as-deposited films was improved by their annealing. Optical data analysis
showed that films exhibited direct allowed transitions with the value of band gap
1.1 eV. Resistivity of films was of the order of 10° Qcm [59].

Polycrystalline SnS thin films with an orthorhombic-herzenbergite
structure were deposited at room temperature onto glass substrates [61].
Obtained films were uniform with good coverage of the deposition surface and
of dark brown color. SEM images indicated good morphology in the form of
short cylindrical rods of approximately 100 nm in diameter and 500 nm in
length. The evaluated lattice parameters were found to be a = 4.39 A, b =11.17
A, ¢ =3.97 A. According to EDX analysis atomic ratio of Sn to S was equal to
49.8: 50.2. The band gap was found to be direct with a value of 1.31 eV [61].

Tin sulphide films were deposited onto glass substrates at room
temperature and structural and vibrational properties have been investigated in
[63]. XRD indicated that films were composed of predominantly orthorhombic
phase of SnS with strong preferential orientation of (111) plane and crystallite
size of about 67 nm. Additional phases as Sn;S; and SnS, are also found in
films. The Raman spectrum revealed three peaks at 64, 106 and 239 cm™'
attributed to SnS and one peak of 304 cm ' which can be assigned as SnyS;
and/or SnS; mode. The FT-IR spectrum indicated vibrations caused by Sn-O, Sn-
02, S-0 and Sn(OH), [63].

SnS layers were deposited onto glass substrates with SnS buffer layers
and the influence of deposition temperature and the concentration of ratio of tin
and sulphur sources on properties of the film was investigated [55]. Increasing of
temperature of the solution leaded to the increasing of Sn/S molar ratio and to
the worse compactness of the films. With increasing of the concentration ratio of
Na,S,03/SnCl; in solution increased Sn/S molar ratio and compactness of the
deposited films, also changed the shape of the particles from flake to shuttle and
size of the particles decreased. Dark and photo conductivities of deposited films
increased with the increase of deposition temperature as well as with
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concentration ratio of Na,S>03/SnCl, in deposition solution. The optical band
gaps were found to be in the range of 1.01 to 1.26 eV [55].

Difference in the structure of obtained films was determined by pH of
the initial solution [66]. At pH=5 films had orthorhombic structure and
comprised of short cylindrical rods. Zinc blend structure films were obtained in
solutions with pH=6 and films were dense and continuous. Such a difference in
the structures was explained to be due to different deposition mechanisms.
During the deposition, the solution where pH was 5 remained colorless and the
deposition mechanism was supposed to be ion-by-ion. Whereas in the solution
with pH=6 precipitation was observed during deposition and mechanism was
supposed to be hydroxide cluster. Optical band gaps were found to be 1.75 eV
with forbidden direct transitions for zinc blend and 1.12 eV with allowed
indirect transitions for orthorhombic SnS [66].

In ref. [56], [57], [60], [62], [64], [47], [51], [50], [65], [67], [54], [69],
[70], [71], [72] thioacetamide or TA (H;CC(S)NH;) was used as a source of
sulphur. Thioacetamide is a thioamide compound that exists at room temperature
as colorless to yellow crystals. It is soluble in water and ethanol [73, 74].

TA has the advantage of working both in acidic and alkaline
environment. In strongly acidic solution [14]:

R.1.9
H3C(S)CNH,+ 2H,0 + H" «» CH;COOH + HS (aq) + NH4"

In alkaline solution [14]:
R.1.10
H3C(S)CNHz+ 20H™ <> CH3COO™ + HS™ + NH3

SnS thin films were deposited at different temperatures and during
different deposition times [56]. However films were successfully deposited at
room temperature it was shown that the increasing of temperature leads to the
films faster depositions. Good quality SnS thin films with the thickness of 1000
nm were obtained in 5 hours at 75 °C or in 40 hours at 25 °C. The as-deposited
films were p-type, crystalline, with a band gap of 1.3 eV and exhibited high
degree of specular reflectance. Dark conductivity showed a marked increase
with increase in the film thickness [56].

The influence of temperature and complexing agents as ammonia and
triethanolamine (TEA) on the growth of SnS thin films was studied in [57].
Poly-crystalline structure of deposited SnS films was confirmed by XRD studies.
SEM results revealed that the surface of the films have islands of nano-clusters
formed on the top. Indirect bandgap of obtained films varies from 1.0 eV to 1.4 ¢
V and it increased if concentrations of ammonia and TEA  decreased.
Temperature of the solution did not affect the band gap value. The resistivity of
films was found to be high in range of 60000 Qcm. Heterojunction thin film
solar cells of SnS/CdS had an open circuit voltage (Vo) of around 300 mV and
very low short circuit current (Is) in nA [57].
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SnS films were prepared from two solutions with different
concentrations of components in [60]. Later the as-grown films were heated in
different ambients at various conditions. Films annealed in air converted to
SnO,. Annealing in nitrogen increased the conductivity of the as-grown films.
SnS films deposited from different solutions exhibited different band gaps: films
from one solution had direct gap of 1.7 eV and from the other solution had
indirect band gap of 1.12 eV. Deposited SnS thin films exhibited p-type
electrical conductivity. Films were integrated into solar cell structures with
different configurations. Best characteristics showed solar cells of the structure:
SnO,:F (conducting glass) — CdS (window layer) — SnS (buffer layer) —Cu,SnS;
(additional layer) — silver print after annealing for 15 min in air at 80 °C (Vo
=340 mV and short circuit current density J,.= 6 mA/cm?) [60].

Depending on the deposition solution composition SnS films had
different crystalline structures: orthorhombic, SnS (OR), or zinc-blende, SnS
(ZB) in [62]. These films had p-type electrical conductivity and band gaps of 1.2
and 1.7 eV respectively. Photovoltaic structures using both OR and ZB SnS were
made in superstrate configuration with transparent conducting glass- CdS - SnS
(OR) and SnS (ZB) - electrode. Different electrodes as printed Ag paint or
evaporated electrodes of In, Sn, Ag were tested. The photovoltaic structure with
evaporated Ag-electrode was found to have the best characteristics as Voc of 370
mV, a Jsc of 1.23 mA/cm?, fill factor of 0.44 and conversion efficiency of 0.2%
under 1 kW/m? illumination. The series resistance was found to be different with
the different electrode materials. The Jsc increased if the thickness of SnS (OR)
layer increases [62].

SnS thin films were deposited onto glass substrates from aqueous
solutions with multi-deposition runs [64]. Films obtained after one deposition
run were amorphous, however their crystallinity improved with more deposition
runs. XRD revealed that films were of zinc blend structure. SEM images showed
that films have smooth and uniform surface without any pinholes or cracks.
Indirect band gap is found to be 1.76 eV [64].

Three different sources of sulphur — sodium thiosulphate, thiourea and
TA were used in deposition of SnS films in [47]. In case of using first two
reagents precipitation occurred in solution and films were not deposited onto a
deposition surface. For this reason TA was chosen as a source of sulphur. XRD
results showed that obtained films were of orthorhombic crystal structure, sharp
structural peaks indicated good crystallinity of films. The preferential orientation
of the SnS film was (110). SEM pictures revealed a needle-shape grain structure
surface of films with no any cracks. EDX showed ratio of Sn to S as 54.13: 45.8.
The deposited films were of p-type conductivity. Films exhibited allowed direct
energy band gap with value of 1.37 eV and allowed indirect energy band gap of
1.05 eV [47].

The effect of deposition time on the structural, electrical and optical
properties of SnS thin films by chemical bath deposition onto glass substrates at
60 °C with different deposition times were investigated in [51]. All deposited
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films were found to be of orthorhombic structure with preferential orientation of
(110) plane. Average grain size increased from 22 nm to 24 nm with deposition
time from 2 hours to 6 hours and then decreased to 22 nm for the deposition time
of 8 hours. Deposited during 2 hours films were amorphous the same as films
deposited at 10 and more hours. Films deposited at 4 hours were crystalline and
the best crystallinity of the films was obtained during 6 hours of deposition.
With increasing deposition time from 2 hours to 6 hours more homogeneous
films were obtained and increasing deposition time to 10 hours leaded to porous
structure of films due to clusters aggregations. EDX analysis was made for films
deposited during 6 hours and films were found to be Sn-rich (Sn/S ratio = 1.49).
Resistivity of the films decreased from 9.982 Qcm to 2.156 Qcm with increasing
deposition time from 4 hours to 6 hours and then increased drastically to the
value of 12.350 Qcm. As-grown films were heated at 300 °C to find out the
dependence of the electrical conductivity on the temperature. It increased with
the increasing temperature. Optical transmittance was found to the highest for
the thinnest films deposited within 2 hours. Optic absorption coefficient was
found to be higher than 10* cm™. Hall Effect measurements showed that all films
have p-type conductivity. Direct band gap decreased with increase in thickness
[51].

The effects of concentration of tin salt, triethanolamine and bath
temperature on the growth of tin sulphide films were investigated in [50]. The
terminal thickness of the films was obtained after 3 hours of deposition at room
temperature and after that thickness started to decrease with deposition time.
XRD results revealed that deposited at the concentration of SnCl, 0.06 M films
were found to consist of multiple phases: SnS, Sn,S;, SnS,. At concentration of
0.08 M SnCl, tin disulphide phase peak disappeared whereas at concentration of
0.1 M only single phase, the formation of polycrystalline SnS with orthorhombic
structure was observed. When concentration of SnCl, was increased to 0.12 M
crystallinity of the films decreased. EDS showed that as the tin salt concentration
in the initial solution increased, the atomic percent of tin in the film increased
also and films obtained at concentration of SnCl, 0,1M were found to be Sn-
rich. SEM images revealed that at concentration lower than 0,1M SnCl; film
appeared to be discontinuous. At concentration 0,1 M and higher films were
continuous with clusters of grains, where grain size was around 200 nm. Optical
transitions were found to be direct allowed with band gap of 1.95 eV for 0.06 M
SnCl,, 1.75 eV for 0.08 M SnCl; and 1.5 eV for 0.1 M SnCl; and 0.12 M SnCl,.
Studying the effect of TEA concentration, the concentration 1.85M is found to
be the optimum. At higher concentrations obtained films were amorphous and at
lower concentrations film contained Sn,S; phase and had discontinuous nature.
Slight decrease in the optical band gap with the increase in the TEA
concentration was found. Films were deposited with varying temperature of the
solution from 40 °C to 60 °C and with increasing of the deposition temperature
thickness of the films was found to increase, however films crystallinity was
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found to decrease. No changes in surface morphology and optical band gap were
found with changes in deposition temperature [50].

In order to solve the problem of low conductivity of SnS thin films
indium chloride was added as a dopant to the deposition solution in [65]. XRD
patterns showed that all films exhibited polycrystalline structure. The increase of
the InCl; content in bath causes the decrease of crystallinity — SnS peaks
broadened and decreased. SEM imaged revealed that the morphologies of the
films changed nominally with variation of In concentration and the grain size in
the doped films decreased slightly comparing with the undoped films. The
transmittance of In-doped films is lower than that of undoped films. The band
gap value decreased with In-doping probably due to the structural modifications
of SnS. The resistivity of In-doped films reduced by approximately two orders in
In-doped films [65].

SnS films with consecutive annealing in nitrogen or hydrogen sulphide
environment were investigated in [67]. AES and XPS measurements indicated
that as-deposited films contained SnOxSix and SnO,+yS1.y phases on the surface.
When films were annealed in hydrogen sulphide (at all temperatures) they
converted completely to SnS with a Sn to S ratio of 55(%) at%: 45(%) at%
however the films annealed in nitrogen had yet a lot of oxygen inside. Films
were found to be orthorhombic. As-deposited films exhibited band gap of 1.65
eV while annealed films exhibited both indirect allowed transitions at about 1.15
eV and direct allowed transition at about 1.35 eV. Several solar cell devices were
made using Mo substrates for SnS films however after annealing in H,S [67].

The influence of deposition time on the properties of SnS thin films
deposited at room temperature was studied in [54]. Films were deposited with
TEA as complexing agent. Crystallinity of the films improved with increasing
deposition time. XRD analysis showed that films deposited during 24 h were
almost amorphous with very poor crystallinity and films deposited during 48 and
74 h were polycrystalline with orthorhombic crystalline structure. The average
size of grains also increased from 13 nm to 27 nm with deposition time. SEM
images revealed that at longer deposition times the number of crystallites
increased resulting in increasing of homogeneity of the films. However, films
deposited at 72 h started to peel off from the substrate. EDAX spectrum showed
that obtained films were almost in stoichiometric composition, however films
deposited at 48 and 72 h were tin-rich (Sn/S atomic ratio equal to 1.19). Authors
assume that the presence of Sn excess might be due to the leak of S ions during
long deposition time S ions. The optical absorption spectra indicated dominating
direct allowed transition type absorption of the films. Band gap was found to be
dependent on the duration of deposition and decreased from 2.03 eV to 1.79 eV.
No other phases were found in the films so the change in band gap is supposed
to be due to increase in thickness with deposition time. The higher value of band
gap could be explained by small grain sizes of the SnS films [54].

SnS thin films were prepared using different bath solutions [69].
Precursors in the first solution (solution A) were stannous chloride,
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thioacetamide and acetone, second solution (solution B) contained stannous
chloride, sodium thiosulphate and tartaric acid and the third solution (solution C)
was prepared using stannous chloride, thioacetamide and glacial acetic acid.
Films obtained from all solutions were highly adherent to the glass substrate and
deep brown in color. XRD showed that the films were polycrystalline and of
orthorhombic structure, however films deposited form solutions A and C were
more crystalline than that of solution B. SEM images showed that films obtained
from solutions A and C were without cracks and pinholes and comprised of
nanowires with diameter of 57 nm and 24 nm respectively. Acetone and glacial
acetic acid is supposed to play the major role in the formation of nanowires.
Films deposited form the solution B comprised of spherical grains of average
size 125 nm. EDAX analysis revealed that the films from different solutions
showed nearly stoichiometric nature. The transmittance versus wavelength
measurement showed transparency of about 80% in the wavelength range 600-
1000 nm for the films from the solution A. The films from second and third
solution showed transparency of only 50% in the same range. Absorption spectra
revealed medium absorption in the visible region and a decreased absorption in
higher wavelengths. Films fabricated from these solutions had a direct band gap
of 1.9 eV, 1.1 eV and 1.79 eV respectively [69].

Modifications in structural, optical and electrical characteristics of SnS
thin films after air and nitrogen plasma treatment at different pressure conditions
were studied [70]. XRD results indicate to SnS orthorhombic crystal structure of
as-deposited films, however after annealing in air two additional peaks
corresponding to Sn»S3 phase appeared. Increasing air gas pressure leaded to
transformation of SnS into SnO; phase. At the same time treating with nitrogen
gas plasma did not lead to any compositional changes. As-deposited samples
exhibited direct transitions with band gap of 1 — 1.1 eV. After treating with
nitrogen plasma band gap changes were negligible, only at the highest pressure
of 4 Torr band gap decreased to 0.85 eV. After treating in air gas plasma films
exhibited band gap close to that of as-deposited films however at pressure of 3
Torr the value was 1.6 eV indicating not complete transition of SnS to SnO, and
existence of different phases with dominant SnO, phase. Remarkable increase in
conductivity with increasing pressure was noticed for Treated with gas and
nitrogen plasma films [70].

Changes in morphological, electrical and optical properties of SnS films
were studied in the influence of oxygen plasma treatment in reference in [71].
Surface morphology was changing depending on the time of the treatment. The
band gap increased from 1.61 eV to 1.84 eV and electrical resistivity decreased
10 * times. “These changes can be attributed to an increase in electron density,
percolation effects due to porosity, surface degradation/etching that is an
increase in surface roughness, where some structural changes related to
crystallinity occurs like a high grain size as revealed by SEM images” [71].

The influence of triethanolamine on SnS growth is studied in [72]. At
the lowest concentration of TEA spherically assembled nanoflakes were
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obtained in films and at higher concentrations unassembled nanoflakes were
formed which were found to be orthorhombic Sn,S;. At the highest
concentration of TEA solid spheres with unassembled nanoflakes on the top with
reduced coverage of the surface were formed which were found to be in
composition of orthorhombic Sn,S;. Such distinctive phases and their
morphologies were explained by different structures of the complexes of TEA
with Sn ions which form at different concentration of TEA [72].

Thiourea with different concentrations was used as one type of sulphur
source in reference [47], however very rapidly precipitation occurred in a
solution and as a result there was no any film formed on the substrate.

Thiourea (SC(NH»),) is the sulphur analogue of urea where oxygen is
replaced with sulphur and is commonly used as sulphur precursor [75, 76].

There are several possible decomposition ways for thiourea given in
literature. In acidic or neutral conditions, thiourea decomposes to thiocyanate
ion:

R.1.11
SC(NH,), <> NH4" + SCN-

In alkaline conditions the most important decomposition way is:
R.1.12
SC(NH),+ OH «<» HS" + CN,H,+ H,O

This reaction is in fact in equilibrium and decomposition can happen
only when are presented the cations (metal ions) which are able to create
precipitation of insoluble sulphides. These metal ions eliminate sulphide ions
and the reaction constantly runs to the right [14].

In reference [68] sodium sulphide (Na,S) was used as a source of S*
ions. It dissolvs in water gives hydrogen sulphide [77]:

R.1.13
NaxS + 2H,0 < 2NaOH + H»S (aq)

Ref [68] reports that SnS nanoflakes obtained using L-tartaric acid as a
complexant and ethylene glycol as a solvent. Tin chloride dissolved in L-tartaric
acid ethylene glycol solution very easily and obtained solution was clear and
transparent. pH of deposition solution was adjusted to neutral before adding
Na,S to prevent formation of colloidal sulphur. XRD pattern showed pure SnS
orthorhombic phase in films and no characteristic peaks of other phases were
found. TEM images showed nearly rectangular shape of mostly all crystals of
10-20 nm in size [68].

Tin chloride (hydrous or anhydrous) was used commonly as a source of
tin. It has colorless or white crystals which form an insoluble basic salt with
water, it dissolves in ethanol, acetone, ether, methyl acetate, isobutyl alcohol,
alkalies, tartaric acid and methyl ethyl ketone and very soluble in diluted or
concentrated hydrochloric acid [78-80].
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1.6  Literature overview summary and the aim of present
work

The investigations on SnS were done by various researchers because tin
monosulphide is a promising novel material for applications as absorber material
in low-cost thin film photovoltaic devices. Both Sn and S are low cost, less toxic
and SnS is technologically easier compared to ternary and quaternary
chalcogenides. SnS is an IV-VI compound semiconductor, with suitable for PV
energy band gap and high absorption coefficient of 10° cm™. The supply of tin
and sulphur is enough in earth crust to meet our energy need through PV.

Various deposition methods are widely used for preparing SnS thin films.
Among them chemical solution method is cheap and simple technique, which
can be used to obtain SnS thin film in a cost-effective way.

Although the chemical deposition from solution method consists of very
simple experimental technique, the film growth mechanism is generally very
complicated as well as controlling of desired properties in depositing film. The
key factor is to maintain the rate of the reactions enough slow, so that desired
elements can deposit gradually on the substrate and not to compose big particles
in solution which will precipitate out as colloidal particles. It can be achieved by
slow generation of sulphide ion in the solution.

The results of big number of the studies made until now on chemical
solution deposition of SnS thin film are given in Table 1. From the table it can be
noticed that thoiacetamide has been mostly used as sulphur source for
deposition, however our choice in this doctoral dissertation to prepare SnS films
by chemical solution deposition technique using sodium thiosulphate is based on
its benefits such as good solubility in water, low toxicity and low price and will
be mentioned in experimental details. Chemical solution deposition parameters
were investigated as well as post-thermal treatment of films was applied in some
works to improve the quality of the deposited SnS thin films’ characteristics.

However some studies have been done, this relatively novel material needs
much more further investigations for dependences of chemical solution
parameters on the properties of obtained films.

The aim of the present PhD work was:

To optimize chemical deposition parameters such as pH, concentration
of initial Sn and S and their ratios in the solution, duration of deposition, type of
a substrate and temperature regimes of deposition and systematically
characterize obtained films with different techniques to get information on the
quality of the prepared films.

With the intention of obtaining thicker SnS films to employ multiple
deposition runs and additionally annealing for deposited SnS films in inert
atmosphere to enhance their properties.

27



2 EXPERIMENTAL DETAILS

2.1  Deposition of films

This chapter gives description of film preparation conditions and
different used analytical techniques. As the films were deposited by chemical
solution method in use of solutions with different composition as well as
changing of deposition parameters then here will be given only details common
for all experiments. The more precise characterization of terms of deposition
(solutions composition, duration of deposition, pH of the solution etc.) will be
given in results and discussion part.

Deposition of SnS thin films

For SnS thin films different sources of tin and sulphur can be used. In
this work as a source of tin (+II) ions was taken reagent stannous (II) chloride
while for a source of sulphide (-1I) ions sodium thiosulphate pentahydrate was
used. Sodium thiosulphate pentahydrate has a number of benefits compared to
commonly used thioacetamide as it is non-toxic, well-soluble in water and cheap
reagent [81, 82].

When stannous (II) chloride dissolves in water, it forms tin hydroxide:

R2.1
SnCl, + 2H,0 <> Sn(OH),+2HCl

To avoid this precipitation of Sn(OH),, complexing agent was added.
The complexant reacts with metal ion and forms complex, reducing the
concentration of not-bonded metal ions in the solution and preventing fast bulk
precipitation of the colloidal particles of tin sulphide in solution [14].
To prepare solution for depositing SnS films few drops of hydrochloric
acid were added to stannous chloride to dissolve it:
R.2.2
SnCl, + 2HCl — H,[SnCl4] formation of complex [15]

Forming complex is stable only in strongly acidic solution however it is
not possible to use sodium thiosulphate in such conditions due to its degradation.
In water this complex dissociates as:

R.2.3
H,[SnCl4] <> 2H" + [SnCly]*

it continues to dissociate:
R24
[SnCl4]* <> [SnCL] + Cl «»...«»Sn*" + 4CI
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For this reason another more stable complexing agent should be added
and tartaric acid (CHOH),(COOH), was used. It dissociates in water giving
tartrate ion:

R.2.5
(CHOH),(COOH),«> (CHOH-COO),* + 2H"

Tartrate ion makes complex with tin ion which dissociating releases
slowly tin ion:
R.2.6

Sn2" + (CHOH-CO0),* <> [Sn((CHOH-COO0),), >
R2.7

[Sn((CHOH-CO0),)u]**" < [Sn((CHOH-COO0),),.1]**" +(CHOH-COO0),*
<...<> Sn*" + n(CHOH-COO),*

Ammonium hydroxide was added to maintain the pH of solution.
Sodium thiosulphate was the last added component. It dissociates in water
releasing sulphur-containing anion which joining with tin cation during
deposition produces desired SnS film:

R.2.8
82032_ +H,0 « Sz_+SO42_+ 2H*
R.2.9
Sn*" + S* — SnS|

Different substrates as indium tin oxide (ITO), tin dioxide (TO),
molybdenum (Mo) covered glasses and borosilicate glass were used in our
experiments to look for the influence of substrate material on the properties of
deposited films. Prior to deposition all substrates were cleaned in ultrasonic bath
and sulphuric acid and after were rinsed with distilled water. In addition in
several experiments, SnS thin films were deposited onto the glass substrates
covered with CdS and ZnS thin films.

Pre-cleaned substrates were placed vertically into glass vessel with
conductive side of substrate toward the walls and freshly prepared solution was
poured into vessel and then vessel was closed hermetically with paraffin film for
film deposition.

Deposition was ordinary held at room temperature during 24 h. Obtained
films were rinsed with deionized water and dried.

Deposition of ZnS thin films
ZnS thin films were prepared by chemical solution deposition technique,

consecutively stirring zinc sulfate, triethanolamine, ammonium hydroxide,
thioacetamide with respective molar concentrations of 0.025M, 0.014M,
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concentrated, 0.01M in final solution volume [83]. Deionized water was added
to obtain total solution volume of 100 ml. Corning glass substrates, which were
previously washed with detergent, were placed vertically in solution. Deposition
was carried out at room temperature for 24 hours. Obtained films were cleaned
with cotton and rinsed with deionized water and then dried. In following ZnS
films were heated in the air for 15 min at 270°C to obtain good adherence of
consecutively deposited SnS film.

Deposition of CdS thin films

CdS thin films were prepared by chemical solution deposition,
consecutively stirring cadmium nitrate, sodium citrate, ammonium hydroxide
and thiourea solutions with respective molar concentrations of 0.025M, 0.15M,
concentrated, 0.05M in final solution volume [84]. Deionized water was added
to obtain total solution volume of 100 ml. Corning glass substrates, which were
previously washed with detergent and then in ultrasonic bath with acetone, were
placed vertically in solution. Deposition was held at 80 °C during 1 h and 30
min. Obtained films were cleaned using cotton and rinsed with deionized water
and then dried.

2.2 Characterisation of films

The quality of the obtained by chemical solution deposition SnS thin
films was characterized by instruments such as SEM-EDX, AFM, XRD and
Raman spectroscopy for knowing the morphological, structural and phase
composition features along with optical and electrical characterizations were
employed.

2.2.1 Morphological studies of films

One of the most common techniques to characterize thin films is
scanning electron spectroscopy (SEM) equipped with energy dispersive X-ray
analyser (EDX). The interaction of focused electron beam with a sample can be
monitored in differenet ways to get information about morphology and
composition. Using SEM surface and cross-sectional imaging it is possible to get
information about shape and size of samples as well thickness of films.

A variety of different phenomenon occurred as a result of interaction of
primary electron beam with sample; secondary and backscattered electrons and
X-rays. The low enegries of secondary electrons are generated near surface area,
due to this secondary electron detector provides the best resolution of fine
surface topographical features of the studied materials. Backscattered electrons
are produced as a result of elastic collisions with atoms of the sample and the
number of backscattered electrons increases with atomic number of the sample
increasing [85].
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Another type of signals by interaction of the primary electron beam with
the sample is the characteristic of X-rays; the excited characteristic X-rays
intensities are proportional to the total mass of the respective electrons [86]. The
analysis of characteristic X-rays allows providing chemical information about
the studidee material and it gives useful information about the distribution of the
elements in the volume of the materials.

In the present work scanning electron microscopy (Hitachi SUI 510 and
HR-SEM Zeiss ULTRA 55) were used to obtain information about SnS thin
films surface morphology. The elemental composition and stoichiometry of
prepared films was determined by an energy-dispersive X-ray analysis system
(Rontec EDX XFlash 3001 detector).

If SEM gives us information about morphology of the samples, atomic
force microscope (AFM) additionally gives information about their surface
roughness and 3D images surface apart from 2D images. It operates using very
thin needle which is joined with cantilever beam. The tip of the needle moves
over the surface of the sample up and down in accordance to the roughness. The
cantilever deflections results in the mapping of the surface images [87]. In the
present thesis, “peak force tapping” mode was used for imaging the SnS thin
films.

An atomic force microscope (Bruker Multimode) with a Nanoscope V
controller was used to determine the surface roughness of the films.

2.2.2 Determination of crystal structure and phase composition of
films

X-ray diffraction (XRD) analysis is used to get information on films
crystal structure as well as orientation of crystallites in films.

XRD allows us to determine structural properties like average crystallite
size as well as lattice parameters, strain and dislocation densites of films, which
is based on the interaction of the incident x-rays with the volume of film and is
diffracted according to the Bragg’s law (nA = 2dsin 0), where d is the spacing
between interatomic planes in the crystalline phase, A is the wavelength of the x-
ray used, 0 is diffraction angle and n is order of diffraction [88]. During XRD
analysis x-ray diffraction pattern is obtained which is uniquely characteristic to
each certain crystalline lattice, it can be compared with “fingerprint” of the
lattice [89].

Debye-Scherrer formula was used to find the average size of crystallites
D of the film from data of XRD analysis [90]:

Eq.2.1
D =KX\/ (B cos 0)
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where D is crystallite size, K is a constant (K= 0.94), A is the wavelength of the
x-ray used, 0 is diffraction angle and B is full width at half the maximum of the
x-ray diffraction peak .

The crystalline structure of the films was investigated by X-ray
diffraction analyses with a Rigaku Ultima IV X-ray diffractometer using Cu Ka
radiation with 20 ranging from 10° to 70°.

Raman spectroscopy. Phase composition of deposited films was verified
additionally by Raman spectroscopy that provides information about molecular
vibrations in films.

In Raman spectroscopy monochromatic source of light is used as
excitation that interacts with sample and scattered light is detected and analyzed.
Greater part of the scattered light has the same frequency as the laser light
however when incident light interplays with the vibrational energy levels of the
molecules in sample occurs shifting in energy. Raman spectrum of the film is
obtained by plotting the intensity of this "shifted" light versus frequency [91].
When we interpret and compare information about phase composition obtained
by Raman and XRD analyses it should be taken into account that these methods
give information on phase composition in different thicknesses of film, so from
Raman spectroscopy we can obtain information about composition of surface
area and from XRD technique phase composition of the volume of the film [89].
Raman spectroscopy measurements were made at room temperature on a high-
resolution micro-Raman spectrometer (Horiba JobinYvon HR800) equipped
with a multichannel detection system in backscattering configuration. An Nd-
YAG laser (A = 532 nm) and a He-Ne laser (A = 633 nm) with a spot size of 10
um in diameter were used for excitation during Raman investigations.

2.2.3 Optical spectral analysis of films

In the present study, the optical transmittance and near-normal specular
reflectance of the films were recorded using a scanning spectrophotometer
(Shimadzu UV-VIS-NIR) in the wavelength range of 250-2500 nm.

Optical spectral analysis was carried out to determine optical band gap
of films. The optical absorption coefficient is calculated from the measured
trasmittance (T) and specular reflectance (R) spectrum and was mathematically
given by the following formula [92]:

Eq.2.2
T=(1-R)*e™

Eq.2.3
a=-1/d In (T/(1-R)?)

where o is an absorption coefficient and d is the thickness of the sample.
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The optical band gap of films was evaluated from absorption coefficient
using the formula [93]:
Eq.2.4
(ahv)"=A(hv - Ey)

where A is a constant, h - Planck’s constant, v - light frequency, Eg — band gap
energy and the value of “n” depends on the type of transitions that occur
between parabolic bands of the sample, n=2 for allowed direct and n=1/2 for
allowed indirect transitions.

The optical band gap energy was evaluated by extrapolating the linear
portion of a plot of (a¢hv)" versus photon energy (hv) to x-axis (hv).

2.2.4 Additional measurements

A profilometer (XP Plus Stylus) was used to determine the thickness of
the films.

Electrical characteristics were measured using Keithley 619 electrometer
with Keithley 230 programmable voltage source. The photoconductivity of the
films were measured under a tungsten halogen lamp providing illumination of
850 W/m?. Hot-probe method was used to determine charge-carrier type.

The photoelectrochemical measurements were carried out using Gamry
Potentiostat in the standard three-clectrode cell with SCE (saturated calomel
electrode) as reference. The measurements were performed at room temperature
with linear sweep voltammetry in a background electrolyte solution of 0.1M
sulfuric acid under the chopped white light with an intensity of 100 mW/cm?,
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3 RESULTS AND DISCUSSION

3.1  Optimization of the chemical solution parameters

Composition, structure and technical properties of deposited films are
influenced by several technological parameters of deposition such as
concentration of components in the solution, their ratio, pH and temperature of
the solution as well as duration of deposition. To deposit films with tailored
parameters we have to understand this influence.

3.1.1 The influence of concentrations of tin and sulphur in the initial
solution on the parameters of chemically deposited films (article II)

One of such very important parameters to control during deposition of
films is concentration of initial components of tin and sulphur in deposition
solution. Goal of the experiments was to determine and understand this influence
and to find most suitable concentration of initial tin and sulphur for deposition of
SnS film with needed composition, structure and parameters.

Five solutions with different concentrations of tin and sulphur with
constant ratio of them (equal to 1: 1) were prepared. The solutions were in
compositions of 0.01 M, 0.03M, 0.05 M, 0.07 M and 0.09 M and pH of solution
was neutral (equal to 7 in all experiments). Deposition was done at temperature
of around 22 ° C using molybdenum (Mo), indium tin oxide (ITO), tin dioxide
(TO) and borosilicate glass as substrates.

Incomplete coverage of the surface of the all used substrates by
deposited SnS film was typical for the solution 0.01M (Fig. 3.1) and SnS forms
on the substrate as separate agglomerated particles or spherical clusters [19, 72]
with the sizes of around 300 nm.

lcat glass

Mo ' IT ) TO a boosi

Fig. 3.1 SEM images of the SnS thin films deposited at concentration of 0.01M.

We did not notice the formation of any films structure on borosilicate
glass that could be explained by insufficient number of crystallization centres on
very smooth borosilicate glass substrate. Similar mode of deposition of separate
agglomerated particles was prevailing also in use of ITO substrates; however
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agglomerates of tin sulphide were smaller and were with the size of about 150
nm. The deposition onto Mo and TO substrates leads to the denser coverage of
the substrate with SnS agglomerates with nearly similar sizes (around 120 and
100 nm, respectively) and to the formation of continuous SnS thin film structure.

The deposited SnS films had uniform and complete coverage of Mo,
ITO and TO substrates at concentrations of tin and sulphur in solution 0.03M
(Fig. 3.2) and nearly the same average size of films forming SnS agglomerates
(190, 200 and 210 nm respectively). This concentration seems to be the optimal
for depositing SnS films onto these substrates due to uniform, complete
coverage of the substrates by formed SnS films and due to good adhesion of the
deposited pin-hole free films to the substrates. At the same time incomplete
coverage of substrate by separate agglomerates with average sizes of 240 nm
prevails on smooth borosilicate glass substrate.

O N, Gt e e Nt |
Mo ITO TO borosilicate glass

Fig. 3.2 SEM images of the SnS thin films deposited at concentration of 0.03M.

Mo ITO TO borosilicate glass

Fig. 3.3 SEM images of the SnS thin films deposited at concentration of 0.05 M.

Starting from deposition solution with concentration of 0.05M (Fig. 3.3)
on all substrates, except borosilicate glass substrate, complete and uniform
coverage of substrate was typical, but formed SnS films adhered weakly to the
deposition substrate and peeled easily off. Here the only exception was TO
substrate with strong adhesion of formed SnS films. The use of this solution
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composition results in deposited SnS films with maximum thickness: 215 nm,
220 nm and 250 nm respectively on Mo, ITO and TO substrates. Our analysis of
the experimental process allows us to conclude that at this concentration of
constituents in solution the mechanism of formation of SnS began to change
from ion-by-ion mechanism to cluster deposition.

g

Mo ITO TO borosilicate glass

Fig. 3.4 SEM images of the SnS thin films deposited at concentration of 0.07M.

Mo ITO TO borosilicate glass

Fig. 3.5 SEM images of the SnS thin films deposited at concentration of 0.09M.

The changes in dominating films formation mechanism leading to big
agglomerates formed on the surface of deposited film are well seen at
concentration of 0.07 M (Fig. 3.4). This solution results in pinhole-free, uniform
and complete coverage of Mo and ITO substrates by formed SnS films and in
decreased compared with films deposited in solution with lower concentration of
Sn and S (Fig. 3.6) thickness of the deposited SnS films. The formation of SnS
big clusters on the surface of substrates with increasing concentration has been
also noticed by other researchers [50].
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SnS films deposited on all substrates at the highest used concentration of
0.09M (Fig. 3.5) have complete and uniform coverage of substrates, but these
films had very weak adhesion with substrate, that results in their easy peeling off
from the substrate. Compared with films from lower concentration of solution
the thickness of the deposited films decreased.

300 I

250

200 ——Mo
—li—|TO
150 ——borosilicate
i T O
100
SO T T T 1
0,01 0,03 0,05 0,07 0,09

Fig. 3.6 Thickness of SnS films in dependence on deposition solution composition.

EDX analysis (table 3.1) showed that films grown on Mo and ITO
substrates at solution concentrations less than 0.05 M have stoichiometric
composition. Films deposited on all substrates are in Sn-rich composition at the
highest solution concentration (of 0.09 M). EDX did not indicate the presence of
chlorine in the films indicating that obtained films does not contain any traces of
precursor tin chloride. Sn-rich content of deposited films was also noticed by
several other researchers [47, 51, 50, 94] and could be explained by the
formation and the existence of different oxygen and tin containing separate
phases in deposited films [95].

0.01M 1.0 1.0 1.2 1.1
0.03M 1.0 1.0 1.2 1.2
0.09M 1.2 1.2 1.1 1.3

Table 3.1. Elemental composition of SnS thin films deposited at different composition of
deposition solution.

Raman spectroscopic analysis was made to evaluate phase composition
of deposited films. Fig. 3.7 shows Raman graphs for SnS films deposited onto
ITO substrates. Raman graphs for films at all solution concentrations were
similar and had mainly peaks corresponding to orthorhombic SnS phase: 82 cm™
[96], 95 cm, 163 cm’, 188 cm’, 227 cm™, 288 cm™ [97]. Two possible
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additional peaks, one at 309 cm™ for films deposited from solution with tin and
sulphur concentrations 0.01 M corresponds to Sn,S3 phase [98] and weak peak at
333 cm™ in films at all solution concentrations could belong to SnS;[99].
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Fig. 3.7 Raman spectras of SnS films deposited on ITO substrates at different
concentrations.

Raman spectra of films deposited on Mo, TO and borosilicate glass
substrates were similar to films on Raman spectra of films deposited onto ITO
substrate. As the only difference we noticed was the formation of Sn,S; phase
(peak at 233 cm™) [98] in films deposited on Mo substrate at concentration of
solution equal to 0.01M.

To summarize, the deposition process is strongly influenced by used
substrate. The very smooth surface of the borosilicate glass substrate makes
difficult for SnS nuclei to adhere and we noticed the formation of SnS films
structure on this substrate only at high concentrations. The concentrations of tin
and sulphur in solution do not have remarkable influence to the elemental
composition of deposited films but at concentration of 0.01M deposited SnS
films have incomplete coverage of the substrates. Concentration of 0.03 M was
found to be the most suitable to deposit uniform, good-adherent, pin-hole and
voids free SnS thin film with complete coverage of a substrate. The deposition
of SnS films at higher than 0.05 M solution concentration of tin and sulphur
leads to the diminishing of films thickness due to changes in dominating
deposition mechanism and weak adhesion of the films to the substrates.
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3.1.2 The influence of ratio of tin to sulphur in solution on the
chemical solution deposition of films

Evaluation of appropriate ratio of tin to sulphur in solution is important
to deposit tin monosulphide phase as the excess of one or another component
leads to the formation of nonstoichiometric composition of final tin sulphide
film or undesired phase composition of the deposited films.

Five solutions were prepared with ratios of initial Sn and S in solution
equal to 1:1; 1:1,5; 1:2, 1:2,5 and 1:3 and with concentration of tin fixed to
0.03M in all films using molybdenum (Mo), indium tin oxide (ITO), borosilicate
glass and tin dioxide (TO) as substrates. Deposition was held at pH=7 and at
temperature of around 22 °C.

Mo o ITO borosilicate glass o O

Fig. 3.8 SEM images of the SnS thin films deposited at ratio 1:1.

Mo - ITO borosilicate glass I TO

Fig. 3.9 SEM images of the SnS thin films deposited at ratio 1:1. 5.
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SnS thin films have similar morphology and cover Mo, ITO and TO
substrates completely and uniformly and films have good adhesion to the
substrates at ratio Sn/S in deposition solution equal to 1:1 (Fig. 3.8) and 1:1.5
(Fig. 3.9). Only deposition onto borosilicate glass substrate leads to deposition
of separate agglomerated particles resulting in incomplete coverage of the

substrate.

Changes in the shape of particles from rounded shape to ones with
sharper edge occur starting from components ratio in solution 1:2 (Fig. 3.10).
Thickness of deposited SnS films decreases in solution 1:2 (table 3.2) comparing
with thicknesses of films from the solution with S/Sn =1:1 as well as coverage of

the substrates becomes incomplete.

imsomion i

1:1 190 200
1:1,5 205 208
1:2 190 120
1:2,5 188 167
1:3 68 147

TO

borosilicate
237 208
214 214
214 179
197 165
167 165

Table 3.2. Films’ thickness versus ratio of Sn to S in deposition solution.

Mo ' ITO

Fig. 3.10 SEM images of the SnS thin films deposited at atomic

borosilicate glass

ratio of components in deposition solution1:2.

Incomplete coverage of all substrates by SnS film dominates at ratio of
film components in solution 1: 2.5 (Fig. 3.11) and the thickness of films
continues to decrease. The adhesion of films on substrates was very weak and

due to this formed SnS films easily peeled off from the substrates.
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Mo | ITO borosilicate glass TO
Fig. 3.11 SEM images of the SnS thin films deposited at ratio 1:2.5.

At ratio 1:3 (Fig. 3.12) the deposited SnS films are characterized by
huge size non-uniform agglomerated colloidal particles on the surface and with
incomplete coverage of substrate and with non-uniform different color of films.
The deposited films are thinner in comparison with films from solution with
lower tin and sulphur ratios.

Mo ITO borosilicate glass TO

Fig. 3.12 SEM images of the SnS thin films deposited at ratio 1:3.

The reason of these changes could be high velocity of the SnS formation
reaction in solution (the solution began to change its color immediately after
adding S** source in) what leads to the rapid formation of SnS colloidal particles
in solution and their precipitation to the substrate.

Films are found to be almost in stoichiometric composition of 1:1
(except films deposited on borosilicate glass). It could be seen from the table 3.3
that concentration of sulphur in films starts to increase with increasing ratio of
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Sn to S probably due to formation of additional SnS; phase in films (existence of
SnS; phase in films was found by Raman analysis).

1:1 1.0 1.0 1.2 1.2

1:1.5 1.1 1.0 1.1 1.1

1:3 1.0 0.9 1.0 1.0
Table 3.3. Ratio of Sn to S in obtained films versus concentrations in
solutions.
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Fig. 3.13 Raman spectras of SnS films deposited on TO substrate at different ratios of
components in deposition solution.

Raman graphs of films deposited on different substrates are similar and
contain peaks belonging mainly to tin monosulphide phase: 94 cm™,162 cm™,
187 cm™, 220 cm™, 288 cm™ [100]. However at component ratio 1:3 in solution
Raman spectra exhibit additional peak at 312 cm™ which belongs to the SnS;
phase [98] as it can be seen on the fig. 3.13 for all substrates.

Obtained results allow us to conclude that the ratio of tin and sulphur in
solution has influence to the composition and adhesion of chemical solution
deposited films. At ratio 1 to 1 and 1 to 1.5 good adhesion and pin-hole free
morphology films have complete coverage of the substrates. Incomplete
coverage of the surface and the formation of voids between SnS films and used
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substrates are typical for films deposited from solution at ratios of tin to sulphur
starting from 1: 2. Raman analysis showed in formed films peaks corresponding
only to SnS phase, however at ratio equal to 1: 3 SnS; phase forms additionally
to SnS.

3.1.3 Influence of pH of the chemical solution on the parameters of
deposited films

pH of the solution has to play important role in chemistry of deposition.
In spite of chemical solution deposition can be held at different pH values, some
reagents are not resistant to strongly acidic or strongly alkaline conditions. This
occurs for example in case of sodium thiosulphate, which in this work was used
as source of sulphide ion in solution. Sodium thiosulphate degrades at pH equal
or lower than 3, releasing elemental sulphur:

S,03 “+H — S| + HSO;5

For this reason deposition was not held in this study in strongly acidic
conditions. Five solutions were prepared using the same recipe as previously
with different pH values of the final solution varying from 5 to 10. Ratio of Sn to
S was fixed to 1:1 and concentrations of tin and sulphur in solution were fixed to
0.03M. Deposition was held at at temperature of around 22 °C.

Fig. 3.14 shows SEM images of the films deposited at pH = 5.
Deposited films cover Mo and TO substrates completely, however contain pin-
holes and voids in. Coverage of the ITO substrate was found to be incomplete.

P t £ 200 nm

Mo ITO - To
Fig. 3.14 SEM images of the SnS thin films deposited from solution at pH=5.

All obtained films were non-uniform in color with spots of greenish-violet color
on the surface.
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Fig. 3.15 represents films deposited at pH = 6. Films are more uniform
compared with films deposited from solution with pH = 5 but contain also voids
in. Again incomplete coverage of the ITO substrate by formed film was noticed.

Fig. 3.16 SEM images of the SnS thin films deposited at pH=7.

Deposited films cover all used substrates uniformly and completely at
pH = 7 in solution (Fig. 3.16). Further increase in pH leaded to incomplete
coverage of all substrates and formation of big agglomerates on the top of the
surface of the films (Fig. 3.18). At pH equal to 10 SnS films did not deposit at all
on the substrate.

The pH was found to influence the velocity of the deposition reactions.
Increase of pH value leaded to higher speed of the deposition and film could not
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form gradually and uniformly on all of the used substrates. The presence of
precipitated out in the solution clusters could also indicate the changes in
deposition mechanism from ion-by-ion to cluster mechanism.

Fig. 3.18 SEM images of the SnS thin films deposited at pH=9.

5 0.9 0.9 1.0
7 1.0 1.0 1.1
9 1.0 1.0 1.0

Table 3.4. Ratio of Sn to S in obtained films versus pH of the solution.
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EDX results (table 3.4) showed that films deposited on all substrates are
almost of stoichiometric composition.
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Fig. 3.19 Raman spectras of SnS films on Mo substrates with varying pH.

Raman graphs of films deposited on different substrates are similar
indicating that phase composition of films does not depend on material of
substrate. All peaks in Raman spectra (fig. 3.19) belong to SnS phase: 95 cm’
1166 cm™, 189 cm™, 225 cm™, 289 cm™ [100]. At pH=9 peak in the region of
330 cm™ was noticed indicating the presence of SnS, phase [99].

Our analyses of obtained results allows us to conclude that in studied
deposition solution pH values the optimal pH value for the deposition is neutral
(pH = 7). SnS films deposited onto all substrates at pH=7 covered surface
completely and uniformly without any voids or pin-holes in. At pH = 9 and at
pH values less than 7 we noticed incomplete coverage of substrates by the
formed SnS films and formation of voids between substrate and film as well as
presence of secondary phase in films.

3.1.4 Duration of the deposition
During chemical processes occurring in solution, sulphide and metal

(Sn) ions react with each other, producing SnS which deposits on the substrate.
If all existing ions in solution already have reacted, the reaction stops and films
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growth ends. In this series of experiments we have tried to determine the optimal
duration of deposition that is indicated by the ending of film's growth.

Chemical solutions were prepared with ratios of initial Sn and S sources
equal to 1:1 and concentrations of 0.03 M in the total solution. Deposition was
done at pH=7 in glass vessels at 22 °C. Substrates were removed from the
vessels after 3, 5, 10, 15, 17, 19, 21, 23 and 36 hours to evaluate growing
process of SnS thin film.
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Fig. 3.20 Dependence of films thickness on deposition time.

It could be noticed (fig.3.20) that in the beginning growth process is
rapid and it becomes slower with time. The thickness of the films deposited on
all used substrates does not change after around 24 hours of deposition
indicating the use of all reacting ions and the end of growing process of the
films. Taking this into account the duration of deposition of around 24 hours is
sufficient for deposition of SnS thin films with the maximal use of SnS films
components from solution.

3.1.5 The influence of deposition temperature on the parameters of
SnS thin films

Temperature is a factor which influences drastically the velocity of the
reactions taking place in the solution. With increasing temperature mass
transport accelerates and reactants can reach each other and substrate faster. As
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the stability of complexes is lower at higher temperatures, then tin ions will
release faster and concentration of free tin ions in the solution will be higher.
Release of chalcogenide ions becomes also faster. All this leads to two opposite
effects: to the faster growth of the film and on the other hand it result in bigger
number of collisions between particles in volume and intense precipitation of
aggregates in solution. For this reason it is difficult to predict whether increasing
of the temperature will benefit growth of thick and uniform films or not. At this
work films were mainly depositied at room temperature (around 22 ° C), but in
several experiments we deposited at higher temperatures.

Three similar deposition solutions were prepared. Deposition
temperatures were 35 °C, 45 °C and 55 °C. The deposition was held on ITO, TO
and Mo-covered glass from solution with concentrations of initial Sn and S
sources equal to 0.03M with ratios of Sn to S equal to 1:1. SnS films growth
ended after 3 hours of deposition at 55 °C. At lower temperatures (45 °C and 35
°C) films growth ended after 4 and 6 hours respectively.

ITO Mo TO

Fig. 3.21 SEM images of the SnS thin films deposited at 55 °C.

Raman analyses of obtained films revealed that films do not contain any
secondary phases and all peaks belong to SnS phase. However, films exhibited
very non-uniform structure and did not cover all used substrates uniformly. On
Fig. 3.21 are shown SEM images of SnS thin films deposited at 55 °C, deposited
at 35 and 45 °C films have similar morphology. The reason is that SnS formation
proceeded too quickly and SnS presipitation occured already in the solution and
not only on the substrates.

Our experiments confirmed that increase of deposition temperature leads
to rapid precipitation and do not let gradual films formation. All deposited at
higher than room temperature films were non-uniform and did not cover
substrate completely .
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3.2 Photoelectrochemical characterisation of SnS thin
films deposited at optimized conditions

The type of electroconductivity of SnS films deposited onto different
substrates in use of our optimized deposition parameters was determined by
photoelectrochemical measurements under pulsed white light irradiation.
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Fig. 3.22 Photocurrent response of SnS thin films.

Noticed increase in photocurrent toward negative potential region
indicates that all as-deposited SnS films exhibit p-type conductivity [115]
(Fig.3.22). On the figure 3.22 results of photocurrent measurements of as-
deposited SnS thin films deposited on TO and Mo substrates are given, however
all deposited films show similar high photoresponse, that did not depend on used
deposition substrate (TO, Mo, ITO).

3.3 Sequential deposition of SnS thin films (article I)

As it was mentioned in the theoretical part, one of the most important
applications of SnS thin films could be using them in photovoltaic devices as
absorber layer. For such application thickness of the deposited film should be
more than 200 nm [13, 101]. That thickness of SnS films cannot be achieved by
one deposition run and multiple sequential depositions are needed.

Films were deposited on ZnS and CdS substrates because by literature
they suit as buffer layers for solar cells with SnS absorber layer. SnS thin films
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were prepared with molar concentration of stannous chloride in total volume of
0,03 M and ratio Sn/S= 1:1 and the pH of solution equal to 7. Corning glass
substrates with previously deposited CdS or ZnS thin films were placed
vertically in solution. Deposition was held at temperature of around 22 ° C
during 24 hours. Obtained films were washed and rinsed with deionized water
and then dried. Consecutive depositions of two and three times were made
additionally to obtain thicker films.

1.0
1.1
1.2
1.0
1.0
1.0

ZnS/SnS

CdS/SnS

W N = W N =

Table 3.5. Atomic ratios of tin and sulphur in films of series ZnS/SnS and CdS/SnS.

b)

Fig. 3.23 SEM images at different magnifications of two times deposited SnS films of
series a) ZnS/SnS and b) CdS/SnS.

Film thickness increased approximately in two times with each

deposition cycle. For series CdS/SnS it was found increase from 220 nm for one-
time deposition to 570 nm for three-time deposition. Around the same thickness
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was observed for ZnS/SnS series and at two-deposition cycle it exhibited the
thickness of 440 nm.

Table 3.5 shows changes in composition of SnS thin films of series
ZnS/SnS and series CdS/SnS in multiple deposition process. In series CdS/SnS
in multiple deposition process the ratio of tin to sulphur was 1:1, which means,
that these films were in composition of a nearly stoichiometric stannous
monosulphide. The films deposited on ZnS substrate were nearly stoichiometric
only after single deposition run, but slightly tin-rich in multiple deposition
series, with a continuous increase of concentration of tin in films. The similar
increase of Sn concentration in SnS films by sequential deposition process was
reported by T.H. Patel [54]. At the same time, Raman investigations did not
indicate the existence of any additional to SnS phases in multiple deposited films
on ZnS substrate. However, as it was suggested previously, it may have tin and
oxygen containing phases which cannot be clearly seen from the Raman graphs
as their peaks are be too weak or coincide with those of SnS.

Fig. 3.23 show SEM images of SnS films of the CdS/SnS and ZnS/SnS
series. Images indicate uniform pin-hole free surface of the SnS thin films on
both substrates. The films of similar thickness on CdS and ZnS substrates
demonstrate slightly different morphology, but in general they consist of
vertically stacked flake structures, of about 100-150 nm laterally and of
thickness of around 20 nm. The film morphology reported here is similar to
those obtained by Yu Wang [102]. Films deposited on CdS substrate have bigger
number of aggregates or clusters with larger crystals on their surface compared
to SnS films deposited on ZnS substrate. The big number of precipitates on the
surface of films indicates that the dominating films growth mechanism during
sequential deposition of SnS films on CdS substrate is the cluster mechanism. At
the same time no precipitations were observed on the surface of films during the
deposition of the SnS films on ZnS substrate, indicating indirectly that the
dominating deposition mechanism of the films on ZnS substrate has to be ion-
by-ion mechanism [53, 55], resulting in smoother surface of the films. The
surface illustrated here appears smooth at optical wavelengths, with optical
transmittance and reflectance summing up to 100%, as will be discussed later
on.

Atomic force microscopy images (Fig. 3.24) show the roughness of two-
times deposited SnS films of series ZnS/SnS and CdS/SnS. The images show
complete and uniform coverage over the substrate surface. Average roughness
(Ra) of the films of series ZnS/SnS is 10.8 nm and for series CdS/SnS is 14.2 nm
and root mean square roughness (Rq) is 13.4 nm and 18.00 nm respectively.
Based on the above the films deposited on CdS substrate show higher profile of
the grains. The observed difference in the surface morphology of the deposited
SnS thin films on different substrates could result from the difference in surface
energies for different substrates and their distinct morphology.
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Fig. 3.24 AFM images of two-times deposited SnS films on a) ZnS substrate and b) CdS
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Fig. 3.25 XRD patterns of CdS/SnS thin films of one, two and three-cycles deposited

SnS films of series CdS/SnS.
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The x-ray diffraction patterns of thin films of one, two and three-times
deposited films of the series CdS/SnS are shown in Fig. 3.25. Similar
dependence of XRD pattern on the film thickness was noticed for series
ZnS/SnS as well, the only difference was that peaks in series CdS/SnS were
stronger and sharper than peaks for films from series ZnS/SnS. The peaks of SnS
are not very clearly seen in one and two times deposited thin films due to not
good crystallinity of these films. However, triple deposited films have good
crystallinity, which can be seen from the high and sharp peak at 20 = 31.60 °
corresponding to (040) plane, from the peak at 20 = 26.5 ° corresponding to
plane (120), peak at 26 = 22.6 ° corresponding to (110) plane, peaks at 20 = 38.9
° corresponding to (131) plane and peak at 26 = 45.3 ° corresponding to (150)
plane of the orthorhombic phase of herzenbergite SnS. Small peaks at 49,3°,
51,1°, 52,96°, 64,3° correspond to planes (230), (151), (160), (251) of
orthorhombic SnS, respectively. All the major peaks in the pdf card [103] for
SnS match those of the XRD pattern of the thicker films. Improvement of
crystallinity with the thickness was observed also by other researchers [64].
XRD pattern may contain also some peaks of CdS structure at 26 =26,5 °, 30,6 °,
51,1 °, 53,1 ° and 64,1 °, but this peaks coincide with SnS peaks. There is no
indication of other possible additional phases in the films.

All the films exhibit (040) plane as preferred and peak of this plane was
used for crystallite size calculations. Crystallite size slightly grows with
thickness in both series: from 112 A to 130 A for series ZnS/SnS and from 130
A to 161 A for series CdS/SnS.
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Fig. 3.26 Raman spectra of SnS thin films two-times deposited on ZnS and CdS
substrates.
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Fig. 3.27 shows the room temperature optical transmittance (7) and
specular reflectance (R) curves of one and three-times deposited SnS films of
series ZnS/SnS and CdS/SnS recorded at the wavelength range of 200 — 2500
nm. The specular nature of the films is illustrated by T+R of > 90% in general
for all the films for large wavelengths, > 2000 nm.
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Fig. 3.27 Transmittance and reflectance spectra of one and three-times deposited SnS
films of series a) ZnS/SnS and b) CdS/SnS.
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The absorption edge in the transmittance curves fall in the region of
700-900 nm without any bending, which indicates once more the absence of
additional phases presented in material. It can be observed from the Fig. 3.27
that the absorption edge shifts toward the higher wavelength as the thickness
increases with number of depositions in series CdS/SnS.
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Fig. 3.28 Band gap of three-time deposited SnS films on a) ZnS and b) CdS substrates.

The optical energy band gap of the as-grown SnS layers was calculated.
In the present study, the nature of the transitions is indirect allowed and the
energy band gap can be determined by extrapolating the straight line portion of
the curve (avh) ' versus hv onto the energy axis (Fig. 3.28). Band gap values
decreased with number of depositions from 1.49 eV to 1.39 eV for films
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deposited on ZnS substrate and from 1.5 eV to 1.28 eV for films deposited on
CdS substrate. Such tendency was also observed by B. Ghosh [108]. This
decrease could be attributed to the grain size dependency of band gap [14, 54]
and transitions from amorphous to polycrystalline state [106, 107].

Hot-probe method was used to determine type of conductivity of the
SnS films and all the layers showed p-type conductivity. Films of both series
have very high resistivity: 120 MQcm for three-times deposited films of series
CdS/SnS and 130 MQcm for three-time deposited films of series ZnS/SnS.
Resistivity decreases with increasing films thickness. High resistivity of the
films could be due to defects presented in films and they decrease with thickness
and due to bad crystallinity which also improves with the thickness. Formation
of other tin and oxygen containing additional phases could be the reason of high
resistivity.

Summing up results of the sequential deposition it can be concluded,
that crystallinity of the as-deposited films improves in multiple deposition
process and three-time deposited films have well-determined crystalline
structure of orthorombic herzenbergite tin monosulphide. Different surface
morphology of grown SnS thin films results from distinct morphology of CdS
and ZnS substrates. One, two and three times sequentially deposited films have
nearly stoichiometric composition and good pin-hole free surface morphology of
rod (for ZnS substrate) or flake (for CdS substrate) shape of the particles. All the
major peaks of XRD and Raman graphs belong to SnS monophase without
indicating any additional phases over detection limit in the films. Grain sizes
slightly grow in multiple deposition process of films. Band gap decreases during
multiple depositions. Films on both substrates have very high electro resistivity
which decreases with deposition counts.

3.4 Post-thermal treatment of obtained films (article III)

Films obtainded during chemical solution deposition have often
amorphous structure and their post-treatment is essential to improve of the
crystalline structure of films. Deposited SnS thin films were annealed in inert
atmosphere (argon) at pressure of 10 Torr at different temperatures (300 °C, 400
°C or 460 °C ) for 30 min to evaluate infuence of heat-treatment on the
properties of as-deposited SnS thin films. Samples were covered with aluminum
foil, placed in a Petri dish and covered again with aluminum foil. Covered
samples were placed in the oven and then the chamber was evacuated to about
30 mTorr. Argon was introduced into the chamber to give a pressure of 10 Torr,
and the furnace was heated up.

The thicknesses of both series of films (CdS/SnS and ZnS/SnS)
decreased slightly following thermal annealing; indicating that annealing caused
the densification of films. It indirectly confirms our conclusion in
XRD measurement part, that multiple depositions improve crystallinity of
films and make them denser.
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Fig. 3.29 XRD patterns of CdS/SnS thin films as-deposited and anneled at 300 °C and
400 °C for 30 min in inert atmosphere a) one-, b) two- and c) three-cycles deposited.

Fig. 3.29 shows the influence of heat treatment on the crystalline
structure of the SnS films deposited on CdS substrates, films deposited on ZnS
substrate have the same tendency. Thermal annealing improves the crystallinity
of the deposited SnS thin films and these changes are more noticeable for one-
and two-deposition-cycle films.

The absence of peaks of orthorhombic herzenbergite structure of as-
posited SnS films in the XRD patterns of the one- and two-deposition-cycle
films indicates that these films are amorphous. The broad peak situated at a
small diffraction angles is specific to the amorphous network. However, as the
annealing temperature increases, the crystallinity of the films improves; the
peaks related to SnS become narrower and more intense. This infers that
annealing improves the quality of films.

All annealed films clearly show peaks at 31.60°, 30.46°, 26.5°, 22.6°,
38.9° and 45.3° corresponding to the (040), (101), (120), (110), (131) and (150)
planes of the orthorhombic phase of herzenbergite SnS structure, respectively
[103].

The existence of CdS with peaks at 26.5°, 30.7°, 51.2°, 53.1° and 64.1°
[109, 110] in the XRD patterns of the films containing a CdS under layer could
not be determined precisely because these peaks are very close to those of
dominating SnS. There is no indication of other possible Sn-containing phases in
the XRD patterns of the annealed films.
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XRD patterns of one-, two- and three-deposition-cycle SnS films
deposited on CdS an annealed at 460 °C are showen in Fig. 3.30. Compared to
SnS films deposited on ZnS substrate, the SnS films deposited on CdS substrate
and annealed at 460 °C have sharper and higher peaks, indicating that they are
more crystalline. All of the films exhibit a preferred (040) plane. The peak
associated with this plane was used by us later to calculate crystallite size in
films. We can observe additional peaks at angles 25° and at 44° which
correspond to (100) [111] and (220) [112] CdS planes, respectively, and are not
found on the graphs of ZnS/SnS films.

(040)

Series CdS/SnS
annealed at 460°C 30 min Ar

three-cycle SnS film
one-cycle SnS film
two-cycle SnS film
* CdS (100) plane

Intensity , arb.units

2-theta, degrees

Fig. 3.30 XRD patterns of CdS/SnS films annealed at 460 °C for 30 min in inert
atmosphere.

Crystallite size with annealing increases more in films deposited by one-
deposition-cycle than by multiple-depositions, for the series annealed at 460 °C
from 130 to 160 A for the one-deposition-cycle CdS/SnS films and from 130 to
143 A for the three-deposition-cycle ZnS/SnS films.

Results of Raman analyses of the films are presented at Fig. 3.31.
Raman graphs of as-deposited and annealed films are similar and only show
peaks corresponding to the SnS phase: 94/95 cm™, 218 cm™ [98], 175/176 cm’
[23]. In the Raman spectrum of the films deposited on CdS substrate a weak
peak at 306 cm™ was detected that was attributed to CdS (305 cm™) [113]. This
peak could also be attributed to Sn,S; (307 cm™) [98]; however XRD analysis
did not indicate the presence of any additional SnS phases. The absence of this
peak from the spectra of the ZnS/SnS films (Fig. 3.31 b) indirectly supports our
assumption that this peak originates from the CdS substrate.
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Fig. 3.31 Raman analyses of two-deposition-cycle films of a) CdS/SnS and b) ZnS/SnS
annealed at various temperatures.

Figures 3.32 and 3.33 show SEM images of the as-deposited
and annealed at 300 °C, 400 °C and 460 °C CdS/SnS and ZnS/SnS thin films.
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Uniform pinhole-free surfaces were observed for both the deposited and
thermally annealed films. Consistent with the calculations from XRD data,
particle size remained nearly the same regardless of annealing temperature and
increased a little with the number of deposition cycles. Films deposited on ZnS
substrates have rod-shaped particles, whereas CdS/SnS films contain flake-
shaped particles. Annealing at 460°C changes the surface structure of the
CdS/SnS films and results in films with rod-shaped particles.

) b) o T

Fig. 3.32 SEM images of two times a) as-deposited films of serie CdS/SnS and annealed
at b) 300°C, c) 400°C and d) 460°C in inert atmosphere for 30 min.

Fig. 3.33 SEM images of two times a) as-deposited films of serie ZnS/SnS and annealed
at b) 300°C, c¢) 400°C and d) 460°C in inert atmosphere for 30 min.

~ Sm:Sratio
CdS/SnS x1 1.0 1.0

x2 1.0 1.0

x3 1.0 1.1
‘ZnS/SnSx1 1O 12
S x 1 12
S x3 12 12

Table 3.6 Atomic ratio of tin and sulphur in the series CdS/SnS and ZnS/SnS
films from EDX.
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Table 3.6 shows the atomic ratios of Sn to S in deposited and thermally
annealed CdS/SnS and ZnS/SnS films. EDX revealed ratios of Sn to S of almost
1:1 in the deposited and annealed at 300°C and 400°C films formed on CdS
substrates, so annealing did not lead to remarkable changes in the composition of
the films and the annealed CdS/SnS films maintain their initial stoichiometric
composition of tin monosulphide. Films deposited on ZnS substrates were
slightly tin-rich and sulfur-poor following deposition and their composition did
not change after thermal annealing. Annealing at 460 °C caused the tin
composition of films to increase slightly probably because more sulphur is lost

from films during annealing at high temperatures.
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Fig. 3.34 Transmittance and reflectance spectra of a) CdS/SnS and b) ZnS/SnS.
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Fig 3.34 shows the comparison of optical transmittance and reflectance
spectra of the CdS/SnS and ZnS/SnS thin films as-deposited and annealed at
460°C. The absorption edge of the films shifts to longer wavelength with
increasing annealing temperature for both series.
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Fig. 3.35 Band gap of three-times deposited and annealed at 460°C SnS films of series
a) CdS/SnS and b) ZnS/SnS.
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The energy band gap (E,) of the films was determined from
plots of (avh) '"* against photon energy hv (Fig. 3.35). The calculated optical
band gaps for the CdS/SnS thin films varied from 1.28 eV for the film formed
after three deposition cycles to 1.22 eV after annealing at 460 °C for 30 min
under an inert atmosphere. For the ZnS/SnS films, the band gap of the three-
deposition-cycle film was 1.39 eV and decreased to 1.23 eV as the annealing
temperature was increased to 460 °C. Reduction in E, with annealing
temperature was also noticed by other researchers [114]. This decrease could be
attributed to the grain size dependency of band gap [14, 54, 106, 107] and
disappearing of oxygen from the material what is in agreement with XPS results.

The hot-probe method was used to determine the type of conductivity of
the films. All deposited and annealed SnS films showed p-type conductivity. All
films of both series showed photosensitivity. Photoresponse increased with
annealing temperature (Fig. 3.36).
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Fig. 3.36 Photo-current response of two-cycle SnS thin films on CdS as-
deposited and annealed at 400°C and 460°C.

Resistivity of the films decreased with annealing and with deposition
counts from 130 MQcm of three-times as-deposited films of series CdS/SnS
until 56 MQcm for annealed at 460°C and from 120 MQcm of three-times as-
deposited films of series ZnS/SnS until 12 MQcm for annealed at 460°C.

To sum up, our results show, that heat treatment in argon atmosphere

makes one-run deposited amorphous SnS films crystalline, however, does not
indicate remarkable changes in the crystallinity of multiply deposited SnS films.

64



Crystallite size in SnS films increases with annealing temperature. Deposited on
ZnS substrate films have rod-shape structure and films deposited on CdS
substrate have flake-like structure. However, after annealing at 460 °C CdS/SnS
films have similar to ZnS/SnS structure. All annealed films clearly show peaks
corresponding to orthorhombic phase of herzenbergite SnS structure and there
are no peaks of other additional Sn-containing phases in the films, this also was
confirmed by the results of Raman analyse, indicating that annealing until 460
°C do not lead to conversion of SnS to other phases. From EDX results it can be
seen, that CdS/SnS films are keeping their initial stoichiometric composition of
tin monosulphide after annealing. Deposited on ZnS substrates films were tin-
rich and sulfur—poor from the deposition and kept its composition during thermal
annealing. SEM images show uniform pinhole-free surface of both for the
deposited and thermally annealed films.

The optical transmittance and reflectance spectra of CdS/SnS and
ZnS/SnS thin films show that for series CdS/SnS there were only marginal
changes in the optical transmittance and reflectance spectra after annealing,
while for series ZnS/SnS significant changes are marked. When annealing
temperature increased, the absorption edge for ZnS/SnS films shifted towards
the higher wavelength side. The evaluated optical band gap was found to be
indirect and it decreased for CdS/SnS three-runs thin films from 1.28 eV for
deposited to 1.22 eV after annealing at 460 °C. ZnS/SnS films show the similar
change: for un-annealed films band gap was 1.39 eV that decreased to 1.23 eV
after annealing. Absorption coefficient was found to increase to one order of
magnitude from 10* cm™ for as-deposited to 10° cm™ for annealed films. The
evaluated absorption coefficient did not change after annealing and its value
remained ~ 10° cm™. All deposited and annealed SnS films showed p-type
conductivity and their photoresponse increased with annealing temperature.
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4. CONCLUSIONS

In agreement with the aim of the work different chemical deposition
parameters were studied and optimal conditions for obtaining of uniform, good-
adherent and completely covering the substrate, voids and pin-hole free tin
monosulphide films from the solution containing stannous (II) chloride as tin
source and sodium thiosulphate pentahydrate as a sulphur source and tartaric
acid as a complexing agent were found to be: stannous (II) chloride
concentration equal to 0.03 M, stannous (II) chloride / sodium thiosulphate
pentahydrate ratio equal to less than 1:2, pH of the solution equal to 7,
deposition temperature equal to 22 °C and duration of around 24 hours. The
optimization is based on following regularities of deposition:

. At concentration of tin and sulphur 0.01 M in deposition
solution incomplete coverage of all used substrates is dominating
and films deposited at concentrations higher than 0.03 M peeled
easily off from the substrates.

. At ratios Sn:S in deposition solution starting from 1:2 deposited
thin films exhibited incomplete coverage of substrates and at ratio
equal to 1:3 additional SnS, phase was detected.

o SnS thin films deposited form acidic solutions (pH equal to 5
and 6) contained voids and pin-holes. Increase in pH (8 and 9)
accelerated velocity of the reactions in the solution and changed the
deposition mechanism from “ion-by-ion” to “cluster”.

. Deposition at higher temperatures (35 °C, 45 °C and 55 °C) leads
to rapid precipitation of SnS agglomerated particles in solution and
as a result to non-unifrom films.

. Material of deposition substrate influences the deposition
process by its smoothness. The difficulty of adhering for nuclei to
the smooth surface does not allow the formation of continuous SnS
film’s structure.

. Multiple depositions improved crystallinity of films, but had no
influence to the elemental composition of SnS thin films. Optical
band gap of deposited films decreases with deposition counts what
was attributed to the grain size dependency of band gap.

o The additional annealing of one-cycle and multiply-deposited
films in inert atmosphere at 300 °C, 400 °C and 460 °C increased
crystallinity of deposited SnS films.

o The additional annealing leaded to the purification of films from
oxygen containing compounds leading to the decrease of resistivity
of the films.
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Deposited as well as annealed SnS thin films showed p-type
conductivity and their photosensitivity increased with increase of
annealing temperature.

Based on our experiments chemically deposited SnS thin films
could be applied in the production of solar cells as an absorber layer.
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ABSTRACT

Current work was concentrated on the preparation and characterization
of tin sulphide (SnS) thin film grown by chemical solution deposition method.
The inquiry for thin films for devices which convert solar energy has arisen in
recent years. Among several perspective metal chalcogenides SnS attracted
appreciable attention as potential contender as absorber material in production of
low-cost solar cells due to suitable properties of this material such as high
absorption coefficient, band gap near to the optimum value, theoretically high
convertion efficiency and its suitability from the aspects of toxicity, price and
availability.

SnS thin film could be deposited by different deposition techniques.
Comparing with another methods, several benefits of chemical solution
deposition can be highlited: it is relatively simple and cheap method, which can
be applied for deposition of the thin film on the substrates of different sizes,
shapes and morphologies at low temperatures.

In spite of simpleness of the technique of chemical solution depositon,
the process reactions are drastically influenced by the solution composition and
deposition process parameters and should be controlled well. This method has
been widely and sucessfully employed for deposition of CdS, however the
deposition of SnS thin films is not very well developed and investigated. Thus,
the goal of present work was to study regularities of the formation of SnS thin
films by chemical solution deposition process and optimisation of solution
parameters for good quality layers.

Obtained by chemical solution depositon films were analyzed and
characterized by different techniques to evaluate quality of the grown SnS thin
films. SEM, EDX and AFM teqniques were used to get data about morphology,
elemental composition and surface roughness; XRD and Raman analyses were
applied to determine crystal structure and to know different phases presented in
the material; optical spectral analysis was conducted to evaluate changes in
optical band gap; electrical caracteristics and photocurrent response of the SnS
thin films structures were also measured. Different substrates such as
borosilicate glass, indium tin oxide, tin dioxide, molibdenum and CdS as well as
ZnS thin films were used in the present work as substrates to deposit SnS thin
films onto. Such investigations are useful in the view of very few reports given
in literature about the influence of substrate materials on the parameters and
deposition process of SnS thin film by chemical solution deposition method.

Although thoiacetamide is widely used by other researchers as a sulphur
source, in this work sodium thiosulphate was chosen, because it is non-toxic,
well-soluble and cheap reagent and good-quality SnS thin film was obtained.

The influence of concentration of precursor components and their ratio
on the composition, structure and properties of the SnS thin films was
investigated and optimized with the aim to obtain single phase tin monosulphide
composition. Deposition was held at different temperature regimes to select
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optimal temperature of the deposition, because it apriori affects the rate of the
reactions taking place in the chemical solution. Increase in temperature
accelerates reactions in solution as a result leads to faster deposition but on the
other hand higher temperature favors rapid precipitation of the SnS already in
the volume of solution. pH value of the solution was also found to influence the
reactions in deposition solution for SnS thin growth. Evaluation of optimal
duration of deposition process was essential to obtain film with highest thickness
and maximal use of film-composing components. As a result pinhole-free,
uniform and good-adherent tin monosulphide thin films were obtained.

After determining all parameters of the chemical deposition, sequential
deposition of the SnS film layers was applied to increase thickness of the SnS
thin films as obtained by single deposition run SnS films are thinner than needed
for absorber layer in solar cells. It was noticed that multiple deposition improves
crystallinity of films, decreases films resistivity and band gap values comparing
with single step SnS films. Different annealing temperatures (300 °C, 400 °C and
460 °C) were used to treat thermally deposited SnS thin films in argon ambient.
Experiments revealed that annealing converted films to more crystalline.
Increase in annealing temperature leaded to decrease in band gap value and
resistivity of the SnS thin films and increase in photosensitivity.

The aim of the work was achieved: optimal parameters for chemical
solution deposition of SnS thin films were found.
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KOKKUVOTE

Kéesolev  uurimistod on piihendatud oOhukeste SnS  kilede
saamistehnoloogiale keemilise sadestamise meetodil. T66 on motiveeritud
viimaste aastate jooksul kasvanud vajadusest vilja todtada odav tehnoloogia
paikesepatareides kasutatavate SnS absorberkihtide valmistamiseks. SnS on p-
tiitipi pooljuhtiihend, millel on kdrge valguskiirguse absorptsioonivdime ja sobiv
keelutsooni laius péikesekiirguse muutmiseks elektrienergiaks foto-volt
pdikesepatareides. SnS on tdusnud huviorbiiti oma odava hinna, vdhese
toksilisuse ning koostiselementide laia leviku tdttu maakoores. SnS
péikeseenergia muundamise teoreetiline efektiivsus iiletab 20%.

Ohukeste SnS kilede sadestamiseks on erinevaid tehnoloogiaid, kuid
keemilise sadestamise meetod paistab silma oma suhtelise lihtsuse ning
odavusega. Seetdttu on see meetod saanud korgendatud téhelepanu osaliseks,
kuna ta vdimaldab sadestada pidevaid kihte erineva suuruse, kuju ja
morfoloogiaga  materjalidele = madalatel,  toatemperatuuri  ldhedastel
temperatuuridel.

Vaatamata keemilise sadestamise meetodi néilisele lihtsusele on protsess
ise darmiselt tundlik sadestuslahuse keemilise koostise ja teiste protsessi
parameetrite suhtes. Meetodit on edukalt kasutatud CdS kilede sadestamisel,
kuid SnS kilede keemilise sadestamise seaduspidrasusi pole veel piisavalt
uuritud. Seetdttu on antud t66 iilesanne uurida SnS kilede element- ja
faasikoostist ja stuktuuri sdltuvana erinevatest sadestamise tingimustest ning
vastavalt saadud tulemustele optimeerida sadestusprotsessi parameetreid.

Sadestatud kilede morfoloogilisteks uuringuteks ja elementkoostise
madramiseks kasutati SEM, EDS ja AFM meetodeid. Kilede faasikoostist ja
struktuuri uuriti Raman-spektroskoopia ja rontgendifraktsiooni abil. Sadestatud
SnS kilede optilisi omadusi ja nende muutusi termiliste to6tluste kdigus uuriti
spektrofotomeetilistel meetoditel. SnS sadenemise seaduspidrasusi erinevatele
materjalidele uuriti kasutades sadestusalustena boorsilikaat klaasi, ITO (tinaga
legeeritud indiumoksiid), Mo ja SnO; kattega juhtivaid klaasaluseid, samuti ZnS
ja CdS ohukeste kiledega kaetud klaasaluseid. Erinevate klaasaluste kasutamine
voimaldas jilgida seaduspérasusi sadestusaluse pinnastruktuuri, keemilise
loomuse ja sadestatud SnS kilede element- ja faasikoostise vahel.

Antud t66s kasutati véadvli allikana naatriumtiosulfaati tavaliselt
sulfiidsete kilede sadestamiseks kasutatava tioatsetamiidi asemel. Selline valik
on pdhjendatud naartriumtiosulfaadi parema lahustuvuse, vdiksema miirgisuse ja
odavama hinnaga. T66s niidati, et naatriumtiosulfaadi kasutamisel on vdimalik
saada korge kvaliteediga SnS kilesid.

Uhefaasiliste ohukeste kilede saamisviisi leidmiseks muudeti SnS
lahtelahuste  kontsentratsioone ning nende vahekorda sadestuslahuses,
sadestamised viidi ldbi erinevatel temperatuuridel ja erinevate pH véértuste
juures. Naiidati, et temperatuuri tostmisel toimuv kiire SnS kolloidosakeste
viljasadenemine lahusesse ja mitte klaasalustele ei vdimalda kontrollida
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sadestusprotsessi kiirust ja teeb voimatuks ka kilelise struktuuri tekke. Toestati,
et optimaalse sadenemiskiiruse saavutamine ning dige komponentide vahekord
lahuses on maédrava tihtsusega sobiva paksusega ja struktuuriga kilede
kasvatamiseks.

Kuna iihekordsel sadestamisel ei olnud vodimalik saada wvajaliku
paksusega kilesid, siis kasutati kilede jdrjestikulist korduvsadestust iiksteise
peale. Vorreldes iihekordsel sadestamisel saadud kiledega paranes
korduvsadestatud kilede struktuur, vdhenes nende elektriline takistus ning ka
keelutsooni laius. Kilede termiline jareltootlus erinevatel temperatuuridel
(300°C, 400°C and 460°C) argooni keskkonnas andis tulemuseks iihe- ja
kahekordselt sadestatud kilede parema kristallstruktuuri. Temperatuuri tousuga
jareltootlustes kaasnes keelutsooni laiuse vdhenemine ja elektrijuhtivuse tous
ning suurenenud fototundlikkus.

Too eesmiérgid on tdidetud: on leitud SnS Shukeste kilede keemilise
sadestamise seaduspdrasused erinevate aluspindadele ja leitud optimaalsed
sadestamise parameetrid.
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Abstract We illustrate that Tin sulfide (SnS) thin films of
110-500 nm in thickness may be deposited on ZnS and
CdS substrates to simulate the requirement in developing
window-buffer/SnS solar cells in the superstrate configu-
ration. In the chemical bath deposition reported here, tin
chloride and thiosulfate are the major constituents and the
deposition is made at 25 °C. In a single deposition, film
thickness of 110-170 nm is achieved and in two more
successive depositions, the film thickness is 450-500 nm.
The thicker films are composed of vertically stacked flakes,
100 nm across and 10-20 nm in thickness. The Sn/S ele-
mental ratio is ~ 1 for the films 110-170 nm in thickness,
but it slightly increases for thicker films. The crystalline
structure is orthorhombic, similar to the mineral herzen-
bergite, and with crystallite diameters 13 nm (110-170
films) and 16 nm (450-500 nm films). The Raman bands at
94, 172 and 218 ¢cm™! further confirm the SnS composition
of the films. The optical band gap of SnS is 1.4-1.5 eV for
the thinner films, but is 1.28-1.39 eV for the thicker films,
the decrease being ascribed to the increase in the crystallite
diameter. Uniform pin-hole free SnS thin films were
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successfully grown on two different substrates and can be
applied in solar cell structures.

1 Introduction

Tin sulfide (SnS) is one of the most promising materials for
low-cost thin film solar cells, since its band gap
(1.3-1.4 eV) is near to the optimum value of 1.3-1.5 eV
for solar cell and its absorption coefficient is appreciably
high in the visible region (>10* cm™'). In addition, the
elemental constituents of this material are nontoxic and
abundant in nature [1].

For the deposition of thin films of SnS various
methods like thermal evaporation, pulse electrodeposit-
ion, spray pyrolysis, SILAR, electron beam evaporation,
chemical bath deposition (CBD) have been employed
[2]. Among these methods CBD is relatively simple, and
inexpensive method suitable for deposition at low tem-
perature on large substrates irrespective of the shape and
morphology of substrates [3]. However, CBD is a com-
plicated process. There are many parameters which
influence the deposition of SnS films, such as atmo-
sphere medium, ion concentration, defect chemistry,
aqueous medium of the bath solution, temperature [4]
and substrate nature.

Recently, a record efficiency SnS solar cell of 1.95 %
(active area) was fabricated from p-n homojunction
nanowires using boron and phosphorus as dopants. In
addition, SnS-based solar cells have been reported using
different n-type partners such as ZnO, CdS, Cd,_,Zn,S. So
far, the best SnS planar heterojunction device was fabri-
cated with SnS/CdS, achieving power conversion effi-
ciency (n) of 1.3 % [5]. However, there are some concerns
that CdS can have harmful effects on the kidneys and bone.
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On the other hand, ZnS is very suitable for a window layer
of heterojunction solar cells [6].

The aim of this work was to investigate properties of
SnS films depending on the substrate materials and number
(1-3) of sequential deposition. Films were deposited on
ZnS and CdS substrates, because they suit well as buffer
layers for solar cells with SnS absorber layer. One, two and
three times deposited SnS films were prepared. The struc-
tural, morphological, optical and electrical properties of
these films were investigated.

2 Experimental
2.1 Deposition of ZnS films

ZnS thin films were prepared by CBD technique, con-
secutively stirring zinc sulfate, triethanolamine, ammo-
nium hydroxide, thioacetamide with respective molar
concentrations of 0.025, 0.014 M, concentrated, 0.01 M
in total volume [7]. Deionized water was added to obtain
total solution volume of 100 ml. Corning glass sub-
strates, which were previously washed with detergent,
were placed vertically in solution. Deposition was held at
room temperature for 24 h. Obtained films were washed
with cotton and rinsed with deionized water, then dried.
Films were heated in the air for 15 min at 270 °C to
obtain good adherence of consecutively deposited SnS
film.

2.2 Deposition of CdS films

CdS thin films were prepared by CBD, consecutively stir-
ring cadmium nitrate, sodium citrate, ammonium hydrox-
ide and thiourea solutions with respective molar
concentrations of 0.025, 0.15 M, concentrated, 0.05 M in
total volume [8]. Deionized water was added to obtain total
solution volume of 100 ml. Corning glass substrates, which
were previously washed with detergent and then in ultra-
sonic bath with acetone, were placed vertically in solution.
Deposition was held at 80 °C during 1 h and 30 min.
Obtained films were washed using cotton and rinsed with
deionized water, then dried.

2.3 Deposition of SnS films

SnS thin films were prepared by CBD. Few drops of
hydrochloric acid were added to stannous chloride to dis-
solve it, molar concentration of stannous chloride in total
volume is 0.03 M. Next, tartaric acid was added with molar
concentration in total volume of 0.44 M. Deionized water

was added and then ammonium hydroxide to obtain the pH
of solution equal to 7. The last component added was
sodium thiosulphate with molar concentration in total
volume of 100 ml 0.03 M [9]. Corning glass substrates
with previously deposited CdS or ZnS thin films were
placed vertically in solution. Deposition was held at room
temperature during 24 h. Obtained films were washed and
rinsed with deionized water, then dried. Consecutive
depositions of two and three times were made additionally
to obtain thicker films. Deposition made directly on glass
substrates lacks the good quality obtainable on CdS or ZnS
substrate layers.

2.4 Characterization of films

XP Plus Stylus Profilometer was used to determine thick-
ness of the films. X-ray diffraction analyse was made to
evaluate crystalline structure of films, using Rigaku Ultima
IV X-ray diffractometer using Cu-Ko radiation with 26
ranging from 10° to 70°. Scanning electron microscope
(SEM) Hitachi SUI 510 and HR-SEM Zeiss ULTRA 55
images were taken to obtain information on films surface
morphology and attached EDAX Oxford x-act analyser to
determine the elemental composition of the films. The
optical transmittance and near-normal specular reflectance
of the films were recorded using a Shimadzu UV-VIS-NIR
scanning spectrophotometer in the wavelength range of
250-2,500 nm. Electrical characteristics were measured
using Keithley 619 electrometer with Keithley 230 pro-
grammable voltage source. Hall-effect measurements were
done at room temperature using an MMR Technologies
H-50 unit, allowing for the determination of charge-carrier
type. Raman spectral measurements were made at room
temperature on a high resolution micro-Raman spectrom-
eter (Horiba JobinYvon HR800) equipped with a multi-
channel CCD detection system in the backscattering
configuration. An Nd-YAG laser (A = 532 nm) with a spot
size of 10 um in diameter was used for excitation. Bruker
Multimode 8 Atomic Force Microscope (AFM) with
nanoscope V controller was used to determine roughness of
the films surface.

3 Results and discussion
3.1 Thickness

Film thickness in series CdS/SnS found to be slightly
higher (173 nm for one-time and 505 nm for three-times
deposition) than that in the ZnS/SnS series (114 nm for
one-time and 455 nm for three-times deposition). Whether
this is due to dissolution of the ZnS substrate layer is not
clear.
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Table 1 Changes in composition of SnS thin films of series ZnS/SnS
and series CdS/SnS in multiple deposition process

Series Sn atomic % S atomic %
ZnS/SnS

X1 50.95 48.04

X2 53.44 46.56

X3 56.09 43.60
CdS/SnS

X1 50.18 49.82

X2 50.20 49.80

X3 50.69 49.31

3.2 Elemental analyses and surface morphology

Table | shows atomic ratios of tin and sulphur in as-
deposited films of series ZnS/SnS and CdS/SnS. In series
CdS/SnS in multiple deposition process the ratio of tin to
sulphur is almost 1:1, which means, that these films were in
a nearly stoichiometric composition of stannous monosul-
phide. The films deposited on ZnS substrate were stoichi-
ometric only after single CBD, but tin-rich in multiple
deposition series, with a continuous increase of concen-
tration of tin in films. The similar increase of Sn concen-
tration in SnS films by CBD deposition process was
reported by Patel [10]. At the same time, Raman investi-
gations did not indicate the existence of any additional to
SnS phases in CBD films on ZnS substrate.

Figures 1 and 2 show SEM images of SnS films of the
CdS/SnS and ZnS/SnS series. Images indicate uniform pin-
hole free surface of the SnS thin films on both substrates.
The images also show complete, continuous and uniform
coverage of material over the surface of the films. The

EHT = 400kv 200nm
WD= 6mm

Fig. 1 SEM images of SnS films of series ZnS/SnS
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films of similar thickness on CdS and ZnS substrates
demonstrate slightly different morphology, but in general
they consist of vertically stacked flake structures, of about
100-150 nm laterally and of thickness of around 20 nm.
The film morphology reported here is similar to those
obtained by Wang et al. [11]. The absence of particulate
precipitate in both cases indicates that the dominating
deposition mechanism of the films on ZnS substrate may be
ion-by-ion mechanism [3]. The surface illustrated here
appears smooth at optical wavelengths, with optical
transmittance and reflectance summing up to 100 %, as
discussed later on.

Atomic force microscopy (AFM) images (Fig. 3) show
the roughness of two-times deposited SnS films of series
ZnS/SnS and CdS/SnS. Average roughness (Ra) of the
films of series ZnS/SnS is 10.8 nm and for series CdS/SnS
is 14.2 nm and root mean square roughness (Rq) is 13.4
and 18.00 nm respectively. Maximum height of the profile
(Rt) is 95.4 nm for series ZnS/SnS and 143.2 nm for series
CdS/SnS. The observed difference in the surface mor-
phologies of the films on different substrates could result
from the difference in the deposition mechanisms of the
films on different substrates. The roughness at the film
surface is smaller than the optical wavelengths, and the
films would behave specular in optical reflectance.

3.3 Structural properties

The X-ray diffraction (XRD) patterns of thin films of one,
two and three-times deposited films of the series CdS/SnS
are shown in Fig. 4. Similar dependence of XRD pattern on
the film thickness was noticed for series ZnS/SnS as well.
All the major peaks in the PDF card 01-072-8499 for SnS
match those of the XRD pattern of the thicker film. The

.

100 nm

EHT = 4.00kV
WD= 6mm
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EHT = 400kv 200 nm EHT = 4gokv 100 0m
WD= 6mm
Fig. 2 SEM images of SnS films of series CdS/SnS
Fig. 3 AFM images of two- a
times deposited SnS films on
a ZnS substrate and b CdS 47.7 m
substrate
~47.7 nm
b
716nm
-7T1.60m

peak at 20 = 31.60° corresponding to (040) planes; at
26.5° of (120); at 22.6° of (110); at 38.9° of (131); and at
45.3° corresponding to (150) planes of the orthorhombic
phase of herzenbergite SnS are all noted. Improvement of
crystallinity with the thickness was observed also by other
researchers [12]. XRD pattern may contain also some
peaks of CdS structure at 20 = 26.5°, 30.6°, 51.1°, 53.1°
and 64.1°, but this peaks coincide with SnS peaks. There is
no indication of other possible additional phases in the
films. All the films exhibit (040) plane as preferred and

00 Haight

1.0pm

peak of this plane was used for crystallite size calculations.
Crystallite size slightly grows with thickness in both series:
from 112 to 130 A for series ZnS/SnS and from 130 to
161 A for series CdS/SnS.

Raman analyse was also made to determine more pre-
cisely phase composition of films on different substrates.
Results of Raman analyse (Fig. 5) were analogical to our
XRD results and didn’t show the existence of any addi-
tional phases in the films, all the peaks in Raman spectra
correspond to tin monosulphide phase [13, 14]. On the plot
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Fig. 4 XRD patterns of CdS/SnS thin films of one and three-times
deposited SnS films of series CdS/SnS
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Fig. 5 Raman spectra of SnS thin films deposited on ZnS and CdS
substrates

of CdS/SnS serie can be seen small peak at 306 cm™',

which can be attributed to CdS peak (305 cm™Y). At the
same time there is no peak at the same place on the graph
of serie ZnS/SnS.

3.4 Optical properties

Figure 6 shows the room temperature optical transmittance
(T) and specular reflectance (R) curves of one and three-
times deposited SnS films of series (a) ZnS/SnS and
(b) CdS/SnS recorded at the wavelength range of
200-2,500 nm. The specular nature of the films is illus-
trated by T + R of >90 % in general for all the films for
large wavelengths, >2,000 nm.

The absorption edge in the transmittance curves fall in
the region of 700-900 nm without any bending, which
indicates once more to the absence of additional phases

@ Springer
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Fig. 6 Transmittance and reflectance spectra of one and three-times
deposited SnS films of series a ZnS/SnS and b CdS/SnS

presented in material. It can be observed from the Fig. 6
that the absorption edge shifts toward the higher wave-
length as the thickness increases with number of deposi-
tions in series CdS/SnS. Such tendency was also observed
in other works [16].

The optical energy band gap (E,) of the as-grown SnS
layers was calculated using the relation, (zhv) = A (hv —
E,)". Where o is the absorption coefficient, A is a constant,
hv is the energy of the incident light and n is the nature of
transition between the bands in the material.

In the present study, the nature of the transition followed
is indirect allowed (n = 2) and the energy band gap can be
determined by extrapolating the straight line portion of the
curve (ohv) 2 versus hv on the energy axis. Band gap
values decrease with number of deposition from 1.49 to
1.39 eV for films deposited on ZnS substrate and from 1.5
to 1.28 eV for films deposited on CdS substrate. This
decrease could be attributed to the grain size dependency of
band gap [10]. Such tendency was also observed by Ghosh
et al. [15].
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The E, of the CdS/SnS thin film (1.28 eV) is close to
that of orthorhombic SnS (1.3 eV) as determined from
photoreflection measurements.

Hot-probe method was used to determine type of con-
ductivity of the SnS films and all the layers showed p-type
conductivity. Films of both series have very high resistiv-
ity: 120 MQ for three-times deposited films of series CdS/
SnS and 130 MQ for three-time deposited films of series
ZnS/SnS. Resistivity increases with decreasing films
thickness. Further experiments are needed to decrease it.

4 Conclusions

Films have the structure of orthorhombic herzenbergite tin
monosulphide with stoichiometric composition and good
pin-hole free surface morphology of rod (ZnS substrate) or
flake (CdS substrate) shape of the particles. XRD, Raman
and EDX analyses didn’t show any additional phases in the
films. Crystallinity of the as-deposited films improves in
multiple deposition process and three times deposited films
have well-determined crystalline structure. Grain sizes
slightly grow in multiple deposition process of films. Band
gap decreases with the thickness of the films and for three-
times deposited it is equal to 1.28 eV. Films on both sub-
strates have very high electro resistivity which should be
improved with further chemical and thermal treatments.
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Abstract. The aim of the current research was to study regularities of chemical bath deposition
(CBD) of tin sulphide thin films as function of tin and sulphur concentrations in the solutions. SnS
thin films were deposited onto Mo-, ITO- and TO-coated glass and onto borosilicate glass
substrates at room temperature for 24 hours. The concentrations of sulphur and tin (ratio 1:1) in the
deposition solution were varied from 0.01 M to 0.09 M. Films were characterized by SEM and
Raman spectroscopy. The structuraly best tin mono-sulphide films with good adhesion to the
substrate were deposited at concentration of consituents in solution 0.03M. The films deposited at
concentration of 0.01M had non-uniform and incomplete coverage of the surface on all used
substrates whereas at tin and sulphur concentrations of 0.05M and higher films were peeling off of
the substrate.

Introduction

New materials consisting of nontoxic and widely abundant elements are required for wide use in
solar energetic [1]. Among them very attractive binary semiconductor of IV-VI group is SnS [2]
due to its energy band gap of 1.35 eV that is close to the optimum for solar cells value of 1.5 eV and
for high absorption of solar radiation. This compound has also high chemical and environmental
stability and involves earth abundant elements [3]. Chemical bath deposition can be used to deposit
SnS films. This technique is one of the simplest and cheapest methods because it does not require
expensive equipment and can be done at room temperature and allows large scale manufacturing
[4].

The aim of work was to investigate peculiarities of deposition of the SnS thin films from the
solutions with different concentrations of tin and sulphur on different substrates.

Experimental

Preparation of the films. Five baths were prepared with molar concentrations of initial Sn and S
sources equal to 0.01 M, 0.03M, 0.05 M, 0.07 M and 0.09 M in the total solution with ratios of Sn
to S equal to 1:1. Tartaric acid was added as a complexing agent. Stannous (II) chloride was used as
a source of Sn”" ions and sodium thiosulphate pentahydrate as a source of S* ions. Indium tin oxide
(ITO), tin dioxide (TO), molybdenum (Mo) covered glass and borosilicate glass were used as
substrates. Deposition was held onto vertically placed substrates at room temperature of about 22
degrees centigrade during 24 hours at pH=7 in glass vessels.

Characterization of the films. Scanning electron microscope (SEM) HR-SEM Zeiss ULTRA 55
was used to study surface morphology of the deposited films and for elemental analysis was used
attached energy dispersive X-ray (EDX). Raman spectral measurements were made at room
temperature using a high resolution micro-Raman spectrometer (Horiba Jobin Yvon HR&00)
equipped with a multichannel CCD detection system in the backscattering configuration. A HeNe
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laser (A = 633 nm) with a spot size of 10 um in diameter was used for excitation during Raman
investigations.

Results and discussion

SEM. Films deposited at concentration of constituents in solution 0.01 M had incomplete
coverage of formed SnS of the surface on all used substrates .We did not notice the formation of
continuous film on borosilicate glass, the surface was covered with separate agglomerated SnS
particles with the height of around 300 nm. Noticed incomplete coverage could be explained by
insufficient number of crystallization centres on the surface of borosilicate glass. SnS formation of
similar mode was prevailing on ITO substrates; however agglomerates are smaller with the height
of about 155 nm. Tin sulphide films deposited on Mo and TO substrates have more dense coverage
of the substrates with agglomerates with nearly similar size (around 120 and 100 nm, respectively).

At concentration of constituents 0.03 M deposited films have uniform and complete coverage of
the substrate (Mo, ITO and TO) with size of tense and continuous film forming agglomerates of
190, 200 and 210 nm, respectively. Visually films have uniform and homogeneous dark brownish-
grey colour over the entire surface. This concentration seems to be the most appropriate for
depositing SnS films onto Mo, TO and ITO substrates due to the good adhesion of the obtained pin-
hole free films with substrates and uniform, complete coverage of the substrates by films.
Incomplete coverage of surface by agglomerates with the size of 240 nm prevails in films on
borosilicate glass substrate.

EHT = 4.00 kV ﬂ“m EHT= 400kv 200nM*  EpT= 400ky 2000M" EpT= 400Ky 200

a) Mo b) ITO c) TO d) borosilicate glass
Fig.1 SEM images of the SnS thin films deposited at concentration of 0.03M.

Starting from solution concentration of 0.05 M and higher the formed films, except films
deposited on TO, did not have good adhesion to the surface of substrate and peeled easily off. The
coverage of substrate by formed films is complete and uniform on all substrates, except borosilicate
glass. Films deposited on Mo, ITO and TO substrates have thicknesses of 215 nm, 220 nm and 250
nm, respectively. Analyse of the experimental process allows us to conclude that at these
concentrations of constituents mechanism of formation of SnS changes from ion-by-ion mechanism
to cluster deposition [5].

It is also well seen at concentration of 0.07M on the Fig. 2. Formation of big clusters on the
surface with increasing of concentration was also reported by other researchers [6]. The changes in
deposition mechanism result in the decrease of the thickness of formed SnS films (Fig.3) at
concentrations higher than 0.05M. Pinhole-free, uniform and complete coverage of the Mo and ITO
substrates was noticed (Fig. 2.). SnS films deposited on borosilicate glass still have incomplete
coverage of the substrate surface. Thickness of the films decreased compared with thickness of
films in use of smaller concentrations of film components in solution (Fig.3).

At the highest concentration of 0.09M films deposited on all substrates have complete and
uniform coverage of the surface, but these films are easily peeling off from the surface. The films
are visually inhomogeneous with spots of greenish or reddish colour. The reason might be that at
higher concentrations of constituents in solution SnS forms already in the volume of solution and
films growth occur by the rapid precipitation of already formed in solution SnS colloidal particles.
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¢) TO d) borosilicate glass
Fig.2 SEM pictures of the SnS thin films deposited at concentration of 0.07M.

The thickness of films diminishes comparing with films deposited from solutions with smaller
concentration of tin and sulphur. SnS films deposited on TO substrates at concentration of 0.07M
and 0.09M in contrast with other substrates were not peeling off, but visually the films are
inhomogeneous and their surface was covered with spots of different colour.

EDX results showed that films are Sn-rich at all concentrations [7]. Sn-rich content of films
could be explained by the formation and the existence of oxygen and tin containing separate phases
in deposited SnS films.

Raman analysis was made to evaluate phase composition of the films. Fig.4 shows Raman
graphs for SnS films deposited on ITO substrates. Graphs obtained for all concentrations are similar
and have main peaks corresponding to SnS phase: 82 cm™ [8], 95 cm™, 163 cm™, 188 cm™, 227 cm
! 288 cm™ [9]. There are two peaks additionally: at 309 cm™ at conc. 0.01 M which corresponds to
Sn,S; phase [10] and peak at 333 cm™ at all concentrations which is not identified in the literature.
Peak at 333 cm™' is found on all films and does not depend on the nature of substrate that allows us
to conclude that this peak belongs to SnS film or has the origin of formation of SnS.
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Fig 3. Thickness dependance on concentration. Fig. 4 Raman graphs of SnS films deposited on ITO
at different conc.

Raman spectra of films deposited on Mo and TO substrates were similar. The only difference we
could notice is the formation of additional Sn,S3 peak at 233 cm™ [10] in films deposited on Mo at
concentration of 0.01M.

Conclusions

At concentration of 0.01M all films have incomplete coverage of the substrates and have
additional peaks of Sn,S; phase. Deposited at 0.03M concentration films have nearly similar
thickness on all substrates. At higher concentration of Sn and S in deposition solution thickness of
films began to diminish. The SnS films were Sn-rich due to formation of oxygen and tin containing
phases in.
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Abstract. The influence of thermal treatment with the number of deposition cycles on the properties of SnS films on CdS and ZnS
substrates was investigated. Annealing under an argon atmosphere made amorphous SnS films formed in one deposition cycle
crystalline, but did not markedly change the crystallinity of SnS films formed after multiple deposition cycles. All annealed films
were consistent with the orthorhombic phase of herzenbergite SnS, and no additional Sn-containing phases were identified. The
CdS/SnS films maintained their initial stoichiometric composition of tin monosulphide after annealing. The films deposited on
ZnS substrate films were rich in tin and poor in sulphur and their composition was unaffected by thermal annealing. Both the
deposited and thermally annealed films possessed uniform pinhole-free surfaces. Only minor changes in the optical transmittance
and reflectance spectra of the CdS/SnS films were observed after annealing, whereas the spectra of the ZnS/SnS films exhibited
substantial changes after annealing. As the annealing temperature increased, the absorption edge of the ZnS/SnS films shifted to a
longer wavelength. The optical bandgap of the CdS/SnS films was indirect and decreased from 1.28 eV for the three-deposition-
cycle CdS/SnS film to 1.22 eV after annealing at 460 °C. The ZnS/SnS films showed a similar change: the bandgap of 1.39 eV for
the unannealed films decreased to 1.23 eV after annealing. All deposited and annealed SnS films showed p-type conductivity and
their photoconductivity increased with the increasing annealing temperature. Solar cells with reverse structures were fabricated,
their performance decreased with the increasing annealing temperature of the SnS film.

Key words: SnS thin films, chemical-bath deposition, X-ray diffraction, optical spectroscopy, atomic force microscopy, scanning
electron microscopy.

1. INTRODUCTION solar cells, and abundance in nature [5]. SnS thin films

have been deposited by techniques such as electrodeposi-

Humankind today is in intensive search for sustainable
energy sources. Renewable energy sources such as sun,
wind, and water are being examined to increase their
proportion in the energy market. Among these, solar
radiation has the greatest potential because of its
abundance. Materials such as CulnSe, [1], CulnS, [2],
CdTe [3], and SnS [4] have been used as absorber layers
in thin-film solar cells to convert solar radiation to
electricity. For this SnS is very promising because of its
high absorption coefficient (10°), suitable bandgap for

*
Corresponding author, marija.safonova@gmail.com

tion [6], spray pyrolysis[7], sputtering [8], vacuum
evaporation [9], and chemical-bath deposition (CBD)
[10-15]. Despite the relatively low cost and simplicity
of CBD, research reported on the formation of SnS thin
films by CBD is insufficient and the topic needs further
investigation.

The focus in this paper is on the CBD of SnS thin
films onto different substrates [16] and their subsequent
annealing. The novelty of our results lies in the
description of the effect of different annealing on the
structure, chemical and phase composition, and prop-
erties of multiple-cycle deposited and annealed SnS
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films. Our results on the influence of substrate material
on the chemical and phase compositions and properties
of deposited and annealed thin SnS films add new, very
valuable information for providing predata to the pro-
duction of cheap thin-film solar cells used in chemically
deposited SnS absorber layers.

2. EXPERIMENTAL
2.1. Deposition of ZnS films

The ZnS thin films were prepared by a CBD technique
described elsewhere [17]. Corning glass substrates,
which were first washed with a detergent, were placed
vertically in a solution and held at room temperature for
24 h. The resulting films were washed, rinsed with
deionized water, and then dried. Films were heated in
air for 15 min at 270°C to promote good adherence of
the consecutively deposited SnS film.

2.2. Deposition of CdS films

The CdS thin films were prepared by a CBD technique
described elsewhere [18]. Corning glass substrates,
which were first washed with a detergent and then in an
ultrasonic bath with acetone, were placed vertically in a
solution for 1.5h at 80°C. The resulting films were
washed, rinsed with deionized water, and then dried.

2.3. Deposition of SnS films

The SnS thin films were also prepared by the CBD
technique. A few drops of hydrochloric acid were added
to stannous chloride to dissolve it in order to obtain a
molar concentration of 0.03 M of stannous chloride.
Tartaric acid was then added to give a molar concentra-
tion of 0.44 M. Deionized water and then ammonium
hydroxide were added until the pH of the solution
was 7. Sodium thiosulphate was added with a molar
concentration of 0.03 M. The total volume of the solu-
tion was 100 mL. Corning glass substrates with pre-
viously deposited CdS or ZnS thin films were placed
vertically in this solution at room temperature for 24 h.
The obtained films were rinsed with deionized water
and then dried. Thicker films were obtained by con-
secutive deposition for two or three times.

2.4. Thermal annealing

The deposited films were heated under argon for 30 min
at 300, 400, or 460°C in a vacuum oven. The samples
were covered with aluminium foil, placed in a Petri
dish, and covered again with aluminium foil. The
covered samples were placed in the oven and then the
chamber was evacuated to about 30 mTorr. Argon was

489

introduced into the chamber to give a pressure of
10 Torr, and the furnace was heated.

2.5. Characterization of films

The crystalline structure of the films was investigated
by X-ray diffraction (XRD) analyses with a
RigakuUltima IV X-ray diffractometer using Cu Ko
radiation with 26 ranging from 10° to 70°. Raman
spectral measurements were made at room temperature
on a high-resolution micro-Raman spectrometer (Horiba
JobinYvon HR800) equipped with a multichannel CCD
detection system in backscattering configuration. An
Nd-YAG laser (A =532 nm) with a spot size of 10 pm
was used for excitation.

Scanning electron microscope (SEM) (Hitachi
SUI 510 and HR-SEM Zeiss ULTRA 55) images were
recorded to obtain information about film surface
morphology. The elemental composition of the films
was determined by energy-dispersive X-ray spectro-
scopy (EDX; Oxford, x-act). An atomic force micro-
scope (AFM; Bruker Multimode) with a Nanoscope V
controller was used to determine the surface roughness
of the films. A profilometer (XP Plus Stylus) was used
to determine the thickness of the films. The optical
transmittance and near-normal specular reflectance of
the films were recorded using a scanning spectrophoto-
meter (Shimadzu UV-VIS-NIK) in the wavelength
range of 250-2500 nm. Electrical characteristics were
measured using an electrometer (Keithley 619) with a
programmable voltage source (Keithley 230).

Pairs of three different types of paint electrodes with
a size of 5 mm x 5 mm and separation of 5 mm were
printed on the surface of the films for the photocurrent
measurements. The photocurrent responses of the films
were measured under a tungsten halogen lamp provid-
ing illumination of 850 W/m?.

3. RESULTS
3.1. Film thickness

Both series of films (CdS/SnS and ZnS/SnS) decreased
in thickness after thermal annealing, which indicates
that annealing caused densification of the films. The
effect of annealing was more pronounced for films
formed by a single deposition cycle compared with
those exposed to multiple deposition cycles. For
example, the thickness of the one-deposition-cycle
CdS/SnS film decreased from 215 to 164 nm upon
annealing at 400°C under Ar for 30 min, whereas the
thickness of the two-deposition-cycle CdS/SnS film
decreased from 300 to 258 nm after annealing under the
same conditions. The thickness of the three-deposition-
cycle ZnS/SnS film decreased from 455 to 429 nm after
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annealing at 460 °C under Ar for 30 min. This indirectly
confirms our conclusion presented in the XRD measure-
ment part that annealing improves the crystallinity of
films and makes them denser.

3.2. Structural properties

Figure 1 shows the influence of heat treatment on the
crystalline structure of the SnS films deposited on CdS
and ZnS substrates. The absence of peaks consistent
with the orthorhombic herzenbergite structure of SnS in
the XRD patterns of the one-deposition-cycle films
indicates that the deposited films are amorphous. The
broad peak situated at a small diffraction angle is
specific to the amorphous network. However, as the
number of deposition cycles increases, the crystallinity
of the films improves: the peaks related to SnS become
narrower and more intense. The films formed after three
deposition cycles exhibit intense, sharp peaks consistent
with SnS. Thermal annealing improved the crystallinity
of the one-deposition-cycle CBD films, but did not
induce any noteworthy changes in the crystallinity of
the SnS films formed using multiple deposition cycles.
All annealed films clearly show peaks at 31.60°, 26.5°,
22.6°, 38.9°, and 45.3° corresponding to the (040),
(120), (110), (131), and (150) planes of the ortho-
rhombic phase of the herzenbergite SnS structure,
respectively (see the standard database card 01-072-
8499). The existence of CdS with peaks at 26.5°, 30.7°,
51.2°, 53.1°, and 64.1°(standard database cards 04-008-
2190 and 04-008-2191) in the XRD patterns of the films
containing a CdS underlayer could not be determined
precisely because these peaks are very close to those of
dominating SnS. No indication of other possible Sn-
containing phases in the XRD patterns of the annealed
films was found.
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Fig. 1. XRD patterns of CdS/SnS thin films showing the
influence of heat treatment on the crystallinity of the two-
deposition-cycle SnS deposited films and films annealed at
300 and 400°C.

The XRD patterns of one-, two-, and three-deposi-
tion-cycle SnS films deposited on CdS and ZnS and
annealed at 460 °C are compared in Fig. 2. The CdS/SnS
films annealed at 460°C are more crystalline than those
deposited on ZnS substrates. All the films exhibit a
preferred (040) plane. The peak associated with this
plane was used to calculate the crystallite size.

Crystallite size increased with annealing more in
films deposited by one deposition cycle than by multiple
depositions; for the series annealed at 460°C from 130
to 163 A for the one-deposition-cycle CdS/SnS films
and from 130 to 143 A for the three-deposition-cycle
ZnS/SnS films.
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Fig. 2. XRD patterns of ZnS/SnS and CdS/SnS films annealed at 460 °C for 30 min.
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Fig. 3. Raman analyses of two-deposition-cycle films of CdS/SnS and ZnS/SnS annealed at various temperatures.

Results of Raman analyses of the films are presented
in Fig. 3. The films show only peaks corresponding to
the SnS phase. In the Raman spectrum of the one-
deposition-cycle CdS/SnS film, a weak peak at 306 cm™*
was detected, which was attributed to CdS (305 cm™)
[19]. This peak could also be attributed to Sn,S;
(307 em™) [20]; however, other analyses like XRD and
EDX showed no presence of any additional SnS phases.
This peak disappeared upon thermal annealing. The
absence of this peak from the spectra of the ZnS/SnS
films (Fig. 3) indirectly supports our assumption that
this peak originates in the CdS substrate.

3.3. Elemental analyses and surface morphology

Table 1 shows the atomic ratios of Sn to S in deposited
and thermally annealed CdS/SnS and ZnS/SnS films.
EDX revealed ratios of Sn to S of almost 1:1 in the
deposited and annealed films formed on CdS substrates.
So annealing did not lead to large changes in the
composition of the films; the annealed CdS/SnS films
maintained their initial stoichiometric composition of tin
monosulphide. Annealing at 460°C caused the tin com-
position of films to increase, probably because more

(b)

4.00 kY |2°° m

200
400ky  200nm

sulphur is lost during annealing at higher temperatures.
The films deposited on ZnS substrates were rich in tin
and poor in sulphur after deposition and their composi-
tion remained the same after thermal annealing.

Figures 4 and 5 show SEM images of the CdS/SnS
and ZnS/SnS films. Uniform pinhole-free surfaces were
observed for both the deposited and thermally annealed

Table 1. Atomic ratios of Sn and S in films of series CdS/SnS
and ZnS/SnS

Deposition Series ZnS/SnS Series CdS/SnS
counts Sn:S Sn:S
Atomic % Atomic %
Unannealed
one 50.95 48.04 50.18 49.82
two 53.44 46.56 50.20 49.80
three 56.09 43.60 50.69 49.31
460°C 30 min
one 55.46 44.54 51.34 48.66
two 53.02 46.98 51.44 48.56
three 55.17 44.83 52.69 47.31

;. "

4.00 kv

77

4.00 kv

200 nm 200 nm
1 [ |

Fig. 4. SEM images of CdS/SnS films formed after two deposition cycles: (a) as deposited, (b) annealed at 300 °C, (c) annealed at

400°C, and (d) annealed at 460°C.
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Fig. 5. SEM images of ZnS/SnS films formed after two deposition cycles: (a) as deposited, (b) annealed at 300°C, (c) annealed at

400°C, and (d) annealed at 460 °C.

films. Particle size remained nearly the same regardless
of the annealing temperature. Films deposited on ZnS
substrates have rod-shaped particles, whereas CdS/SnS
films contain flake-shaped particles. Annealing at
460°C changed the surface structure of the films and
resulted in films with rod-shaped particles.

3.4. Optical and electrical properties

The optical transmittance (%T) and reflectance (%R)
spectra of the CdS/SnS and ZnS/SnS thin films show
that the CdS/SnS films exhibit only minor changes in
optical transmittance and reflectance after annealing,
whereas those of the ZnS/SnS films change markedly.
The absorption edge of the ZnS/SnS films shifts to
longer wavelengths with increasing annealing tem-
perature. After annealing at 460°C, the transmittance
spectra show bending in the region of 750-900 nm. This
could be the reason why the bandgap of these films
changed more than that of the CdS/SnS films. However,
XRD and Raman data showed no additional SnS phases,
so we attribute this bending to defects appearing at the
higher annealing temperature. In the present films, the
transition was indirect. The energy bandgap (E,) of the

22+ TEC/CAS/SnSx2

204 as deposited
1.8 4 !

16
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1.2 4 r
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films was determined from the plots of (hv)"? against

photon energy (% v). The calculated optical bandgaps for
the CdS/SnS thin films varied from 1.28 eV for the film
formed after three deposition cycles to 1.22 eV after
annealing at 460°C for 30 min under an inert atmosphere.
For the ZnS/SnS films, the bandgap of the three-deposi-
tion-cycle film was 1.39 eV and decreased to 1.23 eV as
the annealing temperature was increased to 460°C.

The hot-probe method was used to determine the
type of conductivity of the films. All deposited and
annealed SnS films showed p-type conductivity. All of
the films were photosensitive, and their photosensitivity
increased with the annealing temperature.

Solar cells were made by depositing a CdS buffer
layer onto transparent electrically conductive (TEC)
glass substrates and consecutive deposition of SnS
films. Different types of electrodes were painted onto
the structures to produce solar cells. The best results
were obtained using electrodes made of carbon mixed
with Se/ZnS powder. Figure 6 presents voltage versus
current density curves of solar cells containing SnS
deposited on CdS. The performance of the solar cells
decreased with the increasing annealing temperature.
The best performance was obtained for the unannealed

0.6

0‘5_. TEC/CdS/SnSx2

annealed at 300 °C
04
J, mA/em® o3
02|
0.1
T T ﬂ_ﬂ T T T 1
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Fig. 6. Voltage—current density curve of a solar cell containing an unannealed SnS film formed after two deposition cycles and

annealed at 300°C.
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SnS film formed after two deposition cycles with an
open-circuit voltage (Voc) of 0.3 V, short-circuit current
density (J,.) of 0.373 mA/cm?, fill factor of 31.7%, and
efficiency of 0.04%.

4. CONCLUSIONS

Our results confirm that after the first deposition cycle,
the SnS films are amorphous. As the annealing
temperature increases, the films exhibit crystalline
structure with preferential orientation. A CdS substrate
promotes formation of films with higher crystallinity
than a ZnS substrate. The deposited CdS/SnS films had
stoichiometric SnS composition, although this was
influenced by thermal annealing. A ZnS substrate led to
the formation of Sn-rich SnS films with compositions
unaltered after thermal annealing. Solar cells containing
the films were fabricated; the best results were
Voc =0.3 V and J = 0.373 mA/cm>.
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SnS Kkilede keemiline sadestamine ZnS ja CdS alusele ning nende jirgnev termiline
tootlemine

Maria Safonova, Padmanabhan Pankajakshy Karunakaran Nair, Enn Mellikov, Rebeca Aragon,
Karin Kerm, Revathi Naidu, Valdek Mikli ja Olga Volobujeva

On uuritud erinevate kasutatavate aluspindade ja Ar atmosfédris labiviidud termiliste kdsitluste moju keemiliselt
sadestatud SnS kilede keemilisele ning faasikoostisele, nende kristallistruktuurile ja optilistele omadustele. On
niidatud, et iihekordselt keemiliselt sadestatud SnS kiled on amorfsed. Mitmekordne keemiline sadestus viib
ortorombilise kristallistruktuuriga SnS kilede moodustumisele, sdltumata sadestamisel kasutatavast aluspinnast. CdS
alusele sadestatud kiled on stohhiomeetrilise koostisega, mis on muudetav nende kilede jiargnevate termiliste
kisitlustega. ZnS aluse kasutamine viib Sn-rikaste kilede moodustumisele. Kilede mitteotsese keelutsooni laius E, on
muudetav nende jargnevate termiliste tootlustega. Kolmekordselt sadestatud CdS/SnS kilede keelutsooni laius
muutus termilisel kisitlusel temperatuuril 460°C 1,28 eV-It kuni 1,22 eV-ni. Analoogselt ZnS/SnS kiledele muutus
keelutsooni laius kilede termilistel kasitlustel 1,39 eV-It kuni 1,23 eV-ni. Keemiliselt sadestatud SnS kilede alusel
valmistatud piikesepatarei struktuurid CdS-SnS olid parameetritega Voc = 0,3 V ja J,. = 0,373 mA/cm’.
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