JOURNAL OF

Deposition of tin sulfide thin films from tin(iv) thiolate precursors
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AACVD (aerosol-assisted chemical vapour deposition) using (PhS),Sn as precursor leads to the deposition of
Sn304 in the absence of H,S and tin sulfides when H,S is used as co-reactant. At 450 °C the film deposited
consists of mainly SnS, while at 500 °C SnS is the dominant component. The mechanism of decomposition of
(PhS)4Sn is discussed and the structure of the precursor presented.

1. Introduction

While the deposition of SnO; films has attracted considerable
interest over a number of years,' routes to the formation of
films of the corresponding tin sulfides are much less well
studied. Several binary tin sulfides are known (SnS, SnS,,
Sn,Ss, Sn3S4, SnuSs)? of which only SnS, SnS, and Sn,S; are
discrete phases.’ SnS and SnS, are the most important, with
band gaps of 1.3 and 2.18 eV, respectively.*> SnS, whose band
gap lies between those of silicon (1.12 eV) and gallium arsenide
(1.43 eV) has been identified for potential use in holographic
recording media®’ and solar control devices.** ' The band
gap for Sn,S; has been reported as 0.35¢V.!!

Bulk materials (SnS, SnS,) have been prepared by direct
reaction of the elements,'>'* solid-state metathesis reactions'”
and pyrolysis of organotin precursors [(R,SnS); or (R3Sn),S;
R =Ph, PhCH,].'*'® Crystalline materials have been prepared
by chemical® and physical vapour transport,'® while thin films
have been deposited by chemical vapour transport in ultra-high
vacuum,”® from solutions,'®*'~>* by thermal evaporation® and
electrochemical methods.?® Spray pyrolysis of SnCl, and
thiourea generates films of SnS,?’ while the analogous use of
SnCl, and N,N-dimethylthiourea can be controlled via the
pyrolysis temperature to furnish either Sn,S; or SnS.%
Chemical vapour deposition (CVD) methods have the attrac-
tion of being able to coat relatively large areas at high growth
rates but have received little attention. Plasma-enhanced CVD
of SnCly/H,S/H,* and conventional CVD of R,Sn/H,S/H,
(R=Me, Et)* have been shown to deposit SnS, though the
latter citation is possibly erroneous as it is based on control by
the reducing atmosphere and colour rather than on film
analysis. We have been interested in CVD routes to tin sulfides
for potential use in solar-control and self-cleaning applications
with the aim of developing an effective deposition methodology
at atmospheric pressure. We have previously reported the use
of SnXy/H,S (X=CL3*3! Br*?) as temperature-tunable dual-
source atmospheric pressure CVD (APCVD) routes to SnS,
Sn,S; and SnS; and Bu3;SnO,CCF3/H,S for the deposition of
SnS.* However, single-source precursors offer an alternative
methodology and one which, in principle, can negate the need
for large volumes of toxic H,S. In this paper we focus on the
use of the homoleptic tin(1v) thiolate (PhS)4Sn (1) as the first of
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several studies to evaluate potential precursor compounds for
tin sulfide deposition.

2. Experimental
Instrumentation

Infrared spectra were recorded as hexachlorobutadiene mulls
between KBr plates. Measurements were made using a Nicolet
510P Fourier transform spectrometer within the range 4000—
400 cm ™! with a medium slit width and a peak resolution of
4.0cm~!. Carbon, hydrogen and nitrogen were determined
using a Carlo-Erba Strumentazione E.A. model 1106 micro-
analyser operating at 500 °C; results were calibrated against an
acetanilide standard. '"H and '*C NMR spectra were recorded
using either Jeol INM-GX-270FT (270 MHz) or Jeol EX-400
(400 MHz) Fourier transform spectrometers using SiMe, as an
internal reference. !'°Sn NMR spectra were recorded on a Jeol
EX-400 (400 MHz) spectrometer; chemical shifts are relative to
Me,Sn. Details of our Mossbauer spectrometer and data
handling procedures are given elsewhere.>* SEM and EDAX
were obtained using a Hitachi S570 Filament Scanning
Electron Microscope, with a beryllium window. EDAX
analyses were standardised relative to cobalt metal. EDAX
data were quantified using the Oxford Instruments AM10,000
software package. Raman spectroscopy was carried out using a
Dilor Infinity Raman spectrometer with a notch filter and a
CCD detector coupled to an Olympus microscope. Spectra
were recorded using using an excitation line of wavelength
632.8 nm from a HeNe laser and calibrated against neon
emission lines. X-Ray photoelectron spectra were recorded
with a VG ESCALAB 2201 XL instrument using monochro-
matic Al-K,, radiation at a pass energy of 20 eV and a spot size
of 600 um. Depth profiling was carried out using an Ar* ion
gun for one six minute etch. X-Ray diffraction patterns were
measured on a Philips X-pert diffractometer using unfiltered
Cu-K, (/;=1.5045 A, 1=1.5443 A).

Synthesis

Compound 1 was synthesised by the method of Backer and
Kramer.*® (Phenylthiolato)sodium (9.42 g, 71.3 mmol) was
added to a solution of tin tetrachloride (2.0 cm?, 17.4 mmol) in
dry, degassed toluene (100 cm®) and refluxed for 2 h. After
cooling to room temperature NaCl and excess sodium thiolate
was removed by filtration and the resultant filtrate evaporated
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to dryness in vacuo. Recrystallisation from diethyl ether
(30 cm?®) afforded 1 as colourless crystals (7.73 g, 80%). Mp
52°C (lit. 67°C).>® Analysis, found (calculated for
CosHyS,Sn): C 51.4(51.9), H 3.60(3.63)%. 'H NMR
(CDCly): 7.20-7.58 (m, 20H, Cg¢Hs); '*C NMR (CDCl5):
127.9, 128.7, 129.0, 135.7 (C¢Hs); '"?Sn NMR (CDCl,):
48.2 ppm. IR (hexachlorobutadiene mull, KBr): 3079m,
3053m, 1476s, 1438s, 743vs, 689vscm”'; Mossbauer:
IS=1.43, '=0.95mms "

Crystallography

A crystal of approximate dimensions 0.4 x 0.3 x 0.2 mm was
used for data collection. Crystal data: C,4H»0S4Sn, M =555.33,

orthorhombic, a=17.192(1), b5=8.553(2), c¢=8.342(1)A,
U=1226.6(3) A3, space group Pha2, Z=2, w(Mo-
K,)=1.390mm™'. Crystallographic measurements were

made at 293(2) K on a CAD4 automatic four-circle diffract-
ometer in the range 2.36 <0<23.89°. Data (1037 reflections)
were corrected for Lorentz and polarization but not for
absorption. In the final least squares cycles all atoms were
allowed to vibrate anisotropically. Hydrogen atoms were
included at calculated positions where relevant. The solution
of the structure (SHELX 86)*° and refinement (SHELX 93)*’
converged to conventional [ie. based on 729 F* data with
Fo>4g(Fo)] R1=0.0527 and wR2=0.1179. Goodness of
fit=1.073. The max. and min. residual densities were 1.087
and —0.532 ¢ A~ respectively. The asymmetric unit is shown
in Fig. 1 along with the atom labelling scheme used in the text.
CCDC 1145/247. See http://www.rsc.org/suppdata/jm/b0/
b005888m/ for crystallographic files in .cif format.

Film deposition

Hydrogen sulfide (99.7%) and nitrogen (99%) gases were
purchased from BOC and used as supplied. SnO,/SiO,-coated
glass supplied by Pilkington Glass plc was used as the
substrate. A Pifco Health ultrasonic humidifier Model
No. 1077 was used to nebulise the precursor as solutions
described elsewhere.*® AACVD reactions were carried out on a
horizontal-bed cold-walled reactor. Glass pre-coated with
SnO, and a topcoating of SiO, was cleaned by being wiped

Fig. 1 ORTEX® plot of the asymmetric unit of 1. Thermal ellipsoids
are at the 30% probability level. Selected metric data: Sn(1)-S(1)
2.379(4), Sn(1)-S(2) 2.401(4), S(1)-C(1) 1.76(1), S(2)-C(7) 1.78(1) A;
S(1)-Sn(1)-S(1") 114.9(2), S(1)-Sn(1)-S(2) 106.0(1), S(1')-Sn(1)-S(2)
107.8(1), C(1)-S(1)-Sn(1) 98.2(4), C(7)-S(2)-Sn(1) 98.5(4)°.

with petroleum spirit (bp 40-60 °C), washed with propan-2-ol
and dried in air. During heating, a 0.5 dm’min~' flow of
nitrogen was passed through the system. The temperature of
the glass substrate was varied between 300 and 600 °C. When
the required temperature was attained, the system was left for a
few minutes to reach thermal equilibrium. Tetra(phenylthio-
lato)stannane 1 was admitted to the system via the use of a
nebuliser. 0.1 g of 1 was dissolved in 50 ml hexane which was
poured into a modified round-bottomed flask approximately
1 cm above the piezoelectric component of the nebuliser. The
flow of nitrogen through the round-bottomed flask was
increased to 2dm’min”' and  hydrogen sulfide
(0.4 dm® min ") was admitted to the system. Run times of
approx. 20 min were marked by the turning on and off of the
humidifier at the start and end of the experiment. After the
reaction, the hydrogen sulfide flow was stopped. The heater
was turned off and the glass and reactor allowed to cool to
room temperature under a 0.5 dm® min~! flow of nitrogen.

3. Results and discussion
Synthesis and crystallography

Compound 1 was synthesised by the reaction of NaSPh and
SnCl, in toluene (80% yield) following established proce-
dures.*>*4® The compound is air stable with a pungent odour.
Crystals suitable for crystallography were obtained from ether.

The structure of 1 is shown in Fig.1 and, to our
knowledge, is the only simple homoleptic tin(iv) thiolate
structurally characterised to date, though those of
the functionalised species (PyS)sSn*' and [MeS(Ph)C=
C(Ph)S]4Sn42 have been reported. The asymmetric unit of 1
consists of one half of a molecule with the central tin atom
seated on a 2-fold rotation axis implicit in the space group
symmetry. The remaining portion of the molecule is
generated via the symmetry operation 1—x, —y, z. The
coordination about tin is, perhaps not surprisingly, tetra-
hedral, in contrast to the corresponding (RO),Sn species
which, having higher Lewis acidity due to the more polar Sn—
O bonds, expand their coordination spheres by dimerisation
(u-OR bridged) and/or solvation by ROH.**** The structure
of [MeS(Ph)C=C(Ph)S]4Sn, which incorporates a ligand
predisposed to chelation, does however show two sets of
Sn—-S bonds corresponding to the strong covalent
[2.436(1) A] and weaker coordinate [3.599(2) A] Sn-S inter-
actions.

The Sn-S bonds in 1 [2.379(4), 2.401(4) A] are consistent
with, but generally shorter than, those in related species such as
PhiSnSPh [2.421(1) A],  Ph,Sn(SPh),  [2.410(2) A],*
PhiSn(SCioH;) [2.418(1) A], Me,Sn(SCioH7), [2.418(4),
2.411(3) A]*® and [MeS(Ph)C=C(Ph)S],Sn. The S-Sn-S bond
angles about tin [114.9(2), 107.8(1), 106.0(1)°] show deviations
from the ideal which, although small, are unexpected in a
perfectly symmetrical molecule free from internal congestion.
While such features are conveniently dismissed as arising from
packing effects such an analysis clouds what appears to be a
subtle bonding feature. Almost identical angular distortions
are observed in the primary (tetrahedral) coordination sphere
of [MeS(Ph)C=C(Ph)S]4Sn [107.0(1), 114.5(1)°] and we have
noted S—-Sn-S angles in the range 99.2-117.2° amongst the
related species (CyS),Sn and (‘BuS),Sn.*’ E-M-E angular
distortions in the range 100.4-117.4° have been reported for
other members of the generic series (RE);M (M =C, Si, Ge, Sn;
E=0, S, Se). These angular variations can be modelled by
AMI1 calculations on isolated molecules,*’ again mitigating
against packing effects, and appear to be associated with
bonding MOs involving E---E interactions along with the
conformational preferences for the various C-S-Sn-S units.
We will report more fully on this matter elsewhere.
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Fig. 2 XRD pattern (a) and Raman spectrum (b) for the film produced
from the CVD of 1 in the absence of H,S, identified as Sn;O,4. The
Raman spectrum of the film after heating at 500 °C in a stream of H,S,
identified as Sn,S;, is also shown (c).

Decomposition and deposition studies

In the absence of H,S (i.e. using 99.9% N,) the films produced do
not contain sulfur. The XRD pattern (Fig. 2a) is identical to that
previously reported for Sn;O4 (PDF 16-0737) and shows no peaks
assignable to SnO, or SnO. The broad peaks are indicative of
nanocrystalline material but it is difficult to get accurate crystal
sizes in such materials because of preferred orientation effects.
Further confirmation of the film composition comes from the
Raman spectrum (Fig. 2b) which shows two bands (140, 169 cm ')
that compare well with literature data for Sn3;O, (145,
171 ecm™1).#4 Sn;0, was first reported in 1967°° and subse-
quently identified as being formed either when SnO dispropor-
tionates in the range 250-450 °C>! or is partially oxidised.*®

The preferential deposition of oxide, rather than sulfide,
films even when only traces of oxygen are present in the carrier
gas has been noted by others. For example, decomposition of
Bu,InSPr' under CVD conditions yields In,S; only when
99.999% Ar is the carrier gas. When 99.99% or lower purity Ar
is used In,O; is formed and the rate of oxide formation is faster
for Ar containing 0.1% O, than when 1% O, is present. The
authors postulate that a sulfide film (InS, In,S;) is the primary
deposition product but that it is readily oxidised by small
amounts of O, in the carrier gas.5 2 However, we see no evidence
for oxide formation when the sulfide is deposited under a
partial pressure of H,S followed by cooling the film in N,
alone, which suggests that in the absence of H,S it is the oxide
which is formed directly.

While bulk and vapour phase decompositions can follow
different routes, the former can afford useful clues as to the
nature of the CVD process. Thus, we have carried out the
thermal decomposition of bulk 1 and examined the products as
a function of temperature by Mossbauer spectroscopy. After
2 h heating at 200 °C in a dried Schlenk tube under dynamic
vacuum, all traces of 1 (Fig. 3a) are gone and the spectrum
consists of a high velocity doublet (IS=3.00, QS=1.99,
I'=123mms"!, 66%) and a narrow doublet typical of SnO,
(IS=0.12, QS=0.58, I'=1.10mm s, 34%) (Fig. 3b). The
major component is clearly Sn(i) and has parameters similar to
those recorded for (PhS),Sn (IS=3.19, QS=1.70,
I'=1.10mm s~ ') which was prepared by a literature route.
After a further 2 h at 300 °C, the Sn(i1) component has largely
disappeared and the spectrum is dominated by SnO, (Fig. 3c).
The clear inference is that 1 decomposes initially by loss of
PhSSPh to yield (PhS),Sn, and this process is aided by the close
S---S contacts (narrow <S-Sn-S) seen in the structure of 1
(Fig. 1). The genesis of SnO, could either be by oxidative
decomposition of the Sn(m) species directly, or by further
elimination of PhSSPh to leave highly reactive Sn(o). While we
have no direct evidence for the in situ formation of tin metal,
the ease of formation of tin oxides (both here and in the CVD
process) is consistent with a highly reactive intermediate.
Others have reported that decomposition of (BuS),Pb (various
isomers) yields PbS contaminated by traces of Pb and PbO, the
oxide being ascribed to post synthesis oxidation of the metal.>
In addition, the EI mass spectrum (70 eV) of 1 remarkably
involves no tin-containing fragments. The two fragments which
dominate the spectrum occur at m/z of 109 and 218,
corresponding to PhS and PhSSPh, respectively. Furthermore,
we have observed in other aspects of this study that
(CsH1S)>Sn, when heated to ca. 100 °C deposits a tin mirror
on the walls of the reaction vessel and that Sn;O4 has recently
been identified as the product of the thermal oxidation of tin
metal on glass at ca. 450°C.*® In the TGA of 1, weight loss
begins at 186 °C and continues gradually up to 390°C. The
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Fig. 3 Mossbauer spectra of (a) 1, (b) 1 heated for 2 h at 200 °C and (c¢) further heating for 2 h at 300 °C, both under dynamic vacuum.
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Fig. 4 SEM of the film produced by the decomposition of 1 in a flow of
H.,S (0.4 dm® min~") at 500 °C.

residue corresponds to 25.3% of the original mass which
correlates well with the composition being Sn;Oy4 (i.e. SnOj 33
corresponds to a theoretical 25.2% residual weight).

Other reports on the decomposition of (RS),M reveal that
elimination of R,S is most commonly observed, with MS as
residue.’*™> Both Bu,S (i-, s-Bu isomers) and BuSSBu (s-Bu
isomers) have been identified as by-products in the decom-
position of (BuS),Pb (z-, s-, i-Bu isomers), though the disulfide
can be explained as arising from decomposition of ‘Bu,S.>* On
the other hand, Hg(TeR), decomposes to Hg and RTeTeR>*
and it is known that (RS)4Sn can be prepared by oxidative
addition of RSSR to tin metal.>’

With ca. 10% H,S added to the carrier gas tin sulfide films
were produced which were either yellow in colour (deposited at
450 °C) or grey for deposition at higher temperatures (500 and
550 °C). SnS, is yellow with a metallic lustre® and SnS is grey/
black in colour."® By Scanning Electron Microscopy (SEM) the
films appeared to be composed of small particles approximately
1 um long and 100 nm wide. There were large areas of glass
visible between the particles (Fig.4). The films were not
particularly adherent to the glass, and while they passed the
Scotch tape test they could be removed from the substrate with
a scalpel.

Both tin and sulfur were observed in the films by Energy
Dispersive Analysis by X-rays (EDAX). It was impossible to
determine the precise composition of the films by this technique
as most of the excitation volume studied was comprised of the
underlying glass due to the thin coverage of the substrate by the
film. By X-ray photoelectron spectroscopy the tin 3ds,, binding
energy was found to be 485.6 eV for the film deposited at
500 °C which corresponds to SnS, and 485.9 eV for the film
deposited at 450°C which is indicative of tin in a higher
oxidation state (i.e. SnS,).>® For the film deposited at 500 °C a
shoulder was seen on the surface at 486.6 eV which is the
binding energy of Sn0,> and this is most likely due to surface
oxidation since this shoulder disappeared after etching. The
sulfur 2p binding energy was observed to be 153.5eV.

Raman microscopy showed that the films were not phase
pure. The film deposited at 450°C was found to be
predominantly SnS, with some SnS (Fig. 5a) and the film
deposited at 500 °C was found to be predominantly SnS with
traces of SnS, (Fig. 5b). It has previously been reported that the
Raman spectrum of the 2H-polytype of tin(iv) sulfide has its
principal band at 317 cm ™! with a weaker band at 209 cm ™! ¢°
due to the intra-layer modes of A, and E symmetry,

(a) : 313

218

(b)

Intensity (a.u.)

0 100 200 300 400
Wavenumber/cm-1

Fig. 5 Raman spectra of films produced by the CVD of 1 at 450 °C (a)
SnS, with traces of SnS and 500 °C, (b) SnS with traces of SnS,, both
with a flow of 0.4 dm®min~' H,S.

respectively. The spectrum of tin(i) sulfide, as reported
previously,®! has Raman bands at 218, 189, 160 and 94 cm ™!
corresponding to crystallites of tin(i) sulfide with random
orientations. The films were too thin to be analysed by
reflectance X-ray diffraction.

SnS, films are stable up to 400 °C but at 550 °C convert to
primarily SnS, as evidenced by a Raman spectrum qualitatively
identical to that of Fig. 5b, save for a greater intensity to the
band at 218 cm ™!, A stream of H,S (0.4 dm>min ") facilitates
the reduction, such that under these conditions SnS; is partially
reduced to Sn,S; at 500°C (the Raman spectrum closely
resembles that of Fig.2c) while at higher temperatures
complete reduction to SnS is achieved (Raman data: 217,
189, 159, 95 cm_l). These observations have clear implications
for the temperature-controlled CVD of tin sulfides in the
presence of H,S.

It is important to note the previous CVD routes for the
deposition of tin sulfide films either use H,S as co-
reactant*?®>2 or use reagents which are likely to generate
H,S in situ during decomposition e.g. thioureas.>”*® Spray
pyrolysis of SnCl,/N, N-dimethylthiourea also leads to SnO,
films at 7=450 °C, although sulfide films are deposited at lower
temperatures.28 Moreover, we have found that Sn;O, films
produced in the absence of H,S can be converted to tin sulfide
films on heating in a stream of the latter gas. The Raman
spectrum of the resulting material (Fig. 2c) shows peaks at 305,
250, 231,180 and 70 cm ™! which are all present in the reference
spectrum of Sn,S;.9% The formation of a mixed-valence tin
sulfide from a mixed-valence tin oxide (Sn30,) is perhaps not
surprising.

4. Conclusions

Tin(1v) thiolates, typified by (PhS)4Sn, can be used for the
deposition of tin sulfide films by aerosol-assisted CVD,
provided the carrier gas contains ca. 10% H,S. The films
produced are dependent on the deposition temperature, with
predominantly SnS, produced at 7<500°C and SnS at
T>500°C. The temperature regimes are insufficiently distinct
to lead to phase-pure films. In the absence of H,S only Sn;0y,
films are observed, highlighting the preferential formation of
oxide films in the absence of a secondary sulfur source.
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