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Hexagonal phase SnS
�

nano6akes have been synthesized by
reactions between an organotin precursor tetrabutyltin [TBT,
(CH2CH2CH2CH3)4Sn] and carbon disul5de in hexanes at
180}2003C for 10-40 h. The structure, morphologies, composi-
tion, and properties have been characterized by powder X-ray
di4raction (XRD), transmission electron microscopy (TEM),
selected area electron di4raction (SAED), X-ray photoelectron
spectroscopy (XPS), ICP-AES, and Raman and MoK ssbauer
spectroscopies. XRD patterns determined the hexagonal SnS

�
with lattice parameters a � 3.6384 A� , c � 5.9201 A� obtained in
n-hexane, and a � 3.6389 A� , c � 5.9288 A� in cyclohexane. The
6akelike morphologies were mainly caused by the anisotropic
growth of SnS

�
. A possible mechanism is given in the paper.

� 2002 Elsevier Science (USA)

Key Words: chalcogenide; SnS2; semiconductors; tetrabutyl-
tin; precursor; solvothermal crystal growth

1. INTRODUCTION

In the past few decades, metal chalcogenides have been
extensively studied because of their potential application in
electronic, optical, and superconductor devices (1}3). Tin
sul"des, as the IV}VI intermetallic compounds, possess
many semiconducting properties. SnS

�
belongs to the inter-

esting class of isomorphic materials that are in many ways
between two-dimensional (layer type) systems and three-
dimensional crystals, and it exhibits a strong anisotropy of
optical properties (4). SnS

�
is a layered semiconductor with

a band gap of about 2.35 eV (5) and therefore should have
the potential to work as an e$cient solar cell material (6). It
is also of interest in holographic recording systems and
electrical switching (7, 8).

Various methods have been employed for the preparation
of SnS

�
. For example, single crystals of SnS

�
have been

grown by chemical vapor transport (CVT) and physical
vapor transport (PVT) (9}11). Bulk SnS has been syn-
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thesized through direct reaction of the elements (12, 13),
solid state reactions (14, 15), mechanochemistry (16), and
pyrolysis of organotin precursors [(R

�
SnS)

�
or (R

�
Sn)

�
S;

R"Ph, PhCH
�
] (17, 18). Thin "lms of SnS

�
have been

synthesized through CVT (19), PVT (20), the Bridgman}
Stockbager technique (21), molecular beam epitaxy (MBE)
(22), spray pyrolysis (23), successive ionic layer adsorption
and reaction (SILAR) (24), and di!erent kinds of chemical
vapor deposition (CVD) (25}28). Meanwhile, the solvother-
mal method, as a useful synthetic route, has been employed
for the production of SnS

�
ultra"ne crystallites from the

inorganotin Sn source in our previous studies (29). How-
ever, to date, the preparation of SnS

�
from an organotin

precursor through the solvothermal synthetic route has not
been reported. In this paper we focus on the use of tet-
rabutyltin [TBT, (CH

�
CH

�
CH

�
CH

�
)
�
Sn], an organotin

precursor, as the "rst study of the synthesis of SnS
�

nanoc-
rystallites through the solvothermal route.

2. EXPERIMENTAL

Reagents. The chemically pure reagents TBT, CS
�
, sol-

vents (n-hexane and cyclohexane), and deionized water were
used in the experiments. TBT was purchased from Merck-
Schuchardt Corp. of Germany. CS

�
was obtained from

Shanghai Chemical Reagent Ltd. Corp. of China. Others
were purchased from di!erent chemical reagent corpora-
tions.

Procedure. In a typical procedure for the preparation of
SnS

�
, nanocrystallites were obtained from the solvothermal

reactions between TBT and CS
�

in hexanes. First, 1 ml of
TBT and 2}3 ml of CS

�
were dissolved in 20 ml of n-hexane,

respectively. Thereafter, the two solutions were put into
a Te#on-lined stainless steel autoclave of 50-ml capacity in
sequence. The autoclave was then sealed and maintained at
180}2003C for 10}40 h, and cooled to room temperature
naturally. The "nal precipitates were obtained and washed
with CS

�
, hexane, and deionized water to remove the by-

product of elemental sulfur and other impurities and then



FIG. 1. Powder XRD patterns of the samples (a) obtained in n-hexane
and (b) in cyclohexane.
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dried in a vacuum at 603C for 3 h. Other experiments with
cyclohexane replaceing n-hexane and with di!erent feed-
stock were also carried out.

Characterization. Powder X-ray powder di!raction
(XRD) was carried out on a China Dandong X-ray di!rac-
tometer with graphite-monochromatized Cu K�

�
radiation

(�"1.54178 A� ). The scanning rate of 0.063/s was applied to
record the patterns in the 2� range of 103 to 703. The
re#ection data were collected at &253C. The morphology
and the size of the products were observed by transmission
electron microscopy (TEM), carried out on a Hitachi H-800
transmission electron microscope. Meanwhile, electron dif-
fraction (ED) was also conducted. Samples were prepared
by placing a drop of dilute alcohol suspension of SnS

�
nanocrystallites dispersed by using a supersonic disperser
onto an amorphous carbon-coated copper grid and then
wicking away the solution. The electronic binding energy of
the samples was examined by X-ray photoelectron spectro-
scopy (XPS), which was recorded on a VGESCALAB MKII
X-ray photoelectron spectrometer using non-mono-
chromatized MgK� (h�"1253.6 eV) X ray as the excitation
source with an energy resolution of 1.0 eV. Binding energies
were calibrated to the internal standard C 1s peak
(284.6 eV). Element analysis was done by ICP-AES, which
was carried out on an Atomscan Advantage (Thermo Jarrell
Ash Corp.). The Raman spectrum was recorded on a Spex
1403 Raman spectrometer (�"514.5 nm) at ambient tem-
perature. The spectra of the samples were obtained in the
range 100 to 600 cm�� at a laser power of 150 mW with
a slit of 140 �m (&1 cm��) and an integration time of 0.5 s
per step. ���Sn MoK ssbauer spectroscopy was recorded at
room temperature in the constant-acceleration mode on
an Oxford MS-500 MoK ssbauer spectrometer with a
Ba����SnO

�
a� -ray source. The velocity scale was calibrated

with the magnetic sextet spectrum of a high-purity iron foil
absorber with a �	Co(Rh) source.

3. RESULTS AND DISCUSSION

Structure identi"cation of the as-prepared samples was
carried out using the XRD patterns, shown in Fig. 1. The
patterns (Fig. 1a) show that the as-prepared samples
(in n-hexane) are the hexagonal SnS

�
phase with lattice

parameters a"3.6384 A� , c"5.9201 A� , in accord with the
reported data (JCPDS Card File, 23-677, a"3.6486 A� ,
c"5.8992 A� ). Figure 1b also shows that the obtained SnS

�
in cyclohexane is the hexagonal phase, with lattice para-
meters a"3.6389 A� , c"5.9288 A� . By means of XRD anal-
ysis, no impurities are detected.

Figure 2a shows that the SnS
�

crystallites (in n-hexane)
have #akelike morphologies. Figure 2b is the image of
a complete hexagonal #ake obtained in the route. The
corresponding ED patterns (Fig. 2c) show that the #ake has
single-crystal nature. Figure 2d demonstrates that the crys-
tallization of the sample obtained in the route for 10 h is not
as good as that for 40 h (shown in Figs. 2a and 2b). The SnS

�
crystallites obtained in cyclohexane had similar morpholo-
gies (not shown).

XPS has been used to investigate the samples prepared in
the route. The survey XPS of the samples reveal two strong
peaks indicating the existence of Sn and S. Very little con-
taminated oxygen was absorbed in the samples. The close-
up spectra of the samples are used to determine the
oxidation states of elements. The obtained value of the
bonding energies for Sn 3d

�
�
is 486.60 eV in n-hexane and

486.65 eV in cyclohexane, which are near the reported value
for Sn�� in SnS

�
(30). Although the value is near that in

SnO
�

(31), SnO
�

could not be produced in the route because
of the oxygen-free reaction system. The Sn close-up spectra
also imply no SnS (Sn 3d

�
�
, 485.60 eV) (30a,32) has been

produced. The S 2p binding energies of the SnS
�

nanocry-
stallites are 161.55 eV in n-hexane and 161.65 eV in
cyclohexane, respectively. The results demonstrate that no
elemental sulfur (164.05 eV) (30b) is contained in the prod-
uct. Quanti"cation of the as-prepared SnS

�
has been given

by a direct elemental analysis of ICP-AES and it gives the
molar ratio of Sn:S as 1.000:2.046 in n-hexane and
1.000:2.032 in cyclohexane, respectively. The results reveal
that the obtained crystallites are stoichiometric.

The Raman spectra of the as-prepared SnS
�

nano#akes
are shown in Fig. 3, which exhibit an intense peak at about
311 cm��, corresponding to A

�g
mode according to the

group theory analysis given by Lucovsky et al. (33). In the
route, the peak located at about 210 cm�� of the "rst-order
Eg mode has not been obviously observed. The disappeared
peak of the Eg mode probably results from the nanosize
e!ect according to Abello et al.'s analysis (34). The



FIG. 2. (a) TEM image of SnS
�

obtained in n-hexane at 180}2003C for
40 h (scale bar, 1000 nm). (b) A typical hexagonal #ake obtained in
n-hexane (scale bar, 666 nm). (c) ED for the #ake in Fig. 2b. (d) TEM image
of SnS

�
obtained in n-hexane at 180}2003C for 10 h (scale bar, 125 nm).

FIG. 3. Raman spectra of the samples obtained in the route: (a)
in n-hexane with a feedstock of 1 ml:0.5 ml for TBT:CS

�
, (b) in n-hexane

with 1 ml:2 ml for TBT: CS
�
, (c) in cyclohexane with 1 ml:2 ml for

TBT:CS
�
.

FIG. 4. MoK ssbauer spectrum of SnS
�

obtained in n-hexane.
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MoK ssbauer spectrum of samples obtained in n-hexane is
illustrated in Fig. 4. The corresponding isomer shift (�) is
1.002 mm s�� for the products, which is consistent with the
Sn�� oxidation state. The absorption (peak) position shows
the characteristic absorption of SnS

�
. The full width at

half-maximum (�) is 1.068 mm s��, which coincides with the
reported value (35). In the spectrum, no absorption peak for
SnS or Sn

�
S
�

has been observed. The spectrum of SnS
�

obtained in cyclohexane gives similar results.
In the present process, the formation of SnS

�
is probably

based on the decomposition of CS
�

and TBT. Although the
precise composition of the products is not completely
known in the autoclave, it could be certain that a number of
decomposition reactions are possible in the process. Under
solvothermal conditions, the decomposition of CS
�

forms
sulfur radicals, which attack Sn}C bonds in TBT, promo-
ting a series of reactions. Solvothermal conditions at the
same time are favorable for the decomposition of TBT
between Sn and C atoms in the weak Sn-C bonds. The
overall results of the process could form SnS

�
. The main

reactions in the process could be proposed as follows:

CS
�
PS:#:CS [1]

S:#(CH
�
CH

�
CH

�
CH

�
)
�
SnP

(CH
�
CH

�
CH

�
CH

�
)
�
Sn"S#2CH

�
CH

�
CH

�
CH

�
z [2]
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S:#(CH
�
CH

�
CH

�
CH

�
)
�
Sn"SP

S"Sn"S#2CH
�
CH

�
CH

�
CH

�
z . [3]

In the reaction system, the reactions occurred in an
oxygen-free state the same as in the reported routes (such as
MBE (22), spray pyrolysis (23), and CVD (25}28)), so tin
oxides could not form the target products. In Fig. 3a
(Raman spectra), traces of SnS have been observed in SnS

�
crystallites, which indicates the feedstock of the reagents
may somewhat in#uence the product in the route. However,
the in#uence of the feedstock of reactants is rather incon-
spicuous; reaction temperature is the main factor. When the
temperature is lower than 1803C, SnS

�
is di$cult to obtain.

Longer reaction time is favorable for the crystallization of
SnS

�
#akes (Fig. 2). In the crystallization process, the forma-

tion of the #akelike nanocrystalline SnS
�

is mainly caused
by the intrinsic anisotropic nature of SnS

�
because SnS

�
has

a CdI
�
-related crystal structure (36). It consists of two layers

of hexagonal closed-packed sulfur anions with sandwiched
tin cations, which are octahedrally coordinated by six near-
est-neighbor sulfur atoms. Each sulfur atom is nested at the
top of a triangle of Sn atoms. Adjacent S}Sn}S layers are
bound by weak van der Waals interactions in the crystals. In
the route, the #akelike morphologies of the SnS

�
crystallites

have not been obviously a!ected by reagents.

4. CONCLUSIONS

SnS
�

nano#akes with hexagonal phase structure have
been synthesized from reactions between an organotin pre-
cursor tetrabutyltin and carbon disul"de under solvother-
mal conditions at 180}2003C in hexane solutions. The
formation of SnS

�
was proposed from the decomposition of

reactants and the attack of sulfur radicals. The reaction
temperature played an important role in the formation of
the nano#akes. The #akelike morphologies of the as-pre-
pared SnS

�
crystals are mainly caused by the intrinsic

anisotropy of SnS
�
. This available and useful method has

been employed to deposit the SnS
�
"lms on the di!erent

substrates.
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