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Ultraviolet laser photolysis of thiirane (C4H,S) allows chemical vapor deposition of sulfur-containing
solid which undergoes room-temperature reaction with copper and yields sub-pwm-sized amorphous
filamentary CuS/Cu,S/C/H structures incorporating CuS and Cu,S nanograins. Properties of these struc-
tures were examined by Fourier transform infrared, Raman and X-ray photoelectron spectroscopies, X-ray
diffraction and by electron microscopy. The results demonstrate the occurrence of reaction between solid
sulfidizing reagent and copper at room temperature.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Copper sulfides have arrested a lot of attention due to their
applications in solar cells, electroconducting electrodes, optical fil-
ters, superionic materials and chemical sensors (e.g. [1-6]). These
binary compounds occur in a variety of compositions and mor-
phologies [7] and their thin films and nanoparticles were prepared
by a number of techniques in the gaseous, liquid and solid phase.
These techniques involve reactive sputtering in H,S [8,9], gas-
phase deposition from H,S and Cu dithiocarbamate or diketonate
[10,11], room-temperature gas-solid reaction between H,S/0, and
Cu[12,13], high-temperature gas-solid reactions between Cu or CuCl
and H,S [14,15] and between CuCl and Si and gaseous sulfur [16],
solid-liquid reaction between sulfur dissolved in amine and Cu[17],
CuO(s) and thiourea solution [18], S(s)-Cu diketonate solution [5]
and CuCl, /Na,S-liquid surfactant [19], and many inorganic reactions
in solution as solvothermal (e.g. [5,6,20-23]), hydrothermal (e.g.
[24,25]), microwave-induced solvothermal [26], spray-pyrolytic
(e.g.[27,28]), ionic liquid-assisted [29], ionic layer adsorption [30]
chemical bath and [31] and microwave assisted chemical bath
[32,33] reactions.

Traditional and simple synthesis of copper sulfides from the ele-
ments is feasible only at high temperatures (e.g. [34,35]) and the
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direct reaction at temperatures below 150°C is restricted by the
passivation effect of the CuSy layer on copper surface and its com-
pletion requires reactant milling [36] or the use of solvent [37,38].
As for the room-temperature reaction between sulfur and copper,
ithas been only reported for sulfur vapor and revealed as extremely
slow and resulting in thin Cu,S overgrowth on Cu with sulfur vapor
exposures of the order of 10~7 Torr h [39].

We have previously reported on UV laser gas-phase photolysis
of organic selenides [40,41] for photochemical deposition of sele-
nium films on different metal substrates and found out that thin
solid Se films undergo fast room-temperature solid-state reaction
with copper and other metals substrates [42].

It was of our further interest to examine the feasibility of the
yet unobserved room-temperature reaction between Cu and solid
photochemically deposited sulfur. Here we report on UV laser pho-
tolysis of thiirane (C4H,S) and reveal that this reaction allows
deposition of sulfur containing solid which rapidly reacts with cop-
per at room temperature to yield copper sulfides. We also show that
this reaction allows fast formation of sub-pwm-sized amorphous
copper sulfide filaments containing crystalline grains of copper
sulfides.

2. Experimental

The ultraviolet (UV) laser photolysis of gaseous thiirane
(30Torr) was carried out in a Pyrex reactor (two orthogonally
positioned tubes, one fitted with two KBr windows and the other
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furnished with two quartz plates, 140 ml in volume, base pressure
less than 0.05 Torr) using an ArF (ELI 94) laser operating at 193 nm
with a pulse energy of 50 m] and repetition rate of 10 Hz. The reac-
tor was equipped with a sleeve with a rubber septum and PTFE
valve connecting to a vacuum manifold. It accommodated a 1 cm?2-
sized copper substrate or a tungsten substrate (as an inert standard)
which were covered with the deposit in the course of the photol-
ysis and transferred after thorough evacuation for examination of
spectral, diffraction and microscopic properties.

In a typical experiment ca. 60% decomposition of thiirane was
accomplished in 7 min-irradiation as checked by in situ Fourier
transform infrared (FTIR) spectral analysis using analytical band
of thiirane at 627 cm~. Aliquots of the irradiated reactor content
were sampled by a gastight syringe (Dynatech Precision Sampling)
and analyzed by gas-chromatography-mass spectroscopy (GC-MS)
(a Shimadzu QP 5050 mass spectrometer, 60 m capillary column
Neutrabond-1, programmed temperature 30-200°C). The decom-
position products were identified through their FTIR diagnostic
bands (an FTIR spectrometer (Nicolet Impact), ethene 949 cm™1,
ethyne 730cm~! and CS, 1539cm~1) and through mass spectra
using the NIST library. The same GC-MS analysis was also applied
to solution of the deposit in CS,.

The deposited films were after evacuation of the gaseous
products analyzed with a Raman spectrometer (Nicolet Almega
XR, resolution 2 cm~1, excitation wavelength 473 nm and power
10mW), X-ray photoelectron spectroscopy, X-ray diffraction and
by electron microscopy.

The Raman spectral analysis was carried out on different
microregions of the films to examine the deposited films for non-
homogeneous spots. Diffraction patterns were measured with an
X-ray diffractometer (PANalytical X'Pert PRO) equipped with a con-
ventional X-ray tube (Co Ka radiation, 40 kV, 30 mA, point focus), an
X-ray monocapillary with diameter of 0.1 mm, and a multichannel
detector X’Celerator with an anti-scatter shield.

Scanning electron microscopy (SEM)images were obtained with
amicroscope (Philips XL30 CP) equipped with an energy-dispersive
analyzer (EDAX DX-4) of X-ray radiation. Transmission electron
microscopy (TEM) analysis (particle size and phase analysis) was
carried out with a microscope (JEOL JEM 3010) operating at 300 kV
and equipped with an EDS detector (INCA/Oxford) and CCD Gatan
(Digital Micrograph software) on scraped samples that were sub-
sequently dispersed in ethanol followed by application of a drop of
a diluted suspension on a Ni grid.

The C 1s, S 2p3p; and Cu 2p3j; photoelectron spectra of the
deposited films were measured in an ESCA 310 electron spectrome-
ter (Scienta) with a base pressure better than 10~° Torr using Al Ko
radiation (1486.6 eV) for electron excitation. The surface composi-
tion of the deposited film was determined by correcting the spectral
intensities for subshell photoionization cross-sections [43].

Copper sheets (Lachema, 99.9% purity) were scrubbed to remove
superficial oxide layers and thiirane (Aldrich, purity 98%) was dis-
tilled on the vacuum line prior to use.

3. Results and discussion

The ArF laser photolysis of gaseous thiirane (30 Torr) with laser
beam parallel to Cu surface results in the formation of ethene (a
main product), small amounts of ethyne, hydrogen sulfide and car-
bon disulfide, and traces of methane, propene, methylthiirane and
ethanethiol (Fig. 1).

The observed formation of ethene, ethyne and hydrogen sul-
fide is compatible [44-46] with primary channels yielding S + C;Hy,
HS +CyH3, and H+SCyH3 and with secondary cleavages of HS and
SCyH3 species, all of which contributing to formation of sulfur
atoms. We assume that concomitantly with these channels, S atoms
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Fig. 1. GC-MS trace of volatile products of ArF laser photolysis of thiirane. Designa-
tion: 1, air; 2, methane; 3, ethene; 4, ethyne; 5, H,S; 6, propene; 7, CH3SH; 8, carbon
disulfide; 9, thiirane; 10, methylthiirane.

are also formed by photolysis of CS, which is produced in molar
amounts 2.3 times lower than C;H4. The photolysis of CS; is known
to take place as the dissociation into CS+S and result in deposi-
tion of elemental sulfur and polythiene (CS), [47]. The observed
volatile products and the previously determined primary steps in
the gas-phase photolysis of thiirane are thus compatible with gas-
phase deposition of sulfur as a major and polythiene as a minor
solid product.

Copper substrate becomes black immediately after the photol-
ysis, which confirms that the depositing solid reacts rapidly with
Cu surface. The Raman spectra of the black layer on Cu measured
after 2 h evacuation of the reactor were compared to those of the
deposit on tungsten (Fig. 2) and they show the presence of copper
sulfide and a C/H/S polymer.

The spectra of the deposit on tungsten (Fig. 2a) consist of a strong
band centered at 470cm~!, medium bands at 221 and 153 cm™!
and weak bands at 830-870cm™!, 1440 cm~! and 2910cm~". The
bands at 470,221 and 153 cm~! belong to elemental sulfur, specifi-
cally to cyclooctasulfur Sg [48], and the bands at 830-870, 1440 and
2910 cm~! correspond, in the given order, to -C=S- stretches, a C=C
stretch in (S;)C=C(S;) configuration and to two-photon-excited
scattering and/or a C-H stretching mode [47]. The spectra of the
deposit on copper (Fig. 2b) show a strong band at 472 cm~! along
with weak bands at 266 and 910 cm~!, which are assignable to cop-
per sulfide and coincide with the scattering pattern of annealed
CuS [49]. The medium band at 1446 cm~! and the week band at
2885cm~! (seen also in the spectrum on tungsten, Fig. 2a) assign
to the vibrations of the C/H/S polymer.

The X-ray photoelectron spectra of the superficial layers of the
deposit on Cu show the presence of sulfur, copper, carbon and small
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Fig. 2. Raman spectra of the deposit on W (a) and Cu (b) substrates.
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Fig. 3. Spectrum of S 2p (a) and Cu 2ps; (b) photoelectrons of the deposit on Cu substrate.

amounts of oxygen. The S/Cu atomic ratio ~0.4 and the S 2p3;, signal
(binding energy 161.7 eV) along with the Cu 2p3), spectrum (com-
ponents at 932.4 and 934.4eV) correspond [50] to sulfidic (S27)
sulfur and to a mixture of 65% of CuyS and 35% of CuS (Fig. 3).
The assignment of Cu,S is in accord with the determined value
of kinetic energy of the Auger L3My5My5(1G) electrons 917.3 eV.
Some samples also show small contributions of the S 2p;, signal
at 164.0eV and confirm [51] that the sulfidic sulfur is accompanied
with -C-S-C-moieties and/or elemental sulfur.

The Fourier transform infrared spectrum of the deposit (Fig. 4)
shows absorption bands at 2962, 2912 and 2855 cm~! belonging
to C-H stretch, a strong band at 1640 cm~! assignable to v(C=C)
vibration in conjugated systems, bands at 1535 and 1514cm™!
along with bands at 1440-1370cm~! which are attributed to
S-substituted C=C stretches, a band at 1251 cm~! belonging to
skeletal vibrations of C=C bonds, and bands at 1175 and 1050 cm™!
assigned to C=S stretch. The bands at 488, 470 and 430 cm™! relate
to S-S bridges, and particularly to stretching vibration of sulfur
allotropes. We conclude that the spectral pattern includes features
of polythiene [47] and elemental sulfur (Sg).

Electron microscopy analysis (Fig. 5) shows bundles of sub-pm-
thick filaments which are longer than 50 pm. These filaments are
ended with a wider parts consisting of agglomerated globules and
resemble stamen in flowers. The energy dispersive X-ray-SEM anal-
yses reveal atomic percentage of elements (S, 20-28%; Cu, 44-46%;
C, 18-23%; 0O, 5-8%) and they can be accounted for by contribution
of both filaments and the environment of merged particles (best
seen in Fig. 5a).

The micro-X-ray diffraction analysis of the deposit (Fig. 6) car-
ried out on several samples reveals the occurrence of an amorphous
state or very low signals compatible [52] with Cu,S digenite. These
findings, along with the Raman spectral data, support the preva-
lence of amorphous over crystalline copper sulfide(s).

The high-resolution transmission electron microscopy (HRTEM)
analysis of the deposit is compatible [52] with amorphous phase
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Fig. 4. FTIR spectrum of the deposit on KBr substrate.

which contains crystalline nanograins of CuS, Cu,S and carbon
(Fig. 7). The identification of these CuxS nanograins in amor-
phous blend of CuxS and carbon phase is possible through FFT
(finite Fourier transform) diffraction patterns (in insets) and
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Fig. 5. SEM images of the deposit on Cu substrate showing amorphous sub-pwm-
sized flower-like filamentary features at different magnification (a-c).
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Fig. 6. Typical micro-XRD patterns of the deposit showing (a) an amorphous phase
(A) and (b) very low signals of digenite (D) on copper substrate (C).

is illustrated in Figs. 7 and 8. The lattice image of hexago-
nal copper sulfide Cu,S with interplanar spacing d(102)=2.40A
and d(110)=1.97A (Fig. 7a and b) corresponds to chalcocite,
PDF ICDD 24-0057. Hexagonal lattice structure P63/mmc of CuS
confirmed by d(102)=3.02A and d(103y=2.76 A (Fig. 7c and d)
relates to covellite (PDF ICDD 75-2234). Both CuS and Cu,S
nanograins are in neighborhood of amorphous carbon and hexag-

onal carbon (interlayer spacing d(;10) =4.47 A (PDF ICDD 20-0257))
(Fig. 7).

The adjacent position of two different nanocrystals is seen in
Fig. 8. Two ca. 200 nm-sized bodies merging into each other (Fig. 8a)
provide illustration of an amorphous nanobody (1) in contact with
a nanocrystalline features-containing body (2). The energy disper-
sive X-ray spectroscopy analysis of the respective objects shows
atomic C/S ratios 1.9/1 and 2.9/1, and the electron diffraction and
HRTEM images of the nanobody 2 reveal lattice planes and inter-
layer spacing values of co-existing nanocrystalline grains of Cus,
Cu,S and carbon (Fig. 8b-d).

These data allow assume that both nanobodies 1 and 2 grow
from the copper-sulfur inter-phase through mutual diffusion
of both counterparts, which initially leads to development of
Cu-S amorphous phase and in later stages to crystalline Cu-S
nanophases when the proper Cu/S ratios have been attained. We
presume that reduction of sulfur and oxidation of copper (lead-
ing to formation of copper sulfides) occurs during development of
amorphous Cu-S phase and that the filament formation is facili-
tated through growth of amorphous and crystalline CuSy in inner
layers and a forced motion of polythiene component to outer
layers.

All the complementary analyses are thus in agreement with a
growth of amorphous sub-pwm-thick and several pm-long filamen-
tary, flower-like features that contain Cu,S and CuS nanograins in
an amorphous phase composed of CuyS constituent, C/H/S poly-

Fig. 7. HRTEM images of the deposit scraped from Cu substrate, showing nanoregions of Cu,S (a, b) and CusS (c, d) in contact with amorphous and hexagonal carbon.
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Fig. 8. Electron diffraction and HRTEM images of a nanoregion of coexisting CuS, Cu,S and carbon, showing adjacent amorphous (1) and nanocrystalline (2) grains-containing
bodies (a) together with lattice planes of CuS and Cu,S with values of corresponding interlayer spacing (b-d) for body 2.

mer and hexagonal carbon. The fast growth of these structures
confirms feasible solid state room-temperature reaction between
copper and photolytically deposited sulfur, which is not hindered
by the co-existence of the photolytic by-products (S/C/H polymer
and carbon).

4. Conclusions

Ultraviolet laser-induced photolysis of thiirane allows chemi-
cal gas-phase deposition of elemental sulfur (Sg), hexagonal carbon
and polythiene. This solid phase interacts with copper at room tem-
perature, allowing growth of amorphous sub-pm-thick and several
tens of wm-long filaments that contain Cu,S and CuS nanograins in
their amorphous polythiene- and carbon-containing CuS/Cu,S bod-
ies. The growth of pm-sized copper sulfides nanostructures shows
the occurrence of solid-state reaction between copper and sulfur at
room temperature.
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