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Silver sul®de particles embedded in thin coatings of transparent and homogeneous silica glass are promising

materials for the development of optical devices. The optical properties are strongly dependent on the elemental

composition and morphology of the coatings as well as on the size distribution of the nanoclusters. A sol±gel

route has been used to achieve good control over ®lm composition and morphology. The dip-coating procedure

from alcoholic solutions containing tetraethoxysilane [Si(OEt)4] and silver diethylthiourea complexes

[Ag(EtNHCSNHEt)n]z has been adopted. The silver sul®de particles were directly generated in silica by

decomposition of the silver complexes upon heating the coatings. Annealing was performed in a nitrogen

atmosphere in order to prevent sul®de oxidation to sulfate. The sol±gel method has been shown to be a suitable

procedure for controlling the size of the metal sul®de particles. Evolution of the system under heating has been

studied by X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), secondary-ion mass spectrometry

(SIMS) and atomic force microscopy (AFM).

Introduction

Insulator glasses doped with nanosized semiconductor crystals,
metal oxides or sul®des, have recently attracted much attention
for the development of optical devices with controllable linear
and non-linear optical properties. Nanoclusters represent an
intermediate state of matter between discrete molecules and
extended-network solids and their properties, owing to
quantum con®nement effects,1±5 are widely diversi®ed as a
function of particle size and geometry.6 Doping of glasses
with semiconductor materials has been performed by various
methods such as sputtering,7 ion implantation,8,9 chemical bath
deposition10 and others. In particular, oxides and sul®de
crystals in silica have been obtained mainly by inclusion of pre-
formed colloids in a matrix during the gelation process or by
ion implantation.11,12 In the former method, the prepared ®lms
can contain undesirable large particles owing to uncontrolled
growth and agglomeration processes in the colloidal solution,
while in the latter method the outermost layers of the ®lm may
be strongly damaged by implantation.

Among synthetic methods, the sol±gel route has gained great
practical interest during the last few years for the preparation
of advanced materials and in particular to obtain oxide-based
coatings.13 Hydrolysis and condensation reactions lead to the
formation of oxo-based macromolecular networks giving scope
to tailoring the precursor compounds according to the desired
process path. This factor, together with the mild conditions of
synthesis (`soft chemistry'), makes the sol±gel method particu-
larly suitable for fabrication of thin ®lms with good control
over composition and microstructure. Such ®lms can be doped
with molecules or ions and can also contain small aggregates; in
addition, the system may be prepared with a homogeneous or
heterogeneous distribution of species. Many sol±gel studies
described in the literature as synthetic methods for transition
metal sul®des have been addressed to embedding pre-formed
clusters in a silica matrix, as reported for lead sul®de and
cadmium sul®de.14 In turn, binary metal sul®des have been

prepared by direct reaction of the elements at high tempera-
tures for prolonged times, by treatment of element oxides with
H2S or by precipitation of metal cations from aqueous solution
upon adding a source of S22. More recently, a convenient one-
step room-temperature preparation of both crystalline and
amorphous metal sul®des and selenides at room temperature
via elemental reactions in liquid ammonia has been described.15

This paper reports results for the sol±gel synthesis of Ag2S-
nanoclusters doped silica coatings. Ag2S is a semiconductor
compound and owing to its intrinsic properties, narrow band
gap, good chemical stability and ready preparation, it has
already been used for the manufacture of optical and electronic
devices, such as photovoltaic cells, photoconductors and IR
detectors.16,17 Furthermore, this compound has been used to
develop superionic conductors.18 Moreover, while sul®des like
CdS, whose larger band gap ranges between 2.4 and 3.0 eV
depending on particle size,19,20 have been extensively used as
window layers, Ag2S, with an optical band gap of 0.9±
1.1 eV,9,21 may be used as an adsorber layer in thin ®lm solar
cells. Silver sul®de is known to exist in three allotropic
modi®cations, each characterised by different chemical±
physical properties. a-Ag2S, known as achantite, is monoclinic
and thermodynamically stable up to 178 ³C.22,23 At this
temperature a reversible order±disorder transition involving
an ion conductivity change due to silver sublattice melting
occurs.24 The transformation from achantite into the b
allotropic form, argentite, of bcc structure, occurs through
the formation of an intermediate tetragonal phase.23,25 Above
600 ³C the cubic c phase with fcc structure, of Ag2S is formed,23

which melts at ca. 825 ³C.26 In this study, the as prepared
samples contain only silver thiourea complexes which evolve to
silver sul®de particles upon heating during densi®cation of the
glassy host matrix. In this way, the growth and size of the
clusters can be controlled.

The chemical composition of the ®lms was determined by
SIMS and XPS, while their microstructure and surface
morphology was studied by XRD and AFM, respectively.
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Further information has been obtained by UV±VIS
spectroscopy.

Experimental

Precursor solutions

Attention was ®rst focused on the synthesis of compounds
containing Ag±S bonds for use as precursors for silver sul®de
clusters. AgO2CMe was employed as the silver salt, taking into
account that, upon heating, acetate decomposes more readily
than other inorganic anions such as nitrate, without leaving
residual contaminants inside the coatings. Various organic
compounds have been tested as sul®de ion sources: thioacet-
amide (MeCSNH2), dimethyl sulfoxide (DMSO, Me2SO) and
1,3-diethyl-2-thiourea (EtNHCSNHEt). Thioacetamide and
thiourea are well known sulfur donor compounds and both
give complexes with Agz 27 while DMSO has been tested for its
basicity towards Lewis acids such as metal ions.28 Also silver
diethyldithiocarbamate [Et2NCS2Ag] has been examined as an
Ag2S precursor, since it shows an Ag±S interaction.

Initially, thioacetamide was used. When soluble Agz salts
are added to alkaline, neutral or weakly acid aqueous
thioacetamide solutions, Ag2S is formed, whereas in more
acidic environments stable complexes [Ag(C2H5NS)n]z

(1¡n¡4) are observed.27 A similar behaviour occurs in alco-
holic solvents, commonly used in the sol±gel process, but
precipitation of Ag2S is expected at higher pH values. In the
adopted sol±gel experimental conditions, which involved the
use of weakly acid ethanolic solutions, thioacetamide led to
rapid and uncontrolled precipitation of Ag2S so that use of this
reagent was not studied further.

Attempts using DMSO also failed since the mutual solubility
of DMSO, silver acetate and ethanol was too low for practical
applications.

For silver diethyldithiocarbamate, ebullioscopic and cryo-
scopic molecular weight measurements, as well as complex-
ing behaviour studies, have shown that in aqueous solution,
oligomers of general formula [Ag(dtc)]n (n~5 or 6) are
present.29,30 Unfortunately, such an oligomerization degree
results in a substantial reduction of the solubility of the silver
complex in alcoholic solvents.

Consequently, attention was focused on thiourea.27 In this
case, depending on pH and thiourea : silver ratio,9,27 various
complexes [Ag(thio)n]z (n~1±4) are formed in solution. A
detailed study of all the various species in the Agz±thiourea
system has been reported in literature.9,27 In neutral or alkaline
environments Ag2S is formed according to eqn. (1)±(3):27

AgKSKC�NH2�LNH2
�?AgKSKC�NH2�LNH�H� �1�

AgKSKC�NH2�LNH�Ag�?Ag2S�NMCKNH2 �H� �2�
2AgKSKC�NH2�LNH?Ag2S� �NH2�2CLS�NMCKNH2 �3�
This reaction runs autocatalytically at pHw6.5, but does not
take place under more acidic conditions.27 In the adopted
experimental conditions, i.e. at high thiourea concentrations,
the complex [Ag(thio)4]z is the prevailing species in solution.
Once it was established that thiourea was the best compound as
a sulfur source, a colourless, transparent and stable solution
(A) of the silver sul®de precursor was obtained by dissolving
silver acetate and 1,3-diethyl-2-thiourea in anhydrous ethanol
in the molar ratio silver acetate : thiourea : ethanol~1 : 11 : 14.
Acetic acid (MeCO2H) was then added to this solution up to an
ethanol : acetic acid molar ratio of 1 : 12. A second clear,
transparent and stable solution (B) was prepared by dissolving
tetraethoxysilane (TEOS) [Si(OEt)4] in ethanol with a TEOS :
ethanol molar ratio of 1 : 20. This solution, upon stirring for 1 h
at room temperature, was partially hydrolysed upon adding
water and acetic acid in a molar ratio silver acetate : acetic

acid : water~1 : 0.14 : 4.9. Then the solution was aged at 60 ³C
for 10 min. Solutions A and B were then mixed together in the
weight ratio of 1 : 1.5 and stirred for some minutes at room
temperature before use.

Film deposition

Films were obtained by the dip-coating procedure. Herasil
silica slides, 1562561 mm, supplied by Hereaus, were used as
substrates. Before use, the slides were cleaned and rinsed both
in doubly distilled water and propan-2-ol. This procedure,
repeated several times, aimed to remove organic residues at
the surface and so favour adhesion between the coating and
substrate.31 The slides were ®nally dried in air at room
temperature. Film deposition was carried out in air with a
withdrawal speed of 10 cm min21. The ®lms were annealed at
temperatures ranging between 200 and 600 ³C for 1 h.

Thin ®lm characterization

Compositions of ®lms at the surface and in the bulk were
investigated by XPS. XPS spectra were run on a Perkin-Elmer
W 5600ci spectrometer using non-monochromatized Mg-Ka
radiation (1253.6 eV) at a working pressure of v561028 Pa.
The spectrometer was calibrated assuming a binding energy
(Eb) of the Au 4f7/2 line of 83.9 eV with respect to the Fermi
level. The standard deviation for the Eb values was 0.15 eV. The
reported Eb values were corrected for charging effects,
assigning to the C 1s line of adventitious carbon an Eb value
of 285.0 eV.32 Survey scans were obtained in the range 0±
1100 eV. Detailed scans were recorded for the O 1s, Si 2p,
Ag 3d, S 2s, S 2p, Ag MNN and S KLL regions. Atomic
compositions were evaluated using sensitivity factors supplied
by Perkin±Elmer.33 Depth pro®les were carried out by Arz

sputtering at 1.5 keV with an argon partial pressure of
561026 Pa. The silver oxidation states were evaluated
by using the Auger a1 and a2 parameters, de®ned as the sum
of Eb for the Ag 3d5/2 XPS region and the kinetic energies of the
Ag M5NN and the Ag M4NN Auger peaks, respectively.34

XRD measurements were performed using a Philips PW
1820 diffractometer (Cu-Ka radiation, 40 kV, 50 mA)
equipped with a thin ®lm attachment (glancing angle~0.5³).
Selected angular ranges were step-scanned several times until a
satisfactory signal-to-noise ratio was reached. The instrumental
function was determined using an a-SiO2 sample free from
crystal size effects and lattice disorder. For microstructural
characterization, an improved pro®le ®tting method35 using a
pseudo-Voigt representation for the line pro®les was used. The
average crystallite size was calculated using the Scherrer
equation, taking into account the instrumental broadening.

SIMS analyses were carried out in a custom-built instrument
described elsewhere36 and recently updated. A monochromatic
(2 keV, ionic current range between 400 and 800 nA) O2

z ion
beam collimated to 50 mm was generated in a mass-®ltered
duoplasmatron ion gun (model DP50B, VG Fisons, UK) and
a secondary electron multiplier (90³ off-axis) was used for
negative- and positive-ion detection in counting mode. Lens
potentials, quadrupole electronic control units and the
detection system were controlled via a Hiden HAL IV interface.
Surface characterization was carried out by recording mass
spectra of both negative and positive ions at different points
of the coatings, in order to check composition homogeneity.
Signals were attributed to related species by comparing
intensity ratios to isotopic patterns, and partial overlapping
of ion clusters has been veri®ed by isotopic pattern simulation
software.37 This allowed the con®dence interval and residual
standard deviations to be calculated for detected ion groups, in
order to discriminate between different contributions. Subse-
quently, upon following signals of interest as a function of
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bombarding time, the ion species distribution was studied from
the surface to the ®lm/substrate interface.

AFM images were taken using a Park Autoprobe CP
instrument operating in contact mode in air. The micrographs
were recorded in different areas of each sample, in order to test
the ®lm homogeneity. The background was subtracted from
the images using ProScan 1.3 software from Park Scienti®c.

Optical absorption spectra of the systems were recorded in
the range 200±1000 nm using a double-beam CARY 5E UV±
VIS spectrophotometer with a spectral bandwidth of 1 nm; the
contribution from the silica substrate was subtracted.

Results and discussion

The main purpose of this study was to synthesize silver sul®de
nanocrystallites embedded into silica layers, with a strict
control over cluster size distribution as well as on the purity of
the host glassy matrix. To achieve this aim, after deposition at
room temperature, the coatings were thermally treated in a
temperature range (200±600 ³C) suitable to obtain the required
purity and also to investigate the compositional and micro-
structural evolution of the nanoclusters. Annealing was
performed in a nitrogen atmosphere to avoid oxidation of
sul®de to sulfate. In the presence of oxygen, the formation of
silver sulfate is favoured, as suggested by thermodynamic
data:38

Ag2S�s� � 2O2�g�?Ag2SO4�s�
DG0�298 K� � ÿ702 kJ molÿ1 �4�

Investigations were ®rst carried out on the 200 ³C heat-treated
sample. After annealing the coating appeared homogeneous,
and was brown-coloured and transparent. The Eb value of the
Si 2p line, centred at 103.6 eV, and the corresponding silicon a
parameter (1712.2 eV) were in accord with those of silica.39

However, the O : Si ratio, which was in the range 2.3±2.9 : 1 was
greater than that expected for SiO2, suggesting the presence of
residual ±OH groups. The Eb values for S 2s (226.3 eV) and
S 2p (162.3 eV) regions, typical for S22 containing species, and
the silver a parameters (a1~719.7 eV, a2~724.9 eV) closely
matched literature values33,39 for silver sul®de. However, the
presence of the N 1s peak at a position typical for thiourea
(400.6 eV), con®rmed incomplete degradation of the organic
precursor. The presence of thiourea was further supported
upon deconvolution of the C 1s signal. Besides adventitious
hydrocarbon (284.8 eV) and alkoxy(RCzH2OH) (286.1 eV)
components, a contribution due to 1,3 diethyl-2-thiourea
(RNHCzSRNH) (287.8 eV) was observed. These ®ndings
were also corroborated by UV±VIS absorption spectra (Fig. 1).
A partial decomposition of the organic precursor could be
postulated on the basis of the observed bimodal absorption
(l~210 and 242 nm), typical for thiourea.40 The ®rst absorp-
tion is attributed to the 1nsA1p* transition, whereas the second
is associated to the transition 1pA1p.41 Consequently, thermal

treatment at 200 ³C was insuf®cient to yield pure silica
coatings. Moreover, at this temperature, XRD analysis did
not reveal the presence of crystalline silver sul®de particles.
Taking into consideration all these experimental ®ndings, only
the presence of Ag±S bonds could be safely assumed.

After treatment at 300 ³C, the samples appeared homo-
geneous at ®rst glance and were dark grey, in accord with
previously reported data for silver sul®de ®lms prepared by
chemical bath deposition onto glass substrates.21 In order to
evaluate the stoichiometry and composition of the samples,
XPS depth pro®les were performed. At and beneath the
surface, the Eb values of the Si 2p and O 1s peaks are typical for
a silica network, even if an over-stoichiometric O : Si ratio still
suggests that the polymerization processes have not yet been
completed. For silver, a1 ranged between 719.0 and 719.6 eV,
whereas a2 lay between 725.3 and 725.9 eV. Both these
values are very close to literature data reported for Ag2S
(a1~719.3 eV,39 a2~724.8 eV42 or 725.3 eV39). In addition, the
S 2p Eb values, lying in the range 161.2±162.6 eV, are in accord
with those reported for sul®des (161.0 eV,39 162.0 eV33) rather
than for elemental sulfur (164 eV33,43) or sulfates (168.6 eV43).
In addition, also the observed S 2s Eb values, which ranged
between 224.9 and 226.9 eV, are characteristic of sul®de
species43 rather than elemental sulfur (228.0 eV33). Finally,
Ag 3d and S 2p regions show the same distribution pro®le
throughout the ®lm (Fig. 2), indicating chemical interaction
between Agz and S22 species. The presence of unreacted
thiourea and silver acetate can be excluded since the C 1s line,
at and beneath the surface, shows Eb values typical for
hydrocarbon residuals.

In order to con®rm the presence of S-containing ionic
species, the isotopic pattern of S was monitored on both
positive and negative SIMS ion spectra with m/z~16 (16O2), 32
(16O2

2, 32S2) and 34 (34S2) ionic signals being followed as a
function of the bombarding time. This procedure allowed
discrimination of the contributions of both O and S to the ionic
yield, revealing the different behaviour of O- and S-related
signals, mainly in the deeper regions of the deposits.
Analogously, the presence of several AgxSz (1¡x¡3) ionic
clusters in the silica matrix was observed by analysis of the
SIMS spectra (Fig. 3) in terms of isotopic patterns, and by
following suitable signals, the related depth pro®les have been
obtained. In particular it was observed that m/z~32 (32Sz),
m/z~107 (107Agz) ion depth pro®les (Fig. 4) were substan-
tially invariant. In addition, also the depth pro®les (not
reported) of the signals at m/z~248 and 355, corresponding to
the ion fragments Ag2Sz and Ag3Sz, respectively, showed a
similar behaviour indicating the common chemical origin of
sulfur and silver. It is also of note that there is a strong analogy
with the corresponding XPS depth pro®les for sulfur and silver.

Fig. 1 UV absorption spectrum of the 200 ³C annealed sample. The
absorption band maxima in (a) and (b) correspond to 210 and 242 nm,
respectively.

Fig. 2 XPS depth pro®les of silver and sulfur for the 300 ³C annealed
sample.

(4)
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Upon thermal annealing at 450 ³C, XPS analysis again
con®rms the presence of silver sul®de throughout the coating.
The silver a parameters clearly indicate the formation of silver
sul®de (a1~719.2±719.7 eV; a2~724.6±725.2 eV). This conclu-
sion is also supported by sulfur binding energy values. S 2p Eb

values lie in the range 160.3±162.1 eV, i.e. at values consider-
ably lower than those typical for elemental sulfur. An
analogous behaviour is shown for the S 2s region in the
range 224.5±226.1 eV. Finally, the Ag : S ratio is close to the
stoichiometric value of 2. SIMS analysis again con®rms the
presence of AgxSz species as expected from fragmentation of
silver sul®de clusters. In particular, mass spectra show ionic
species originating from different isotopic patterns at m/z~139
and 141 (AgSz), m/z~246, 248 and 250 (Ag2Sz) and
m/z~353, 355, 357 and 359 (Ag3Sz).

In comparison to the sample annealed at 300 ³C, a
remarkable depletion of organic fragments is observed,
con®rming the effectiveness of thermal annealing in improving
the ®lm purity, also in agreement with XPS data.

After annealing at 600 ³C, XPS analysis suggests a strong
variation in the sample chemical composition. In particular,
a partial decomposition of Ag2S to elemental sulfur (S 2p
Eb~162.1±163.9 eV, S 2s Eb~226.2±227.7 eV) and metallic
silver (a1~720.0±720.6 eV, a2~725.4±726.0 eV33,39) is obser-
ved. As reported in the literature,26 the melting point of bulk
Ag2S is at ca. 825 ³C, however, simple thermodynamic models
predict a lowering in the melting point as the surface energy of
the solid becomes higher than that of the liquid. This condition
is approached at the nanocrystal size domain for which the

surface energy becomes an increasing factor in solid state
destabilization.44 This size-dependent effect can also explain
the lowering of the decomposition temperature of silver sul®de
observed here.

The presence of crystalline silver sul®de clusters has been
investigated by XRD. Fig. 5(a) shows diffraction patterns for
samples heated at 300, 450 and 600 ³C. Fig. 5(b) shows
the same data plotted in a selected angular range, along with
the re¯ections for Ag2S and Ag standards, as reported in the
respective JCPDS cards (14±72 for Ag2S and 4±783 for Ag).
The broad band located at 2h ca. 21.5³ is due to amorphous
silica, present as a host matrix in the ®lms, and as a substrate.
Heat treatments at 300 and 450 ³C result in the formation of
crystalline silver sul®de (a-Ag2S). The diffraction patterns
show that the crystallites are preferentially oriented along the
n2103m axis (intense peak located at 37.75³), and the other
major peaks are located at 26.35, 31.60, 34.80 and 37.15³ (see
JPCDS card 14±72).45 The average crystallite size, computed
from the width of three major peaks, lies in the range 25±30 nm
for both 300 and 450 ³C-treated samples. This rough estimate
does not take into account the fact that the anisotropy of the
particles may in¯uence the width of the X-ray pro®le. For the
sample heated at 450 ³C, the peaks located at 25.92 and 36.84³
disappear, and the intensity of those located at 26.35, 37.13 and
37.75³ increases. In addition, an intensity increase is observable
for the peaks located in the range 2h 40±50³. This could be
attributed either to an increase of the degree of crystallinity in
the sample, or to a further orientation of the structure,
considering that the intensity of the peaks located at 31.55 and
34.75³ seems to be unaltered.

The diffraction pattern for the sample heat treated at 600 ³C
shows the presence of silver sul®de and metallic silver,46 in
agreement with the XPS ®ndings. In particular, Ag peaks
located at 38.12 (n111m), 44.28, 64.43 and 77.48³ are clearly
visible, and the intensity of the n220m re¯ection (2h~64.43³) is
much higher than that of the standard.46 There appears to be
an alteration in the intensity ratios for the silver sul®de peaks,
as well as the appearance of some peaks absent from the
patterns for the samples heat-treated at lower temperatures.
This suggests that a reduction in orientation of the crystallites is
occurring. A peak located at 30.20³ [marked by an asterisk in
Fig. 5(b)] can be tentatively attributed to silver sulfate (JCPDS
card 40±1471); however, XPS data do not indicate the presence
of sulfate species in the sample. Since no metallic Ag was
observed by XPS in the low temperature-treated samples, we
can infer that the development of silver crystallites arises from
the decomposition of the silver sul®de clusters. A more detailed
investigation is required to clarify the precise mechanism of
formation of metallic silver.

Fig. 3 Positive-ion SIMS spectrum of the 300 ³C annealed sample in
the range m/z 100±400.

Fig. 4 Positive-ion SIMS depth pro®les of silver and sulfur for the
300 ³C annealed sample.

Fig. 5 (a) XRD diffraction patterns for samples heated at 300, 450 and
600 ³C. (b) XRD data plotted in a selected angular range, along with
the re¯ections belonging to an Ag2S and an Ag standard, as reported in
the respective JCPDS cards (14±72 for Ag2S and 4±783 for Ag).
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Finally, concerning the morphology of the coatings, AFM
analysis47 showed a progressive surface ¯attening after each
thermal annealing, as a consequence of densi®cation processes
of the host silica matrix. An average roughness48 of 60¡16 nm
was estimated for the 300 ³C sample (Fig. 6) while after
treatment at 450 ³C the roughness was reduced to 30¡10 nm.
In addition, the acquisition of several images taken on diff-
erent samples areas established the homogeneity of the ®lms
surface.

Conclusions

Silver sul®de nanocrystallites have been synthesized directly
into a thin silica glassy matrix by a sol±gel process. The
choice of suitable organic precursors and low temperature
processing has proved to be effective in yielding pure thin
®lms with good cluster size control. The formation and
evolution of Ag2S-silica doped coatings have been studied as
a function of thermal annealing performed in a nitrogen
atmosphere at a variety of temperatures (200, 300, 450 and
600 ³C). The formation of silver sul®de nanocrystals was
observed upon heating at 300 ³C, as suggested by XRD
analysis. The heat treatment results in the formation of
crystalline silver sul®de (a-Ag2S) with an average crystallite
size of 25±30 nm. The diffraction patterns show that the
crystallites are preferentially oriented along the n2103m axis.
XPS and SIMS investigations on the chemical composition
of the samples, indicated strong correlation and interactions
between silver and sulfur in the ®lms. However, treatment at
300 ³C is insuf®cient to yield a fully polymerized silica
matrix. Thermal annealing at higher temperature improved
the purity of the host glassy matrix, induced surface
¯attening and did not affect Ag2S cluster size. Above
450 ³C partial decomposition of silver sul®de to metallic
silver and elemental sulfur was observed.
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