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INTRODUCTION

Nanophase solid materials doped with transition metal compounds, semiconduc-

tor or metal nanoparticles and small clusters of the different chemical nature

have found a great scientific and practical interest [1–5]. Optical materials fabri-

cated from doped glasses and films are of significance in optics and optoelectronics

as selective filters, passive laser elements, optoelectronic switches, fibers, etc. On

the other hand, a solid glass matrix provides the stable samples for study of novel

physical phenomena associated with low-dimensional objects embedded within

them: excitation and relaxation of rare earth ions [6], linear and non-linear optics

of quantum-confined semiconductors [7], surface plasmon resonances in metal par-

ticles [8], light-induced transformations [9]. All the above opens broad perspectives

in research of glassy materials with nanometer-scale components. Glasses and films

with metal and semiconductor nanoparticles were studied by the authors during

last years, and some achievements are summarized below. We concern here the ma-

terials containing nanoparticles of copper compounds and metallic copper. Copper

chalcogenides (sulfides and selenides) will be shown to reveal non-trivial optical

features of the materials, and the special sol-gel method has been developed to pro-

duce them. Another copper compounds and metallic copper particles are intermedi-

ate steps in the preparation, and some their properties will be considered also.
In the rich history of glass chemistry the main method of doped glass fabrica-

tion consisted in melting of components (oxides, fluorides or another glass-form-
ing base) with addition of dopants which undergone some chemical transforma-
tions resulting in final products. There exist a number of preparation methods for
glassy films (deposited, usually, onto some transparent substrate) which can be
distinguished, at the first, by the phase state of initial components - direct evapo-
ration-deposition, chemical vapour deposition or reactive sputtering with partici-
pation of reactions in gas phase and deposition from liquid solutions by dipping or
spin-coating procedures. The latter method is adherent to the familiar sol-gel

technique [10–12], the main idea of which is to realize the complete sequence

«sol � gel � solid» selecting chemical composition of precursors allowing these
phase transformations. Organic ethers of silicon, titanium, germanium and other
elements favor well this idea due to easy hydrolysis and polycondensation processes
leading to hydroxide and oxide structures. A doping with additional components
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in this case can be done at different steps. The sol-gel technique is successfully ap-
plicable for fabrication of solid products in various forms: films, ceramic compo-
sitions, monolithic glasses, etc. However, detailed methods of doping and all sub-
sequent operations are slightly different for these variants of solid products. We
consider from one viewpoint them on the basis of the common principles of the
sol-gel technology.

Preparation of both thin films and monolithic glasses was developed by us recen-
tly in particular for doping with copper compounds dispersed as nanoparticles wit-
hin the stiff silica matrix. The known advantages of the sol-gel-based methods such

as the lower temperature of final heat treatment, flexibility in processing and inter-
mediate chemical treatments, makes to be possible to fabricate materials of complex

composition. Similar materials with transition metal compounds are troubled to pre-
pare with conventional molten glass technology. A liquid state of the precursor sols

provides the best condition for homogeneity, and subsequent reactions of dopants in

gas phase retain this factor at the highest value, though, some new effects appear in

some cases, like surface segregation [13] those can be also used for preparation of

special materials. Nanoparticles in this method are formed simultaneously with the

matrix annealing and stabilized in it successfully.

Glassy compositions and films on the basis of inorganic oxides, including silicon,

are very popular last years both in the studies of physical characteristics of nanost-

ructured materials and in numerous applications as protective coatings, optical fil-

ters, switches, and sensors [14–16]. In spite of many years of intensive studies in

this field, a number of problems remains not resolved even for materials based on si-

licon dioxide. Moreover, new features appear under combination of oxide base with

dopants, in particular, in the form of small particles of metals and semiconductors

(with size down to few-atomic clusters). The film base (silica, titania, zirconia, etc.)

are dielectrics or wide-gap semiconductors and provides a stable, insulating and op-

tically transparent solid matrix usable for incorporation of different species. Metal

and semiconductor nanoparticles even at relatively low concentration influence dra-

matically the electrical and optical properties of the oxide-based composites. Silica is

one of most investigated matrices in this respect that is a good advantage to modify

it by inclusion of new components. Meanwhile, among many studied semiconductors

dispersed in oxides, most attention was paid to elementary Si, Ge, II–VI, IV–VI, and

I–VII compounds [17–19] those were sufficiently investigated in classical semicon-

ductor physics. Copper oxides and chalcogenides do not belong to similar compo-

unds, and this family of semiconductors reveals unique features even in bulk state: a

complicated crystal structure, high ionic mobility, tendency to form compounds of

variable composition and non-stoichiometric behavior, redox activity of metal ions,

etc. Thus, any studies of the copper compounds in finely dispersed forms opens new

feasibilities in properties of materials controlled not only by size effects but also by

the features of copper chemistry.

1. TYPES OF MATERIALS AND THEIR FABRICATION PROCEDURES

The two main types of the sol-gel derived materials were developed and studi-

ed as the semiconductor- and metal-doped dielectric matrices: monolithic glasses

and thin films deposited on a solid substrate (glass, quartz, silicon wafers, etc)
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[20–22]. The first type has undoubted advantage for fabrication of bulk optical

elements with mechanical properties like usual quartz, but the second one (films)

admits the wider range of dopant concentration and more variable composition al-
lowing sufficient optical quality. Chemistry of the sol-gel processes in the both ca-
ses is similar for the part of matrix formation, but many differences exist in the

behavior of dopants and state of the nanoparticles formed. From the fundamental

point of view the glasses and films are of significant interest for studies of physi-
cal processes under light absorption with participation of nanoparticles. Below we

consider the preparation procedures.

The first fabrication step of the glasses [10–12, 20] (scheme in Fig. 1) is tradi-

tional for the sol-gel technique and consists in preparation of precursor sol mixing

alcohol-aqueous solution of tetraethoxysilane (TEOS) at the molar ratio

TEOS/Í2Î = 1/8. Different acid catalysts – HCl, HNO3, H2SO4 (with molar ratio

acid/TEOS = 1/50) were studied to promote hydrolysis of TEOS. Aerosil (SiO2 po-

wder with the grain size 20 nm and surface area 150–400 m2/g) was added to sol

before gelation to avoid a strong volume contraction under drying. A part of

aerosil agglomerated was separated by centrifugation. Such sols had the densi-

ty 1.05 g/cm3 and could be stored at 3–5 oÑ without spontaneous gelation for

15–20 days. The gelation occurred with pH increase up to 6–7 with addition of am-

monia solution. In the case of films the gelation was performed simulatneously

with the spin-coating the precursor sol on substrates, but in order to prepare sam-

ples of monolithic glasses of definite shape the sols were poured into polysterene

containers, and gelation proceeded for 24h. The gels were dried at 60 oÑ and hea-

ted up to 600–1000 oÑ during 2h to remove sorbed water and organic remnants

from TEOS. The temperature regime of this treatment manages properties of xe-

rogels (porosity, amount of remnant hydroxyl groups, etc) and was used as one of

experimentally controllable factors influencing final materials features. Such

product, called as xerogel resulted in the finally annealed undoped glassy mono-

liths with heat treatment up to 1200 oÑ in air. The doping was conducted through

the two routes: (i) mixing of metal salts (Cu(NO3)2) with precursor sols; (ii) imp-

regnation of xerogel (porous, before the high-temperature annealing step) in alco-

holic Cu(NO3)2 solution during 8 h.

Subsequent chemical transformations of copper compounds introduced by do-

ping was performed with different routes providing formation of nanoparticles

composed from metal, oxide, sulfide or selenide, respectively (Fig. 1): (1) heating

and annealing of the doped xerogels (about 1200 oÑ) in H2; (2) heating and annea-

ling of xerogel (about 1200 oÑ) in air; (3) heating the latter in air followed by H2S

(400 oÑ) and annealing in a closed volume (quartz ampoule) up to 1200 oÑ; (4) hea-

ting in H2 (600 oÑ) followed by annealing in Se vapor in closed volume (quartz am-

poule) up to 1200 oÑ. This final annealing step resulted in production of transpa-

rent glassy samples (monoliths) of high optical quality and good mechanical

strength.

The fabrication of doped silica films proceeded with the simpler sequence wit-

hout the above high temperature annealing. Spin-coated compositions on substra-

tes were subjected by the following procedures: (1) heating in hydrogen (600 oÑ,

1h) resulted in reduction of copper to metallic state; (2) heating in air up to 900 oÑ

(this temperature retained amorphous character of silica matrix) to produce cop-
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per oxide doped films; (3) heating in air (900 oC) with subsequent treatment in

H2S atmosphere (400 oC, 1h) to obtain copper sulfide nanoparticles embedded into

the silica matrix; (4) similarly, heating in air (900 oC) and subsequently in H2

(600 oC, 1h) followed by heating in selenium vapor (300 oC, 1h). The last step re-

sulted in formation of copper selenide nanoparticles within the matrix. The thick-

ness of films was in the range of 200–1000 nm and controlled by amount of

spin-coated sols deposited on substrates under their constant rotation speed (in

the range 2000–5000 min–1).

The above different preparation sequences resulted in formation of nanopar-

ticles composed from a series of copper compounds or metallic copper. This techni-

que was designed to produce Cu, CuxO, CuxS, and CuxSe nanoparticles, however,

more broad circle of compounds is quite possible, and the compounds of another

metals were fabricated.
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2. STRUCTURE OF UNDOPED SILICA MATERIALS

Structural studies of silica matrix used for preparation of the doped material

by the above procedures were carried out with scanning electron microcopy

(SEM), Fourier transformed infra-red (FTIR) spectroscopy, X-ray diffraction

(XRD). They have presented information on the matrix without nanoparticles, ho-
wever, due to low concentration of the latter, main characteristics remain valid

also for the materials with dopants. In particular, the same methods (SEM, FTIR,

XRD) resulted no in any noticeable variations from occurrence of dopants under

their usual concentration (those provide desired optical features).

2.1. Scanning electron microscopy

A temperature evolution of the porous silica xerogels was studied in the tem-
perature interval corresponding to preparation of monolithic glasses used (see

above) – 600–1200 oÑ and up to 1300 oÑ when a crystallization of amorphous silica

matrix begins. Fig. 3 displays the micrographs of the freshly cleaved surface of si-

lica xerogels illustrating the noticeable decrease of size of surface features with

temperature attaining the featureless relief in the case of samples annealed as

glasses (1200–1300 oÑ) [23]. In the samples heated at 600 oÑ the surface structure

is built as globules of 50–100 nm, after 800–900 oÑ heating the amount of coarse

globules becomes significantly less, and the relief does more homogeneous with

separated globules. Further heating results in the surface features of less size,

and the annealing step (1200 oÑ) corresponds to their full disappearance.

Measurements of mass density of the xerogels showed that in the interval of

heating 600–800 oÑ it varies from 0.79 through 0.84 g/cm3, and under heating

above 800 oÑ mass density grows abruptly (Fig. 4a) with no a plateau part. This

character of changes in mass density of xerogels evidences that the annealing pro-

cesses occur through the full temperature interval, however, above 800 oÑ they

are most intensive. The annealed xerogels (i.e. glassy material) is not yet a comp-

letely annealed, and, likely some remnant porosity exists in it. However, this va-

lue of porosity is not revealed in optical transmission in the visible range.

Specific surface area of a series of xerogels was measured (by the BET method)

to be in the range of 310 m2/g for the samples heated at 600 oÑ down to zero value

(within the ability of BET) for glassy samples (1200 oÑ and above). Fig. 4b shows

that surface area changes most abruptly also above 800 oÑ, however, comparison

of the data on variations of mass density and specific surface area says that in the

range close to the annealed glass state they are not synchronous. That again indi-

cates that the internal structure of glassy material can be varied still at the higher

temperatures. Our experimental findings concluded that the optimum temperatu-

re for fabrication of undoped glasses of high optical quality is 1200 oÑ, in the case

of doped ones this temperature may be increased on several tens of degrees. A hig-

her temperature annealing (>1250 oÑ) usually resulted in partial crystallization

or foaming of samples.
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2.2. X-ray diffraction

The annealing process with pure xerogels was studied also with XRD indi-
cating slight transformations in the structure of glassy matrix [24]. It should

be emphasized that dopants in the case of monolithic glasses cannot be detected

with the routine XRD method due to low concentration and large background

from amorphous matrix. However, we may assume that a behavior of silica mat-
rix of the pure xerogels is similar with that of doped ones under the low doping

level. XRD examination was carried out for a series of xerogels heated under
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different temperatures (600–1250 oC) (Fig. 5). The first set of XRD data (Fig.

5a) characterizes xerogels during the pre-annealing steps: they remain very po-
rous and no volume contraction occurred, the variations in mass density were

shown above (Section 3.1). The second set (Fig. 5b) corresponds to the annealing

observable by a naked eye: a volume contraction (up to 50 percents) with conser-
vation of initial shape (i.e. the samples were not melted) and appearance of

transparency with the optical transmission spectrum similar to fused silica

glass formed by the traditional method. These diffractograms indicate the

well-known broad peak of amorphous silica, position of which is practically

identical for both 600–1000 oC set and 1100–1250 oC one. An appearance of this

maximum at 2�=23 oC ranged from 15 through 30 degrees originates from di-
sordered -O-Si-O- network of the amorphous material and may be related to the

contribution from the first and second neighboring Si atoms. The degree of this

disorder is slightly increased in the xerogels from 600 to 1000 oC, further, it is

retained same under different steps of annealing. No traces of crystallization

were observed at this temperature. The cristobalite phase of SiO2 was formed

only after heat treatment at 1500 oC (not shown in Fig. 5). It should be kept in

mind that radial distribution function of atoms may not be evaluated from the-

se wide-range XRD, however, the data argue that local structure of silica does

not change significantly. The annealed xerogels are same amorphous silica as

the porous one. The annealing process only results in a decrease in the pore vo-

lume (see the data in Section 3.1). Some slight changes in the local structure

of -O-Si-O- network is illustrated in the next section by FTIR-study.

2.3. FTIR-spectroscopy

The data of IR-spectroscopy (Fig. 6) indicate that changes in local structure of
amorphous silica matrix during annealing from 600 through 1200oC are not es-

sential, positions of the two peaks (�1100 cm–1 and �495 cm–1) are retained un-
changeable, and only the medium peak has the little lower-frequency shift under

increase of heating temperature, �� � 15 cm–1. The first peak about 1100 cm–1 and

�495 cm–1 can be assigned to asymmetric Si-O-Si bond stretching, and rocking
[25–27], respectively. The band with the observed variability (about 800 cm–1 is
ascribed as the bending Si-O-Si vibrations. So, the key changes in the silica skele-
ton can be considered as an effect of the denser packing of SiO4 tetrahedra as the
result frequency of these vibrations decreases. The peak in the range of overtones
of the silicon-oxygen skeleton (1640 cm–1) [28] does not change noticeably and in-
terferes with vibrations of water (1635–1630 cm–1) that presents in the samples
under ambient conditions. Thus, the annealing of our silica xerogels up to the
transparent glass state is accompanied not only by large-scale densification but
also local one with no Si-O bond length shrinkage.

3. COMPOSITION OF THE DOPED SILICA FILMS

The doped silica films can be studied successfully with XRD immediately for

the samples on substrates without destroy, and the same samples can be used also
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for optical measurements. Conclusions on Cu-doped films after the heat treatment

(900oC) in air consisted of copper oxide particles (CuO, tenorite) that was unambi-

guously detected for different copper concentration (Fig. 7a), but, under the weak

heat treatment (100oC) a hydroxo-nitrate compound with the composition

Cu2NO3(OH)3 was detected. The fact of its formation can be important in the so-
lid-state synthesis with participation of more reactive nitrate in subsequent pro-
cesses.

A heat treatment in flowing hydrogen was performed for CuO-containing

films after the complete disappearance of any other residuals. The films acquired

various color (from brightly red to green depending on copper concentration), and

XRD data (Fig. 7b) evidence formation of metallic copper. Again, no monovalent

oxide was observed in the samples studied. This reduction is rather trivial obser-
vation since ease reducibility is well known for CuO, however, copper particles

formed are distributed within the dielectric matrix, and both the size and inter-
particle and particle-matrix interactions provide properties of the system. Optics

of similar Cu-SiO2 system appears to be very variable [29, 30].

The broad maximum in the range of 15–25 deg appears due to the amorphous

silica. Such pattern is commonly observable in the silica-based materials and ori-

ginated from the fact that the films have no long-range ordering to give usual

Bragg reflections, however, a short-range ordering can exist and contribute to the

patterns. The maximum statistical weight can be assigned to the interval of inte-

ratomic distances from 3.5 through 6 Å, likely, Si-Si. From the data of Fig. 7 we

see that the narrower maximum corresponds to the higher concentration of copper
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in the film. Thus, the presence of copper increases a little the local ordering of the

amorphous silica phase.

XRD data (Fig. 7c) indicate that the final product of the sulfidization is cop-
per sulfide phase CuS (covellite). As an intermediate product only Cu1.75S was de-

tected (not shown) in these materials at the time interval 300–1000 s of hydrogen

sulfide exposure. The amorphous silica phase was not changed remarkably in XRD

data during the sulfidization, in other words, copper compounds react separately

from silica.

The selenization process (Fig. 7b) as well the above sulfidization includes seve-
ral possible phases, however, the main final product can be assigned to copper se-
lenide with general composition formula Cu2-xSe, close to the stoichiometric

Cu2Se. It was formed both from CuO and reduced Cu. In the former case the pre-
cursor CuO disappears completely after 3000 s of selenium exposure, but in the

case of selenization of metal copper (pre-reduced from CuO by hydrogen) we reve-
aled appearance of CuO phase due to remnant oxygen and its ease formation from

ultrafine Cu particles under elevated temperature. The films with different con-

tent of copper (10–30 wt %) showed similar results for the formation of the above

selenide phases (Fig. 7c). A prolonged selenization results in the composition

CuSe (detected, however, together with the non-stoichiometric phase). As for po-

ssible effect of the selenization process upon the XRD pattern originated from

amorphous silica film base, it is weak as well in the case of sulfidization. The rea-

son is a considerable low temperature of this process to provide some local reorde-

ring in silica.

Thus, in the Cu-doped silica films the sequence of chemical transformati-

ons can be realized, and the stable films on a substrate are fabricated with

optical features provided by the nanoparticles of corresponding copper com-

pounds. Issuing from copper salt precursors one can produce either copper

oxide or metallic state, the next sulfidization or selenization steps result in

the chalcogenide nanoparticles. These transformations were checked also

with X-ray photoelectron spectroscopy (XPS) [31] showing a good agreement

with the above bulk data for the composition of surface layers those sensitive

for XPS.

It should be noted that the chemical form of CuO is dominanting according to

the above XRD data for the films, however, in glasses, from the recent results on

photoluminescence [32], Cu+ ions occur indicating the nanoparticles of Cu2O com-

position. A similar XRD examination for the glasses is impossible because a low

concentration of dopants. The difference in composition of films and glasses can

be conditioned by difference in concentration of dopants, it is much higher in the

films. Also, the latter are formed under the lower temperatures (final annealing

at 900 oC rather than 1200oC). The higher temperature of the final heat treat-

ment, evidently, can lead to decomposition of the higher-valence copper oxide

(CuO � Cu2O), however, the films themselves are crystallized under 1200 oC, and

the two type of materials may not be compared properly.
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4. STRUCTURE AND COMPOSITION OF GLASSES DOPED
WITH COPPER AND COPPER CHALCOGENIDES

4.1. Transmission electron microscopy

Nanoparticles produced at the above steps of chemical transformation of cop-
per and copper compounds revealed with XRD and XPS methods for the doped si-
lica films were studied with TEM. We use both direct method of sample preparati-
on (a sample was milled down to a thickness transparent for the electron beam)

and by the «replica with extraction» method when a thin carbon film (10–20 nm)

was evaporated onto a freshly etched surface of a sample followed by the carbon

film detaching in water and transfer to a TEM grid.

Typical metallic copper nanoparticles (spherical, with size 10–15 nm) formed

within the glasses are shown in Fig. 8 for different techniques of TEM and differ-
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ent resolution. High resolution micrographs (B) allows to observe crystal lattice

of copper. Size of copper nanoparticles enters the range up to several tens of

nanometers, and the samples studied do not reveal a high monodispersity.

Nanoparticles in glasses corresponding to the steps of copper oxide, sulfide

and selenide are shown in Figs. 9, 10. Their shape is near-spherical, and the incre-

ase of dopant amount influences only particle concentration rather than their

size. The nanoparticles are separated at the lower doping level, but the samples

impregnated in copper salt solution with concentration more than 0.02 mol/l show

some part of aggregated particles (with size of aggregates up to 200–300 nm). The

particle concentration thus increases from 1012
–1013 through 1014

–1015cm-3. A

rather high size dispersion and spherical shape of the particles indicate that they,

probably, were formed at the step prior to the matrix annealing in a quasi-homo-

geneous conditions within the xerogel from liquid compounds. The silica matrix is

not reactive with respect to copper chalcogenides and oxides, and the melting po-

int of the compounds is lower than the maximum annealing temperature used, in

particular, for Cu2Se it is 1113 oÑ [33].

4.2. Rutherford backscattering spectroscopy

The nanocomposite glassy material under study is rather complicated for analy-

sis of chemical composition: any demolitive methods result in strong distortion of

data since nanoparticles ought to be instable without a glass matrix or some anot-

her protective shell. Our preliminary conclusions on the composition issue, first of

all, from the analogous data (Section 4) on the CuxS- and CuxSe-silica films, obtai-

ned with XRD and XPS studies. For the latter, i.e. in the system CuxSe-SiO2, the

optical properties of the films and glasses are similar (see below), and we performed

the additive compositional studies with Rutherford backscattering spectroscopy

(RBS) [24].

A typical experimental setup was used: the 1.6 MeV 4He++ beam incident nor-

mally on the samples was detected at a scattering angle 160o. The data on the ele-
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Fig. 10. Micrographs of copper selenide nanoparticles formed within the silica sol-gel glasses

for three increasing concentrations (a, b, c)



mental composition (Table 1) argue the stoichiometry of the copper selenide for-
med close to Cu2Se, and some Cu2+�Se, and also different selenization extent can

provide a range of selenides CuxSe with controllable x value in the range 1 < x < 2.

Table 1
Data of RBS analysis of CuxSe-containing silica monoliths

within the several simulated surface layer of a freshly cleaved sample

Element O Si Cu Se

Relative

amounts,

atomic %

1st layer 67.55 32.00 0.30 0.12

2nd layer 67.51 32.00 0.24 0.22

3rd layer 67.70 32.00 0.20 0.10

4th layer 67.58 32.00 0.30 0.12

5. OPTICAL PROPERTIES

One of application of the materials fabricated is optics: both linear and non-li-

near. They acquire new absorption features those are subject to change (both tran-

sient and permanent) under action of powerful laser beam. Within the framework

of this paper we show only linear absorption spectra, non-linear response of these

glasses has been published in [34–36] and currently new research is under pro-

gress.
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Optical absorption of the glasses fabricated depends on details of composition,

preparation conditions, particle concentration, features of the matrices, etc. The ty-

pical results those retain the main common features are summarized in Figs. 11, 12.

The spectra of CuxO-doped materials (they are similar for films and monolithic

glasses) show the sloping monotonous spectrum with very weakly developed sho-

ulder in the short-wavelength range (�<350 nm). Similar spectrum is inherent to

indirect-gap semiconductors and consistent with this property for CuO or Cu2O.

Any size effect scarcely observable.

A reductive heat treatment in hydrogen is known to lead to easy transformati-

on of copper oxides to metallic copper (CuxO + H2 � Cu + H2O), however, size and

concentration of particles affecting an optical response can be different for films

and glasses due to variations in matrix properties and initial chemical compositi-

ons. Usually, absorption features of small copper particles are described well (at

least, in the first approximation) with the Mie theory treating the maxima in ab-

sorption from combination of �-dependent dielectric function 	2(�,R) � R–2 in the

total expression 	 = 	1+i	2 [37] and medium dielectric constant, 	o. The typical

spectra of copper nanoparticles appear as a principal maximum in the range of

500–600 nm (properly, the plasmon resonance from the Mie theory) and additio-

nal features those are originated from complicated 	(�) dependence due to, e.g.,

band structure features of metallic copper. The pronounced maximum for copper

nanoparicles in glasses can be as the consequence of more homogeneous size distri-

bution of particles in the glasses with much less their concentration and less part-

icle-particle interactions. It should be emphasized that we show here only some se-

lected representative spectra of the copper nanoparticles: they are variable chan-
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ging properties of xerogels and dopant concentration retaining similar principal

appearance with the plasmon resonance maximum and of interest for design of

cutting filters.
Dramatic changes appear in the absorption spectra of CuO and metallic copper

particles under their further chemical transformations (CuO � CuxS � CuxSe).
The sulfidization of CuO particles leaves the short-wavelength part of the spectra
almost without changes (Fig. 11), but the new feature appears in the end of the
visible range. It develops step-by-step under increase of sulfidization time. Also,
under the late steps a shoulder in the range of 550–600 nm occurs, attributed,
perhaps, to contribution from a direct-gap transitions in the semiconductor
nanoparticles. Thus, Eg value of copper sulfide produced by that route is about
2.3 eV. Eg of the bulk compound was not determined exactly due to complex char-
acter of CuxS band structure, variability of x, and some deviations exist [38, 39]
in the range of 1.5–2.5 eV. We can conclude that our CuxS particles formed in the
silica films by means of the sulfidization have little quantum size effect, i.e. their
sizes can enter the range of tens of nanometers. Results of transmission electron
microscopy study evidence on this also indicating the size range 10–50 nm.

Production of copper chalcogenide (sulfides and selenides here) nanoparticles em-

bedded in the sol-gel films and glasses is the principal purpose of the preparative part

for the materials discussed. Oxides and metallic particles appear mainly as intermedi-

ate steps of the reaction sequence. Chalcogenides of different metals are the subject

for studies of size effect through non-trivial optical features [34–36]. Copper sulfide

particles were produced within the fused glasses [40, 41], and ultrathin nanostructu-

red films were fabricated by means of Langmuir-Blodgett technique [42, 43]. The pre-

sent sol-gel technology admits studies of both copper sulfide and selenide within mat-

rices of similar composition. The typical absorption spectra for the chalcogenide nano-

particles (Fig. 11, 12) reveal the two principal features: (i) the fundamental absorpti-

on band and (ii) the intense and rather broad (in particular, in the �-dependence pre-

sentation) absorption peaked in the near IR-range. They both are stoichiometry-de-

pendent, however, their positions may be associated with the corresponding ranges of

Eg (both direct and indirect): 1.0–2.0 eV [38, 39, 44] taking into account possible blue

shift, and the latter is observable only for copper compounds and was interpreted re-

cently [45,46] as midband levels due to partial change of copper valence state (accom-

panied also by partial or surface oxidation of nanoparticles). Copper selenide particles

possess the more pronounced quantum size effect than analogous copper sulfide. This

fact may be quite understandable since the different reactions are responsible for for-

mation process of CuxS and CuxSe. The absorption band in the near-IR range is a spe-

cific feature of nanosized copper compounds, and was associated by us recently with

partial oxidation of particles and complex copper valence state. This proposition is

consistent with data of XPS for similar series of the silica-based films [47] and will be

considered more in detail in future publications.

In the case of monolithic glasses the behavoir of sulfide and selenide nanopar-

ticles is different (Fig. 11, 12), and the near-IR-band is reproducible well only for

the selenide case. It can be supposed that main reasons of this difference is varia-

tion of stoichiometry of nanoparticles. The composition of CuxS nanoparticles is

close to CuS, while CuxSe is very variable retaining similar view of the absorption

spectrum. Thus, as well in the case of oxide nanoparticles, the conditions of pre-

paration of monolithic glasses favor the lowest valence state of copper, Cu(I). Cop-
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per selenides are produced under essential excess of selenium (partial Se pressure

about 1 atm provides it due to small size of samples in ampoules of typical dimen-
sions). To control composition of the selenides we used porosity of xerogels with

same overall selenium amount. In the case of sulfides there were no possibility to

keep sulfur amount because the higher volatility of sulfur; instead, copper sulfide

(CuS, dominantly) was pre-produced within porous xerogels prior to annealing

step without retaining any additional source of sulfur. Under these conditions

CuS decomposes during subsequent heat treatment up to 1200 oC. CuxSe phase

with some x are formed according to the Cu-Se diagram of state [48, 49].

CONCLUSIONS

The two types of nanostructured sol-gel derived optical materials have been de-
veloped: silica thin films on solid substrates and monolithic silica glasses containing

ultrasmall copper, copper oxide and copper chalcogenide nanoparticles. The chemical

composition of nanoparticles formed within the both types of matrices depends on

details of preparation procedure and can be controlled within the ranges known for

corresponding bulk compounds. The silica matrices produced by the sol-gel method

were examined with SEM, FTIR, XRD, and the temperature evolution with formati-

on of glassy material was investigated. Nanoparticles of metallic copper, copper oxi-

des and copper chalcogenides within the silica films and monolithic glasses were stu-

died with XRD, TEM, XPS, RBS, and optical spectroscopy. The chemical compositi-

on and structure characteristics providing the optical properties were established

for the sol-gel derived materials. Optical absorption was interpreted as features of

nanoparticles of Cu, CuxO, CuxS, and CuxSe with different stoichiometry varied du-

ring the step-by-step chemical transformations. The glasses with nanoparticles of

metallic copper and the copper compounds are promising as non-linear optical mate-

rials in the temporal range down to femtoseconds [50–55].
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