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E-mail: ganesh.suyal@epfl.ch

Received 25th March 2003, Accepted 16th May 2003

First published as an Advance Article on the web 30th May 2003

A sol–gel route to synthesize semiconductor cuprous halide CuX (X ~ Cl, Br) nanoparticles in a glassy matrix

has been developed. Cu2O and HCl or HBr were used as the precursors for CuX and the matrix was prepared

from 3-glycidoxypropyl trimethoxysilane (GPTS)/tetraethoxysilane (TEOS). Samples were dip-coated and cured

either by ultraviolet (UV) irradiation at a temperature of 150 uC or in an oven at temperatures of 150–250 uC.

Thin films (thicknesses 0.7–1.0 mm) containing cubic CuCl and CuBr nanoparticles with diameters ranging

from 4–16 nm and 2–28 nm, respectively, were obtained. The ultraviolet-visible (UV-Vis) absorption spectra

recorded at room temperature exhibited peaks at 371 and 379 nm for CuCl and at 410 and 391 nm for CuBr,

corresponding to the Z1,2 and Z3 excitons respectively. X-Ray diffraction patterns showed the characteristic

(111), (220) and (311) peaks of cuprous halides. High resolution transmission electron microscopy (HR-TEM)

characterization proved that the lattice plane spacings correspond to copper halide nanocrystals.

Introduction

Recently, glass like thin films containing semiconductor nano-
crystals have drawn significant scientific attention due to their
non-linear optical properties.1–4 A lot of research has been
conducted ever since Jain and Lind5 first observed high optical
non-linearity in CdSxSe12x doped glasses. Most of the studies
cover limited materials like CdSxSe12x, CdTe, GaAs and CdS,
with very low concentrations of nanocrystals.

Sugimoto et al.6 prepared cuprous halide doped sodium
aluminoborosilicate glasses and achieved growth of quantum
dots under controlled heat treatment conditions. Nogami et al.7

have applied the sol–gel method to synthesize bulk glasses
containing CuCl and CuBr nanocrystals. For this, a suspen-
sion of CuCl/CuBr was re-precipitated at high temperatures
(800–900 uC) to obtain cubic copper halide particles. Kriltz et al.8

have synthesized sol–gel glasses containing cuprous halide
microcrystals for photochromic applications. Yoon et al.9 have
studied the effect of phase separation on the precipitation of
CuCl quantum dots in sodium borosilicate glasses. Kraevskii
and Solinov10 have prepared glasses containing CuCl micro-
crystals and studied the thermochromic effect in those glasses.

Besides their other applications, these glasses can also be
seen as future optical filters due to their sharp UV-absorption
edge. Filters, which would completely block UV radiation
in the visible light, would be of significant technological
importance and it is known that the exciton absorption peaks
of Cu-halide nanoparticles fall very close to the UV-Vis
boundary.

Such filter glasses containing semiconductor nanoparticles
with a sharp absorption edge are commercially available and
produced by Corning11 and Schott12 by the melting method.
This method requires temperatures as high as 1300–1400 uC
and special melting equipment and facilities, due to the high
concentration of volatile halide compounds. This complicated
melting process makes these filters costly and thus limits
their applicability to large areas. The investigation of sol–gel
materials as new and cheaper alternatives for the coating of
glass substrates has also proceeded at a rapid pace over the last

few years. Sol–gel materials can be particularly suitable
alternatives to synthesize thin films containing copper halide
nanoparticles. However, the presence of water in the sol and gel
can easily shift the Cu21/Cu1 equilibrium mainly to Cu21, thus
making it difficult to prepare films containing monovalent
copper exclusively.

Therefore, the aim of the present work was to develop a sol–
gel synthesis route to organic–inorganic coatings containing
CuCl and CuBr nanocrystals on glass substrates by finding
a suitable mechanism for the stabilization of copper ions in
the Cu1 state during the sol synthesis and coating formation
process. After that the CuCl and CuBr nanoparticles should be
characterized precisely (size, crystallinity, optical properties).

Experimental

To synthesize thin films containing CuCl/CuBr nanoparticles,
the matrix sol used was prepared from a precursor solution
with the molar ratios GPTS:TEOS:water:alcohol ~ 1:1:2:9.
The GPTS–TEOS system was chosen; since it is known from
the literature13 that its short chain organic groups can be burnt
off without any cracking of coatings.

To synthesize GPTS/TEOS sols with a GPTS:TEOS molar
ratio of 1:1, a mixture of 120 ml ethanol, 100 ml GPTS and
100 ml TEOS was taken in a 500 ml round bottomed flask
connected to a water condenser and heating arrangement.
After heating at 80 uC for 0.5 h, 28.5 ml of 0.1 molar HNO3

solution was added dropwise to it within 3–4 min. This mixture
was reacted for 24 h under the same conditions at 80 uC and
finally 120 ml more ethanol was added to it. After reacting it
for 0.5 h at 80 uC, the resulting sol was cooled down to room
temperature. The sol synthesized this way was very stable at
room temperature and could be stored for more than a year
without gelation.

To synthesize thin films containing CuCl nanoparticles,
0.60 g cuprous oxide (Cu2O) was mixed with 7.5 ml of aceto-
nitrile using an ultrasonic bath for 5 min. In another glass
container 17.5 ml of pre-hydrolyzed GPTS–TEOS sol was
taken. The cuprous oxide suspension was added dropwise to
the GPTS–TEOS sol and stirred at 25 uC for 30 min. Finally
3.0 ml of hydrochloric acid (Fluka 37%) was added to it
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dropwise and stirred for 48 h. To synthesize a sol containing
copper bromide, 0.30 g cuprous oxide was mixed with 7.5 ml
acetonitrile, followed by the addition of 3.0 ml of HBr (Aldrich
48%), and the rest of the process was kept the same as described
above.

Pre-washed (with Helmanex solution) soda-lime and fused
silica glass substrates were dip-coated with a lifting speed of
4–6 mm s21. Samples were dried at 60 uC for 15 min in a
drying oven and curing was carried out either in an oven at
temperatures between 150 uC and 250 uC for 30 min or in a
UV-IR beltron machine (1200 W and 150 uC) for 4 min.

To investigate the optical properties, UV-Vis absorption
spectra of the films coated on the glass slides were recorded
with an OMEGA 30 UV-Vis spectrometer (Bruins Instrument).
For carrying out low temperature UV-Vis measurements, a
VARIAN CARY 5E spectrophotometer was used. Extinction
spectra of thin films were measured at liquid nitrogen tem-
perature (T ~ 84 K) and at a pressure of 5 6 1024 mbar. The
UV-Vis spectra were recorded at wavelengths ranging from
300 to 1000 nm. The thickness of the films was measured with a
profilometer (diamond stylus, nanosurf). To obtain informa-
tion about the crystalline phase and the size of the cuprous
halide nanoparticles, an X-ray spectrometer (SIEMENS D500,
40 kV, 35 mA, CuKa ~ 1.5405 Å) with a LiF monochromator
was used. The diffracted X-rays were collected by scanning
between 2h ~ 20–60u in 0.04u steps.

To perform the electron microscopic characterization of
the copper halide nanocrystals in the films, a JEOL 200 CX
high-resolution transmission electron microscope (HR-TEM)
was used. The samples were prepared by scratching off splinters
from the copper halide containing coatings. This scratched
material was deposited onto a carbon coated copper grid and
was investigated using HR-TEM.

Results and discussion

Copper(I) oxides are known to be soluble in strong acids or
strong bases only. Hence, the chlorination/bromination of
copper(I) ions was done by incorporating HCl/HBr to the sol
containing cuprous precursor. The addition of halide ions
greatly increases the solubility of the cuprous salts due to the
formation of halocuprate(I) anions14 of the type CuX2

2 and
CuX3

22 resulting in a green colored and transparent solution.
Therefore, the suspension of cuprous oxide in acetonitrile was
mixed with the matrix sol and the chloride ions were added to
it to get a clear and transparent solution. Since the stability of
the cuprous ions relative to that of cupric ions may be affected
by the solvent, acetonitrile, in which Cu1 is more stable than
Cu21,15 acetonitrile was chosen as a solvent.

Colorless transparent coatings with thicknesses from
0.8–1.0 mm were obtained by a single deposition process after
heat treatment in a UV-IR beltron machine connected to a low
pressure Hg–Xe lamp (1200 W) and IR irradiation (150 uC).

UV-Vis characterization

CuCl nanoparticles. To investigate the optical properties of
thin films containing CuCl nanoparticles and to understand the
mechanism of their formation in thin films, the UV-Vis spectra
of the samples were measured at various intervals of the curing
procedure. Fig. 1 shows the UV-Vis spectra of thin films
containing CuCl nanoparticles after drying for 30 min at 60 uC
and for different time periods of treatment in the UV-IR
irradiation.

Fig. 1, curve d, closely resembles the reported absorption
spectra of cuprous chloride.16 Peaks at 371 and 381 nm can be
attributed to copper chloride nanoparticles, which are termed
as Z3 and Z1,2 resulting from the excitation associated with two
spin orbital valence sub-bands. The Z3 line originates from the

two-fold degenerate sub-band C6, and the Z1,2 line originates
from the four fold degenerate valence sub-band C8.17

The sample dried at 60 uC shows only one broad peak at
280 nm (Fig. 1, curve a), which can be attributed to the
chlorocuprate anions.18 After curing for 1 min with UV-IR
radiation a new peak is obtained at 371 nm, resulting in the
decrease of the intensity of the peak at 280 nm (Fig. 1, curve b).
The same trend is obtained after UV-IR treatment for 2 min,
as one can see from Fig. 1, curve c. The curing of the same
sample for 4 min in a beltron machine generated an intense
characteristic peak of cuprous chloride at 371 nm, and com-
plete disappearance of the peak at 280 nm (Fig. 1, curve d). No
further change in absorption spectra was observed on curing
the samples for longer time periods (6 to 10 min).

CuBr nanoparticles. In order to investigate the optical
properties of thin films containing cuprous bromide nano-
particles and to follow the generation of CuBr nanoparticles
during UV-IR treatment, the absorption spectra of the samples
were recorded after 1, 2, and 4 min of UV-IR treatment. Fig. 2
shows the UV-Vis spectra of thin films containing CuBr
nanoparticles, measured at room temperature. In Fig. 2, curve
d closely resembles that reported in the literature7 and the
peaks at 391 nm and 410 nm can be attributed to cuprous
bromide nanoparticles.

The sample dried at 60 uC shows a broad peak at 310 nm
corresponding to bromocuprate complexes,18 and two very
weak peaks at 390 nm and 410 nm, characteristic of CuBr
(Fig. 2, curve a). On exposing the samples to UV-IR irra-
diation, the intensity of the peak at 310 nm decreases and the

Fig. 1 Stepwise generation of CuCl nanocrystals under different heat
treatment conditions: (a) in an oven, 30 min, 60 uC; and in a UV-IR
(1200 W, 150 uC) beltron machine for (b) 1 min, (c) 2 min, (d) 4 min.

Fig. 2 Stepwise generation of CuBr nanocrystals under different heat
treatment conditions: (a) in an oven, 30 min, 60 uC; and in a UV-IR
beltron machine (1200 W, 150 uC) for (b) 1 min, (c) 2 min, (d) 4 min.

1784 J. Mater. Chem., 2003, 13, 1783–1788



intensity of cuprous bromide absorption peaks at 390 nm and
410 nm increases, as one can see from curves b and c in Fig. 2.
The intensity of the absorption peak becomes constant after
4 min of UV-IR treatment (Fig. 2, curve d). Unlike cuprous
chloride (Fig. 1), cuprous bromide exciton peaks can be seen
even for the samples heat treated in an oven at 60 uC, whereas
in the case of cuprous chloride the absorption peak appeared
only after UV-IR treatment of the samples. As is known from
the literature,19 the dissociation constant (pK) for the [CuBr2]2

complex, which gives the following dissociation products, is
23.3:

[CuBr2]2 ~ CuBr 1 Br2 (pK ~ 23.3)

Therefore, the soluble bromocuprate complex, unlike the
chlorocuprate complex, dissociates to copper bromide even
at 60 uC, resulting in a CuBr absorption peak in the UV-Vis
absorption spectra (Fig. 2, curve a).

From these observations it can be concluded that the
addition of halide ions to a suspension containing Cu2O results
in acid soluble halocuprate complex ions. The addition of HCl
results in dichlorocuprate(I) and trichlorocuprate(I) anions,
showing an absorption at 275 nm for chlorocuprate anions,
whereas, the addition of HBr results in dibromocuprate(I) and
tribromocuprate(I) anions showing an absorption at 310 nm for
bromocuprate anions (Fig. 1 and Fig. 2, curve a).18 During the
UV-IR treatment, these acid soluble halocuprate complexes
were decomposed to form CuCl and CuBr in the SiO2 films.

After the synthesis route had been developed successfully,
the CuCl and CuBr nanoparticles should now be characterized
with respect to their size and crystallinity. The size of the
copper halide particles was determined from the absorption
spectra and then compared to the results obtained by XRD and
HR-TEM. Ekimov et al.20 reported an equation relating the
particle radius (r) and the lowest energy (E) of the confined Z3

exciton in UV-Vis spectra as:

E~Eg{Eexz0:67
B2p2

2Msr2

where Eg 2 Eex is the Z3 exciton energy for the bulk crystal
(3.218 eV for CuCl and 3.125 eV for CuBr, at liquid nitrogen
temperature) h� is Plank’s constant divided by 2p and Ms is the
translational mass (Ms ~ 1.9 mo, where mo is the free electron
mass).

In order to apply this equation to calculate the particle size
by the position of the Z3 exciton energy, UV-Vis spectra of thin
films containing CuCl and CuBr nanoparticles were recorded.
The absorption spectra measured at 88 K are shows in Fig. 3.
The spectra were recorded at liquid nitrogen temperature

(88 K), because the Z3 exciton peak is not visible at room
temperature for CuCl and the Z3 exciton energies for the
cuprous halide bulk crystals are known at liquid nitrogen
temperature only. Subsequently, the particle size was deter-
mined using the observed positions of the Z3 peaks from
the measured spectra using the above equation. The particle
diameters ‘‘2r’’ were calculated equal to 10.0 nm for CuCl and
12.0 nm for CuBr.

X-Ray diffraction characterization

CuCl nanoparticles. In order to confirm the crystalline
behavior of the nanoparticles and the phase in which these
particles exist in the films, X-ray diffraction measurements
were carried out. The X-ray diffraction patterns of the film
containing CuCl nanoparticles are shown in Fig. 4, curve b.

XRD patterns observed are in very good agreement with the
literature values and three characteristic peaks are of cuprous
chloride.21 The most intense peak corresponding to the (111)
plane is centered at 28.55u, while two other less intense peaks
corresponding to the (220) and (311) planes are centered at
47.47 and 56.33u respectively. A comparison between the
literature reported and experimentally observed X-ray diffrac-
tion peak positions and their intensities is shown in Table 1.
The observed X-ray diffraction pattern indicates that the
cuprous chloride is present as a nantokite phase (powder
diffraction file no. 6-344) in thin films.

The stepwise generation of cuprous chloride nanoparticles
with respect to the change in heat treatment conditions was
followed by using the X-ray diffraction technique also. The
measured X-ray diffraction patterns are shown in Fig. 4, curves
a and b. It can be seen that for the samples heated at 60 uC in an
oven, no X-ray diffraction peak was observed (Fig. 4, curve a),
indicating the absence of CuCl in the thin film after heating the
sample at 60 uC for 15 min. The same behavior was also shown
by UV-Vis spectra. The sample treated with UV-IR irradiation
(1200 W, 150 uC) for 4 min shows all the three diffraction peaks

Fig. 3 UV-Vis absorption spectra of thin films containing CuCl and
CuBr nanoparticles recorded at 88 K.

Fig. 4 XRD patterns of thin films containing CuCl nanoparticles (a)
dried in an oven at 60 uC, 30 min, (b) UV-IR treatment, 4 min;
thin films containing CuBr nanoparticles (c) dried in an oven at 60 uC,
30 min, (d) UV-IR treatment, 4 min.

Table 1 A comparison of experimentally observed and literature
reported X-ray diffraction peak positions and intensities for nantokite
CuCl

Plane

Literature data
for CuCl21

Experimental data
for CuCl

(hkl) 2h Intensity 2h Intensity

111 28.52 100 28.55 100
220 47.43 55 47.47 52
311 56.29 30 56.33 27
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corresponding to the (111), (220) and (311) planes of the CuCl
nantokite phase (Fig. 4, curve b).

From the angle corresponding to the maximum diffraction
(here the 111 peak) and the half-width of the diffraction peak,
the size of the nanoparticles was calculated using the Scherrer
equation. The half width of the peak was measured to be equal
to 0.935u, and 2h was measured equal to 27.20u. Using these
parameters, a particle diameter of 11.0 nm was determined.
Since this is in very good agreement with the results of the
spectroscopic method (see above), it can be concluded that the
vast majority of the nanoparticles are single crystals.

Table 2 shows the size of the CuCl nanoparticles calculated
using the Ekimov equation (peak position in UV-Vis spectra),
the Scherrer equation, and HR-TEM analysis. The particle
sizes determined by the three different methods compare well.
The lattice constant was calculated to be equal to 5.42 Å using
the X-ray diffraction pattern, which also is in good agreement
with the literature reported value for CuCl.22

CuBr nanoparticles. The X-ray diffraction pattern of the
thin film containing CuBr nanoparticles is shown in Fig. 4,
curve d. The XRD patterns observed are in good agreement
with the literature values for CuBr and the observed peaks can
be attributed to the cuprous bromide c-phase.23 The most
intense peak corresponding to the (111) plane is centered at
27.26u, while two other less intense peaks corresponding to
the (220) and (311) planes are centered at 45.07u and 53.54u
respectively. A comparison between the experimental and the
literature reported X-ray diffraction peak positions and
intensities is shown in Table 3. Therefore, it can be said that
the observed X-ray diffraction pattern was found to be in
good agreement with the c-CuBr patterns, indicating that the
cuprous bromide is present as the c-phase in these thin films.

The stepwise generation of cuprous bromide nanoparticles
with the change in heat treatment conditions was also followed
by recording the X-ray diffraction patterns after every step of
heat treatment. The recorded X-ray diffraction patterns are
shown in Fig. 4, curves c and d. It is clear from the figure that
for the sample heated at 60 uC in an oven, only one diffraction
peak corresponding to the (111) plane is observed (Fig. 4, curve
c), whereas no diffraction peaks were observed corresponding
to the (220) and (311) planes. It shows that a small amount of
CuBr has already been formed after heating the sample at 60 uC
for 15 min. This result is in good agreement with the UV-Vis
spectra. For the sample treated for 4 min in UV-IR irradiation,
all three diffraction peaks corresponding to c-CuBr are clearly
visible (Fig. 4, curve d).

The particle diameter ‘2r’ for CuBr nanoparticles was
determined to be equal to 12 nm using the Scherrer equation.
For comparison, the particle sizes measured using the three

different methods are listed in Table 4. The particle sizes
measured by the different methods are in good agreement. The
lattice constant was calculated to be equal to 5.68 Å using the
X-ray diffraction pattern, which also is in good agreement with
the literature reported value for CuBr.22

Stability of CuCl nanoparticles in different atmospheres.
After storage of the cuprous halide samples in air, a decrease in
the intensity of the characteristic cuprous halide absorption
peak was observed, which vanishes completely after a few days.
Therefore, the stability of CuCl in the thin films was studied
in different atmospheres. The change in the area of the Z1,2

absorption peak for CuCl nanoparticles after different time
periods is shown in Fig. 5 for samples stored in air, in a
desiccator (exclusion of moisture) and in vacuum.

This figure shows that the CuCl peak vanishes completely in
air within 10 days, on the other hand for the samples stored in a
desiccator (exclusion of moisture) a relatively small decrease
in the intensity of absorption peak was observed after 56 days.
A decrease in the peak intensity can be observed in vacuum
as well, though it is very small. As exclusion of moisture
drastically increases the stability of CuCl, it can be said that
CuCl is very sensitive towards moisture.

The possible explanation for this behavior is the unstable
nature of cuprous chloride. In the presence of moisture and
air, CuCl is known to be oxidized and hydrolyzed to a green
product that approaches copper(II) chloride dihydroxide
(CuCl2?3Cu(OH)2).24 In order to confirm the transformation
of Cu(I) into Cu(II), X-ray diffraction patterns of freshly
prepared thin films and films after exposure to air at 25 uC for
3 weeks were measured and are shown in Fig. 6. A remarkable
change in the XRD patterns can be observed from this figure.
The samples exposed to air at 25 uC for 3 weeks exhibit XRD
peaks corresponding to copper(II) chloride dihydroxide.25

Therefore, XRD measurements also support the oxidation of
Cu(I) into Cu(II).

Effect of post heat treatment: CuCl nanoparticles in thin
films. During the heat treatment of the samples containing
CuCl, at higher temperatures (w200 uC) in an oven, it was
observed that the intensity of CuCl exciton peaks decreases and

Table 2 The diameters of CuCl nanoparticles as measured using the
Scherrer equation, UV-Vis spectra and HR-TEM analysis (measure-
ment error is ¡10%)

Scherrer equation ‘2r’
UV-Vis spectra
‘2r’

HR-TEM
‘2r’

11 nm 10 nm 12 nm

Table 3 A comparison of experimentally observed and literature
reported X-ray diffraction peak positions and intensities for c-CuBr

Plane

Literature data
for CuBr23

Experimental data
for CuBr

(hkl) 2h Intensity 2h Intensity

111 27.12 100 27.26 100
220 45.02 50 45.07 51
311 53.34 35 53.54 32

Table 4 The diameters of CuBr nanoparticles as measured using the
Scherrer equation, UV-Vis spectra and HR-TEM analysis (measure-
ment error is ¡10%)

Scherrer equation ‘2r’
UV-Vis spectra
‘2r’

HR-TEM
‘2r’

12 nm 12 nm 14 nm

Fig. 5 The change in the area of the Z1,2 absorption peak of CuCl in
different atmospheres, as a function of time (in days).

1786 J. Mater. Chem., 2003, 13, 1783–1788



disappears completely after a certain time period. To under-
stand the mechanism, CuCl containing samples were heated at
250 uC in an oven for different time periods and their measured
UV-Vis spectra are shown in Fig. 7.

Fig. 7 clearly shows that on heating the samples at 250 uC
in air for 15 min, there is a small decrease in the intensity of
the UV-Vis absorption peak, whereas a remarkable decrease in
the intensity can be observed after 45 min. After 3 h of heat
treatment at 250 uC in air the characteristic absorption peak
due to CuCl completely disappears, indicating that there is
no CuCl left in the films after 3 h. Simultaneously, a strong
absorbance in the UV range (200–300 nm) was observed that
may be attributed to the decomposed organics in the coatings.
It initially increases till 45 min of heating and remarkably
decreases after 3 h of heating.

It has been shown in the above sections that Cu1 is very
unstable and oxidizes to Cu21 in air. Therefore, in order to
understand the mechanism of the transformation during
heat treatment of cuprous halides in an oven at 250 uC, two
possibilities may be considered: 1) either cuprous chloride has
been changed into a cupric compound with the formation of
CuCl2?3H2O, or 2) CuCl has been decomposed into Cu1 and
Cl2. If there is CuCl2?3H2O in the films it should show
crystalline behavior. However, the X-ray diffraction measure-
ment of the sample heated at 250 uC for 3 h shows non-
crystalline behavior, indicating the decomposition of CuCl into
Cu1/Cu21 and Cl2. If copper is still present in the films as
ionic copper, it should form copper colloids under a reducing

atmosphere. Therefore, the samples exposed to air for 3 weeks
were heat-treated under a reducing atmosphere (N2/H2 ~ 92/8,
80 l h21) at 450 uC for 1 h with a heating rate of 100 K h21.
The formation of copper colloids was followed by UV-Vis
absorption spectroscopy, which shows only one absorption
peak at 587 nm26 indicating the formation of copper colloids
in the thin films. This result supports the presence of copper in
ionic form in the films. The same observations were made for
the thin films containing CuBr nanoparticles also.

HR-TEM characterization

In order to determine the size and structure of the CuX (X ~
Cl, Br) nanoparticles by an alternative way, high-resolution
electron microscopy (HR-TEM) was carried out. The HR-
TEM micrographs of the samples containing CuCl nano-
particles are shown in Fig. 8 and Fig. 9. CuCl particles of
diameters ranging from 4–16 nm (average diameter ~ 12 nm)
dispersed in the glass-like matrix are visible in Fig. 8. A single
particle having a diameter of 8 nm and embedded in the matrix
is shown at higher magnification in Fig. 9a.

For the samples heat treated in a beltron machine, the
particles formed are well separated and uniformly dispersed,
whereas, the samples heated in an oven for a long time (150 uC,

Fig. 6 XRD patterns of thin films containing CuCl nanocrystals (a) as
prepared, (b) on exposure to air at 25 uC for three weeks.

Fig. 7 UV-Vis absorption spectra of thin films containing CuCl
nanocrystals on heating at 250 uC in air for different time periods:
as prepared, and after 15 min, 45 min, 90 min and 180 min.

Fig. 9 (a) High resolution TEM image of a single CuCl particle
embedded in glass matrix, (b) HR-TEM image of some agglomerated
particles, (c) electron diffraction pattern of a small region selected from
the agglomerates, (d) the spots in the electron diffraction pattern are
probably formed from the marked nanocrystals.

Fig. 8 HR-TEM image showing the CuCl nanoparticles dispersed in
the glass matrix.
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2 h) showed the formation of some agglomerates. Fig. 9b shows
a HR-TEM picture of a selected region containing some
agglomerates. In order to see what these agglomerates are
formed of, their electron diffraction pattern was recorded and
is shown in Fig. 9c.

The analysis of the electron diffraction pattern yields the
following distances: 2.02 Å corresponding to the (111) plane of
Cu, 2.34 Å, 2.36 Å, 2.35 Å, corresponding to the (200) plane of
CuCl and 2.87 Å corresponding to the (111) plane of CuCl. A
lattice plane measurement of these particles indicates that the
films consist still of the nantokite phase of cuprous chloride.
The observation of these lattice spacing suggests that the big
clusters were due to the agglomeration of small CuCl particles.
In Fig. 9d, probable nanocrystals are imaged using probable
CuCl spots of the diffractogram and applying the Fourier
fittings. The investigated particles, which are marked by
circles, possess diameter of the order of 8 nm (6–9 nm). The
high-resolution micrograph of the sample heated at 200 uC for
2 h indicates the formation of clusters of 70–80 nm in size,
which can again be explained by the agglomeration of small
CuCl nanoparticles on holding the sample at 200 uC for 2 h.

Apart from CuCl, lattice spacing measurements show the
spacings corresponding to Cu planes also, hence copper is also
present in the agglomerates. As the UV-Vis spectra do not
show any absorption peak corresponding to a copper plasmon
peak, it is very probable that the formation of copper is induced
by the incidence of the electron beam on the CuCl particles
during HR-TEM investigations.

The HR-TEM image of a thin film containing CuBr
nanocrystals is shown in Fig. 10. This figure shows that in
the case of CuBr, the nanoparticles are not uniform and some
agglomerates are also formed. Particles with diameters ranging
from 2–28 nm (average diameter ~ 14 nm) are formed.

Conclusions

The sol–gel process has successfully been used for the synthesis
of organic–inorganic thin films containing CuX (X ~ Cl, Br)
nanoparticles. Copper could be stabilized in the Cu1 state as
acid soluble halocuprate complexes in solution, in the presence
of acetonitrile. These complexes decompose during heat
treatment to form copper halide nanoparticles. The formation
of acid soluble halocuprate complexes like CuX2

2 and CuX3
22

(X ~ Cl, Br) and their decomposition during the heat
treatment to CuCl and CuBr was confirmed by UV-Vis
spectroscopy, which showed high intensity Z1,2 and Z3 exciton
peaks thus confirming the formation of cuprous halide
nanocrystals. The thin films containing CuCl and CuBr were
also characterized by X-ray diffraction technique. For cuprous
chloride and cuprous bromide samples, particles with average
diameters of 11 nm and 14 nm respectively, were formed after
heat treatment at 150 uC in a UV-IR beltron machine. Cubic
nantokite and c phases were observed for CuCl and CuBr
nanoparticles respectively.
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Fig. 10 HR-TEM image of a thin film containing CuBr nanoparticles.
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