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Nanocomposites of Cu/ZnO with different Cu contents were prepared by radio frequency co-sputtering
technique. The composite films were annealed at different temperatures in argon atmosphere for 2 hrs.
Transmission electron microscopy and x-ray diffraction studies revealed the formation of partially oxi-
dized Cu nanoparticles in ZnO matrix. The size of the Cu nanoparticles depended strongly on the anneal-
ing temperature. Infrared spectroscopy study revealed that the nanoparticles consist of an elemental Cu
core surrounded by the oxidized copper shell. The elemental core consists of Cuy clusters. IR spectros-
copy and DFT calculation were used to identify the Cu clusters.
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1 Introduction

Formation of metal nanoparticles such as Cu, Ag and Au in glass matrix has attracted much attention
recently due to their potential applications in non-linear optical devices [1-6]. Several techniques, for
example, ion-implantation [2,6,7,8], chemical [9], sol-gel [10] and sputtering [11-13] have been em-
ployed by several workers to prepare metal nanocomposites. For the production of nonlinear optical
devices, it is important to ensure a certain concentration of such colloidal particles in the matrix. Though
a large amount of colloidal particles can be incorporated in the matrix by ion-implantation, the defects
created by high energy ions modify their optical properties drastically. On the other hand, by alternate or
co-sputtering technique, we can control the amount of dopant easily without modifying the optical prop-
erties of the host material. Though, silica or quartz glass have been used vastly as matrix material to
prepare colloidal metal particle composites, there are only a few reports on the use of functional matrix
material like ZnO for this purpose [11,12,14].

In the present work, an evidence of the formation of Cu nano-clusters in ZnO matrix is presented.
Cu/ZnO nanocomposites were grown on quartz glass substrates by r.f. co-sputtering technique and an-
nealed in argon at different temperatures. Transmission Electron Microscopy (TEM), X-ray diffraction
and Infra-red (IR) absorption studies revealed that the nanoparticles consist of a metallic Cu core sur-
rounded by a partially oxidized cap layer. Density Function Theory (DFT) in combination with the effec-
tive core potentials was used to calculate the optimum geometry of the Cu isomers and their correspond-
ing vibrational frequencies. A comparison of the experimental results with the theoretical calculation
revealed that the elemental Cu in the core of the nanoparticles remains mainly in dimer (Cu,) trimer
(Cus) and tetramer (Cuy) cluster forms.

" Corresponding author: e-mail: upal@sirio.ifuap.buap.mx, Fax: +52-22 2295611

© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



phys. stat. sol. (c) 0, No. 8 (2003) / www.physica-status-solidi.com 2957

2 Experimental

The Cu/ZnO composite films were prepared on well cleaned quartz glass substrates by sputtering of ZnO
and Cu wires simultaneously. Different numbers of Cu wires (2 mm length and 0.5 mm of diameter)
were placed symmetrically on a ZnO target (50 cm diameter) and sputtered with 200W r.f. power at 20
mTorr Ar pressure. The content of Cu in the films was varied by changing the number of Cu pieces on
the ZnO target, keeping the time of sputtering fixed (2 hrs ). Depending on the number of Cu pieces, the
thickness of the composite films varied from 0.19 pum to 0.22 pm. The as-grown composite films were
annealed at different temperatures for 2 hrs in argon atmosphere. A Siemens D5000 X-ray diffractometer
with Cuka source was used to record the XRD pattern of the samples. A JEOL 2010 electron microscope
was used for obtaining TEM micrographs. A FT-IR Vector 22 spectrometer was used to record the IR
absorption spectra of the samples in diffuse mode.

3 Computational details

For the calculation of geometry optimization and vibrational frequencies of Cu clusters, we have used
DFT technique in combination with the effective core potentials. This combination has been used
currently for the study of metallic clusters with few atoms [15]. The basis set used for the copper atom is
the Los Alamos laboratory (LANL) set for effective core potential (ECP) of double-{ type [16] with
relativistic corrections. This pseudopotential consists of small core ECP with 3s and 3p orbitals in the
valence space. The functional that we used is the B3PWO91 [17], a hybrid functional which define the
exchange as a linear combination of Hartree-Fock and gradient-corrected exchange terms [18]. All the
calculations were performed using the Gaussian-98 program [19].

Full geometry optimizations were performed via the Berny algorithm in redundant internal
coordinates. The thresholds for the convergence were 0.00045 au, 0.0003 au, 0.0018 au and 0.0012 au
for the maximum force, root-mean-square (RMS) force, maximum displacement, and RMS
displacement, respectively. Once the optimization of cluster geometry is done, the vibrational
frequencies were calculated as the second derivative of the energy with respect to the nuclear positions.

4 Results and discussion

Figure 1 shows the typical TEM micrographs of the Cu/ZnO composite films. Formation of nano-
clusters in the matrix is clear from the contrast of the micrographs. Most of the nanoparticles were in the
range of 3-14 nm in diameter and dispersed homogeneously in the matrix. The average diameter of the
nano-clusters increased with the increase of Cu content and also with the annealing temperature [12].

The XRD patterns of the composite films revaled the presence of Cu, both in elemental and oxide
form in the composites [12].

To extract the effect of Cu incorporation in the composite films precisely, for the recording of the IR
spectra, a quartz substrate with ZnO film on it was used as the reference. For the measurement of IR
spectra of the composite films annealed at different temperatures, the ZnO films on quartz substrate
annealed at corresponding temperatures were used as the reference. Therefore, the features appeared in
the IR spectra are only due to the incorporation of Cu in ZnO.

As the absorption peaks related to the oxides of copper appears in the frequency range 1000-400 cm™
and of elemental Cu in 400-200 cm™', we divided the full range of measured spectra in two parts: 1000-
400 cm™ and 400-200 cm’™.

In figures 2a and 2b, the IR spectra of the as-grown Cu/ZnO composites prepared with different Cu
contents are presented for the 1000-400 cm™ and 400-200 cm™ spectral range respectively. For all the
samples, we can observe the appearance of two absorption bands at around 530 and 800 cm™ for the
1000-400 cm™ spectral range. There appeared three absorption bands in the low frequency spectral range
at around 252, 240 and 226 cm™'. The intensity of the bands increased with the increase of Cu content in
the films. Figures 3a and 3b show the IR spectra for the composite films prepared with different Cu con-
tents and annealed at 400°C for the two spectral ranges. There appeared three absorption bands at around
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530, 655 and 800 cm™ for the first spectral range. The absorption band observed at around 655 cm™ was
assigned to the symmetric stretching mode of Cu(0O2), 2A" with C,, symmetry by several workers [20-
23]. The absorption detected at around 530 cm™ was generally assigned to the symmetric stretching
vibration of Cu-O bond of the CuOO molecule [24-26]. The last absorption band appeared close to 800
cm’! was assigned to the vibration of Cu-O bond in the CuO; molecules [24, 26].
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Figure 1. TEM micrographs of the Cu/ZnO Figure 2. IR spectra of the as-grown composite films prepared
composites prepared with 16 pieces of Cu wires ~ with different Cu contents a) for the 1000-400 cm™ and b) 400-
a) as-grown and b) annealed at 400°C. 200 cm™ spectral ranges.

The peak position of the absorption bands in the 400-200 cm™ spectral range did not change on anneal-
ing the sample at higher temperatures. However, on annealing the samples at 400°C, the relative inten-
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Figure 3. IR spectra of Cu/ZnO nanocomposites prepared with Figure 4. Binding energy (a) and (b) relative
different Cu contents and annealed at 400°C a) for 1000-400 cm™ stabilities (eV) of Cu clusters calculated by
and b) for 400-200 cm™ spectral ranges. DFT

sity of the 226 cm™ band increased drastically. The first band in this spectral range at about 252 cm™
is assigned to the vibration of Cu, linear clusters [27]. The second one appeared at around 240 cm™ is
generally assigned to the stretching asymmetric vibration of triangular Cuj; clusters [28]. However, for
the last one appeared at about 226 cm’, there had been no experimental or theoretical report in the litera-
ture. We assigned this band to the vibration of Cu, clusters from our theoretical study of vibrational
frequencies of Cu, clusters.
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5 Theoretical results

Figure 4 shows the a plot of binding energy versus cluster size (number of Cu atoms). The values of the
binding energy for the 2 and 3 atomic clusters are in good agreement with the experimental results [29],
and for the other higher size clusters, the values are also in agreement with the reported theoretical
results [29]. In the same figure (4b), the relative stability of the Cu clusters is ploted against the number
of copper atoms. The relative stability of the Cu clusters was calculated by the relation E=2E(N)-
E(N+1)-E(N-1); where, N is the number of Cu atoms in the cluster. We can observe that the clusters
formed with N=2,4,6 and 8 are the most stable. In table 1, the most stable spatial geometry and
corresponding frequencies of vibration for the Cu clusters for N=2-10 are presented. The highest
intensity (more probable) frequencies for each cluster are given in the parentheses.

By comparing our experimental results with the theoretical calculations, we can associate the
absorption band appeared at around 252 cm™ to the formation of Cu, clusters in the composites. Though
the frequency is very close to the calculated frequencies of Cus and Cug clusters, the relative stability of
the Cu, clusters is higher than the others.

Table 1. Point group and frequencies for the Cu clusters calculated with DFT. The most intense frequen-
cies are given in the parentheses.

Cluster  Point group Frequencies (cm™)

Cu, Dy, (259)

Cuy Cyy 80, (153), 239

Cuy D, (220), 58, 112,149, 255

Cus G, (251), 38, 40, 99, 111, 135, 160, 197, 212

Cug D, (252), 26, 33, 43, 96, 97,118, 119, 164, 187, 193, 254

Cu, Dsy, (208), 60, 105, 106, 119, 123, 127, 146, 147, 153,

155,209, 223
Cug Ty (220), 57,71,73, 100, 101, 107, 110, 116,
159, 167, 175, 203, 211

Cuy Csy (234), 9, 12, 33, 38, 40, 51, 58, 70, 88, 93, 100,
131, 145, 149, 164, 178, 182, 210, 253, 270

Cuyg Dyqy (242), 8, 16, 31, 36, 39, 45, 48, 62, 81, 87, 97, 106, 130,

136, 141, 157, 161, 184, 190, 196, 208, 253, 266

Though our calculation revealed the most intensity frequency for Cus clusters at around 153 cm™,
which is in agreement with the other theoretical works [30]. J. Szeyrbowski et al. [28] have attributed the
240 cm™ frequency to the Cu; clusters from their experimental results. It is to be noted that, our theoreti-
cal calculation also revealed a frequency at around 239 cm™ but with lower frequency.

The band appeared at around 226 cm™ is very close to the most intensity vibrational frequency for Cu,
clusters (Table 1). Though the frequency is very close to the most probable frequency for Cug clusters,
from the binding energy value in the figure 8a, we can see the formation of Cug cluster is less probable
than Cuy clusters. Therefore, we assigned our experimental 226 cm™ band to the formation of Cu, clus-
ters in the composite films.

6 Conclusions

Incorporation of Cu in ZnO matrix by sputtering resulted the formation of partially oxidized Cu
nanoparticles in ZnO matrix. Infra-red absorption and our theoretical calculation using DFT revealed that
the nanoparticles consist of an elemental Cu core surrounded by an oxide cap layer. The elemental cores
consist of Cu dimer, trimer and tetramer clusters. However, the annealing of the films at 400°C favored
the formation of Cuy clusters. A futher theoretical investigation is needed to study the mecanism of this
transformation.
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