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Abstract

The infrared (IR) reflectance spectroscopy technique was used for the qualitative determination of free carrier density in metal and
semiconductor nanocluster embedded ZnO films. The effects of incorporation of metal and semiconductor nanoclusters on the evolution of the
free carrier absorption band in the nanocomposites were studied. Our results reveal that the concentration of free carriers in the composite films
depends strongly on the nature of incorporated clusters in the matrix and the annealing temperature. It is demonstrated that just by monitoring the
position of a single IR reflectance band, the extent of oxidation of any incorporated species in ZnO can be monitored qualitatively.

© 2005 Published by Elsevier B.V.
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1. Introduction

The metal-oxide semiconductor ZnO has many techno-
logically important applications such as transparent conduc-
tors [1], solar cell windows [2,3], gas sensors [4,5], surface
acoustic wave devices [6], etc. Recent success in producing
large-area single crystals has opened the possibility of using
ZnO to produce UV light emitters and high-temperature, high
power transistors [7,8]. While the recent progress in
fabrication techniques has produced ZnO thin films and
several nanostructures [9—11] with controlled morphology,
the control of their electrical properties has remained difficult.
Due to high resistively of ZnO in thin film form and the nature
of doping materials, a direct evaluation and assignment of
free charge carrier density is difficult. Recently, Nan et al.
[12] used the IR reflectance technique for the qualitative
determination of free carrier density in ZnO films.

In ZnO, there exists an absorption in between its
electronic absorption band (around 0.40 pm) and deep
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lattice absorption band (around 25 pm) which is sensitive to
the free carrier density and for which the IR reflectivity
approaches zero. The intensity and the characteristic
frequency of this band in the absorption spectra depend
strongly on the free carrier density.

In this work we present an IR absorption study of the free
carriers in ZnO nanocomposite films produced by incorpo-
ration of several metal and semiconductor nanoclusters in
ZnO matrix. The nanocomposite films are prepared either
by co-sputtering or by alternate sputtering of metals or
semiconductors and ZnO targets with different metal/
semiconductor contents and then annealed at different
temperatures. X-ray diffraction (XRD) and transmission
electron microscopy (TEM) techniques are used to study the
crystalline quality and morphology of the nanocomposites.

2. Experimental
Composite films of metal/semiconductor—ZnO are pre-

pared on well cleaned quartz substrates by co-sputtering of
metal/semiconductor co-targets and a ZnO target (50 mm
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diameter, 99.999% purity) at fixed argon (Ar) gas pressure
and 100 W r.f. power. For the metal-ZnO composites, Au
and Pt wires of 0.4 mm diameter and of different lengths are
placed on the ZnO target and co-sputtered for 2 hrs at 4
mTorr Ar pressure. For the Si—ZnO composite films, Si co-
targets (5x5x0.3 mm wafers) of different numbers are
placed on the main ZnO target symmetrically and co-
sputtered at 10 mTorr Ar pressure for 1 hr. Ge—ZnO
nanocomposites are prepared by alternate sputtering of ZnO
and Ge targets at 45 mTorr argon pressure for 82 min. The
details of the sample preparation technique are reported in
our earlier works [13—16]. The composite films are
annealed in a tubular furnace at different temperatures in
argon atmosphere for 2 h. For TEM study, the samples are
prepared on carbon coated Cu micro grids for shorter time
of deposition and annealed at different temperatures as
mentioned earlier. A JEOL-2010 (or JEOL JEM2000-FXII)
electron microscope was used for the TEM observations on
the samples. XRD patterns were recorded using Cu-K,
radiation of a Rigaku RAD-C (or Bruker) diffractometer. A
Nicolet Magna 750 FTIR spectrometer was used to record
the IR spectra.

3. Results and discussion

From the TEM micrographs we can observe the
formation of homogeneously distributed nanoparticles in
the ZnO matrix. In general, for the Si/ZnO and Au/ZnO
composite films the average size of the nanoparticles
increased with the increase of annealing temperature (Figs.
1 and 2). Whereas, the increase of Si or Au content in the
composite films caused only an increase in the density of the
particles, without causing any significant change in their
average size [13,14]. Fig. 3 shows the typical TEM
micrographs of the as-deposited Pt/ZnO films prepared with
3 pieces of Pt wires of 15 mm length and after annealing at
200 °C and 600 °C. In the as-deposited films we can
observe the agglomeration of small particles to form very

Fig. 1. Typical TEM micrographs of Si/ZnO composites prepared with 12
pieces of Si and annealed at a) 400 °C and b) 800 °C.
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Fig. 2. TEM micrographs of Au/ZnO composites prepared with 3 pieces of
Au wires of 7.5 mm length and annealed at a) 500 °C and b) 700 °C.

big clusters with average size of 275 nm. On annealing at
200 °C or higher temperatures, a homogeneous distribution
of small Pt particles in the ZnO matrix is observed due to the
disintegration of the big clusters (in as-grown samples). On
annealing at 600 °C, the small particles aggregated to form
particles with an average size of 6.4 nm. But, for the Ge/
ZnO composite films, with the increase of annealing
temperature the average size of the Ge particles decreased.
The average size varied from 5 nm for as-deposited films to
2.3 nm for films annealed at 600 °C [15].

In Fig. 4a, the evolution of the XRD spectrum with the
variation of Au content for Au/ZnO composites films
annealed at 700 °C is shown. With increase of Au
content, the intensity of the peaks related to the (111) and
(220) planes of Au increased. There appeared a peak
corresponding to the formation of Au,0;, intensity of
which decreased with the increase of Au content in the
films. Fig 4b shows the XRD patterns for the Au/ZnO
composite films before and after annealing at different
temperatures. With the increase of annealing temperature,
the intensity of the (002) and (103) reflections of ZnO
increased. However, the intensity of the reflection
corresponds to oxidized Au (AuO and Au,0;) decrease
and the intensity of the (111) reflection corresponds to Au
increased. It is clear that on increasing the annealing
temperature, the Au in oxidized state is reduced to
metallic gold.

Fig. 5 shows the XRD patterns for the Si/ZnO
composite films. With the increase of Si content, the
crystallinity of the composite films decreases. On the other
hand, with the increase of annealing temperature, the
crystallinity of the films increases. Infrared measurements
revealed the bands correspond to the modes of vibration of
the metal (or semiconductor) nanoparticles and ZnO. The
evolution of the IR bands (shape, intensity and shift) of the
semiconductor nanoparticles with the variation of the
growth parameters has been reported in several articles
[13,17,18]. Fig. 6 shows the IR reflectance spectra in the
spectral range of 550—900 cm™ ' for the X/ZnO nano-
composites. In general, the spectra reveal a broad band
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Fig. 3. Typical TEM micrographs of Pt/ZnO nanocomposite films prepared with 3 pieces of Pt of 15 mm length: a) as-deposited, b) annealed at 200 °C and c)

annealed at 600 °C.

between 589 and 645 c¢cm~ !, which is sensitive to the
presence of free charge carriers in the films. The
characteristic frequency of this band is affected by the
content and kind of materials incorporated in the ZnO
matrix and the density of free carriers generated. IR spectra
of the Ge/ZnO composites films revealed that the position
of the band shifts from 589 cm™ ' for as-deposited films to
598 cm~ ! for the films annealed at 600 °C, whereas, the
reflectance increased on annealing (Fig. 6a). The shift
towards higher frequencies is due to increase in free carrier
density on annealing. With the increase of the annealing
temperature, some of the Ge nanoparticles oxidize, leaving
oxygen vacancies in the ZnO matrix causing an increase in
the free carrier concentration. Generally, the increase in the
free carriers causes a decrease in the reflectance due to
higher free carrier absorption. However, the observed
increase of reflectance on Ge/ZnO composites on anneal-
ing might be due to its high porosity [12].

In comparison with Ge/ZnO composites, the reflection
band in Si/ZnO composites has lower reflectivity and its

position shifts from 635 cm™ ' to 656 cm™ ' on annealing the
films at 800 °C (Fig. 6b). The reason may be that Si/ZnO
films have higher free carrier concentration as the Si
incorporated in the ZnO almost completely remained in
the SiOy (0<X<2) chemical state [13,19].

In Au/ZnO films the reflectance band is localized at
higher frequencies, which is attributed to increase of free
carrier density in ZnO due to the metal incorporation. There
appeared no sharp reflectance minima in this frequency
interval for the Pt/ZnO composite films. The IR spectra of
Au/ZnO composite films reveal that the band localized
around 650 cm™ ! in as-deposited films shifts towards lower
frequencies (640 cm™ ') on annealing the films at 800 °C
with an increase in its intensity. In case of Pt/ZnO
composites, there were no noticeable changes in the
reflectance spectra on annealing.

On annealing the Au/ZnO composites, due to the
reduction of oxide states of Au, the density of free charge
carriers in ZnO decreases; causing a shift in frequency of
absorption band (Fig. 6d) towards lower values. In case
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Fig. 4. XRD patterns of the Au/ZnO nanocomposites: a) prepared with different Au content and treated at 700 °C, b) prepared with 3 pieces of Au wires of 7.5

mm and annealed at different temperatures.
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Fig. 5. XRD patterns of the Si/ZnO nanocomposites: a) prepared with different Si content and b) prepared with 8 pieces of Si and annealed at different
temperatures. All the identified planes except SiO, are related to ZnO matrix.
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Fig. 6. IR spectra of the nanocomposite films annealed at different temperatures: a) Ge/ZnO, b) Si/ZnO, c¢) Pt/ZnO and d) Au/ZnO.
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of Pt/ZnO, as Pt remains in the composites without
forming any oxide, there is no significant change in the
free carrier concentration of ZnO matrix on annealing
(Fig. 6c¢).

4. Conclusions

X (Au, Pt, Si or Ge)/ZnO nanocomposite films were
prepared by r.f. co-sputtering. IR spectra of the X/ZnO
composites revealed an absorption band which is sensitive
to the presence of free charge carriers in the films. The
position and intensity of the IR band depend on the material
incorporated in the matrix and the annealing temperature.
For the metals or semiconductors which get oxidized upon
incorporating them in ZnO matrix, the free carrier concen-
tration in ZnO increases causing a shift of the IR band
towards higher frequencies. While for the non-oxidizing
elements, the IR absorption band has no effect on the
incorporation of metal or semiconductor guests. Therefore,
just by monitoring a single reflectance band in the IR
spectra of ZnO, it is possible to monitor the oxidation state
of the incorporated species.
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