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Abstract

Zn0O and Cr doped ZnO nanoparticles were synthesized by chemical vapor synthesis (CVS) which is a modified chemical vapor deposition (CVD)
process. The resulting powders consist of nanocrystalline particles and were characterized by X-ray diffraction (XRD), nitrogen adsorption (BET),
transmission electron microscopy (TEM), energy dispersive X-ray analysis (EDX), element analysis, and extended X-ray absorption fine structure
(EXAFS) spectroscopy. The grain size decreases with increasing dopant concentration. The lattice constants extracted by the Rietveld method from
XRD data vary slightly with doping concentration. XRD and EXAFS data analysis show that the Chromium dopant atoms are incorporated into

the wurtzite host lattice.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Zinc oxide is a [I-VI semiconductor with a wide direct band
gap of 3.37eV and a large exciton binding energy of 60 meV at
room temperature which makes it suitable as material for blue
and ultraviolet light-emitting devices.! In the past years ZnO has
received more and more attentions due to their potential applica-
tions, such as short-wavelength optoelectronics” and transparent
conductive films for solar cells.

A number of synthetic routes have been employed to syn-
thesize ZnO nanoparticles, such as sol-gel chemistry,>7 spray
pyrolysis,® metal-organic chemical vapor deposition,”!? flame
synthesis,!! cathodic electrodeposition,'>!3 plasma pyrolysis’
and chemical vapor synthesis.'* Ball milling and spray pyrol-
ysis has been used to prepare nanostructured Zn—Cr—O spinel
powders.!>-1

The properties of ZnO nanoparticles can be adjusted by their
size and by introducing dopants. Ab initio calculations predict
ferromagnetism in ZnO doped with most transition metal ions,
such as Fe, Ni, Co, and Cr.!” The band gap of ZnO can be tuned
by doping.'® Recently, Roberts et al. synthesized Cr doped ZnO
via magnetron sputtering. They found ferromagnetic ordering
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with a room temperature saturation moment of 1.4 ug per Cr
ion at a doping concentration of 9.5 at.% after annealing in
UHV.!? Potential applications of ferromagnetic semiconductors
include electrically controlled magnetic sensors and actuators,
high density ultralow-power memory and logic, spin-polarized
light emitters for optical encoding, advanced optical switches
and modulators and devices with integrated magnetic, electronic
and optical functionality.’

However, the origin of the magnetic properties and espe-
cially the structure of the magnetic dopants is presently under
discussion.?! Therefore, in this paper we report on the Chemical
vapor synthesis (CVS) of nanocrystalline Cr doped ZnO and the
structural characterization of the corresponding products with
emphasis on the local structure around Cr atoms. Magnetooptic
investigations will be publised elsewhere.

2. Experimental details and data analysis

Fig. 1 shows the experimental setup of the CVS reactor. It
consists of two sequential hot zones for evaporating and pyrol-
ysis of the solid precursors, respectively. The hot zones consist
of an alumina tube placed into the two sequential furnaces. The
precursors are evaporated from alumina boats in the first hot
zone and then transported by helium carrier gas into the sec-
ond hot zone. Zinc acetylacetonate (Zn(acac);) and Chromium
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Fig. 1. Experimental setup of the CVS reactor for production of doped nanocrystalline ZnO powders.

acetylacetonate (Cr(acac)3) were used as precursors for the
chemical vapor synthesis of Chromium doped Zinc oxide. In
the second hot zone the precursors are pyrolysed and oxidized
by additional oxygen at 1173 K. The process pressure is ambi-
ent. The particles are then collected on a paper filter at the reactor
exit. The evaporation rate of the precursors was investigated by
means of thermogravimetric analysis (TGA) in order to control
the dopant concentration and particle size. The alumina boats for
Cr- and Zn-precursors were placed at different positions in the
first furnace thereby exploiting the temperature profile to vary
the evaporation rate according to the TGA results. For pure ZnO
the maximum temperature in the first furnace was 493 K and for
the doped samples 423 K. The composition (dopant content, also
used to designate the sample in this paper) of the samples was
determined by energy dispersive X-ray analysis with an EDX
system ISIS 300 with an EDX 7370 detector.

Crystal structure and phase composition of the samples were
determined by X-ray diffraction using a PANalytical X-ray
diffractometer (X’Pert PRO) with Cu Ko (1.54184 10\) and Co
Ka (1.54184 A) radiation and an X’ Celerator detector. The XRD
data were collected in a range of 25° <26 <100° with a step
size of 0.05°. The diffraction data were analyzed by means
of Rietveld refinement using the program FULLPROF.?> The
XRD diffractograms were analyzed using the wurtzite structure
(space group P63mc, No. 186) with initial structural parame-
ters taken from the ICSD data base (collection code 65119).
Information on the isotropic microstrain and grain size broaden-
ing are obtained using a Thompson-Cox-Hastings-pseudo-Voigt
line shape function.

The TEM specimens were prepared by dispersing the powder
in cyclohexane with the aid of ultrasonic agitation. A few drops
were poured onto a porous carbon film supported on a copper
grid, then dried in air. The TEM image were obtained using a
Philips CM 12 electron microscope at an acceleration voltage of
120kV.

EXAFS spectra were measured at the Zn and Cr K-edge at the
XAS beamline at ANKA, Karlsruhe. The sample thickness was
optimized for transmission by diluting the appropriate amount of
sample homogeneously in cellulose powder and uniaxial press-
ing of a pellet. Transmission and fluoroescence spectra were
collected at room temperature and 15 K. The program xafs?3
was used for EXAFS data reduction. The EXAFS data were
analyzed by the Reverse Monte Carlo Method (RMC) using the
rmcxas program.”* Initial atom configurations were generated
from results of the Rietveld refinements of X-ray diffraction data

of the corresponding samples and contain an appropriate number
of chromium atoms. Zn- and Cr-EXAFS spectra were analyzed
simultaneously. The theoretical amplitude and phase functions
for the RMC analysis were obtained by FEFFS simulations.?

3. Results and discussion

The TEM images in Fig. 2 indicates that the particles have
mostly an equiaxial morphology and are agglomerated. Particle
size distributions were determined from TEM images. Fig. 2(a)
displays pure ZnO nanoparticles with a mean diameter of 27 nm
and Fig. 2(b) shows a Cr doped ZnO sample containing a 6 at.%
Cr with a mean diameter of 18 nm. The dopant concentrations of
Cr in ZnO matrix were determined by energy dispersive X-ray
analysis. Element analysis by combustion revealed that the con-
centration of the carbon and hydrogen in the samples are less than
0.5 wt% which indicates that the precursors were completely
decomposed under conditions of synthesis.

Fig. 3 shows the XRD pattern of a 3 at.% Cr doped ZnO sam-
ple analyzed with Rietveld refinement. The refined pattern is in
very good agreement with the measured data. No second phase
is observed which is a first indication that the dopant atoms are
incorporated in the wurtzite structure. Fig. 4 shows that the lat-
tice parameter of the a-axis decreases and the lattice parameter
of the c-axis increases with increasing dopant concentration.
This observation is another indication that the dopant atoms
have been incorporated into the wurtzite crystal structure. The
lattice parameter of the pure oxide differs from the literature
bulk value (Fig. 4)*° probably because the point defect con-
centration (oxygen vacancies and zinc interstitials)?’ are larger
for the CVS powders compared to the single crystals prepared
hydrothermally.

The crystallite size decreases with increasing dopant concen-
tration (19 nm for pure ZnO and 8 nm at 6 at.%). One important
elementary step in CVS is the sintering of primary particles
within agglomerate. The kinetics of this process are influenced
by the dopant atoms as the mobility of the grain boundaries in the
agglomerate is limited by impurity drag.?” Other possible grain
growth inhibition mechanisms such as segregation, second phase
precipitation or processes influencing the nucleation can not be
ruled out. However, nucleation phenomena seem unlikely as the
CVS process is based on irreversible decomposition reactions
of the precursor, second phases have not been observed with
the detection limits of XRD and EELS showed a homogeneous
distribution of chromium across the particles investigated.
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Fig. 2. TEM images of CVS nanoparticles (a) pure ZnO, (b) 6 at.% Cr doped
ZnO.
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Fig. 3. X-ray diffractogram with Rietveld refinement of a 3 at.% Cr doped ZnO.
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Fig. 4. Lattice constants a, b (top) and ¢ (bottom) as a function of dopant con-
centration, and comparison with bulk values for pure ZnO from the literature®®.

EXAFS spectroscopy as a probe for the local structure around
X-ray absorbing atoms provides more information about the
location of the dopant atoms in the wurtzite structure. According
to the RMC analysis of a sample containing 3 at.% chromium,
the oxygen coordination number of Cr is four which is con-
sistent with a tetrahedral coordination excluding the octahedral
interstitial site. However the corresponding peak in the Cr—O
partial pair distribution function (Fig. 5, left) is split which can
be explained by a distortion of the coordination polyhedron. This
agrees with the observation that the Zn—Cr and Cr—Cr partial pair
distribution function do not completely overlap with the Zn—Zn
partial pair distribution function which would be the case if all
Cr atoms are located on substitutional Zn sites. A comparison of
the cationic partial distribution functions (Fig. 5, right), reveals
that only part of the Cr—Cr and Zn—Zn distances agree with the
Zn—Zn distribution function. These can be attributed to Cr atoms



4336 W. Jin et al. / Journal of the European Ceramic Society 27 (2007) 4333—4337

1 r-o: 1 T
=3.7(4) .
=1.96 (2) A
0

=0.007 (5) A® J

C
N
R

2
o

Cr-Cr:
N=24(4) |
> |R=317(8)A

o’ =0.047 (7) A
Zn-Cr:

I
N=0.8(1) .
R=3.26 (4) A
o =0.04 (1) A®

10 Zn-zn:

N=11.4(4) .

R=3.21(4) A

. o’ =0.051 (2) A> -

1 2 3 4 5
r/A

Fig. 5. Partial pair distribution functions (cation-oxygen: left; cationic: right)
from EXAFS data using RMC analysis of a 3at.% Cr doped ZnO sample and
results of moment analysis of the first peaks in the distribution functions.

on substitutional Zn-sites whereas the deviating bond distances
can either be explained be phase separation, or by Cr on dis-
torted tetrahedral sites located in the lattice forming the particle
or segregated at the particle surface. As discussed before, phase
separation seems unlikely as itis neither observed in TEM/EELS
nor in XRD.

4. Conclusions

Highly crystalline ZnO and Cr doped ZnO nanoparticles can
be produced by the CVS process. The chromium atoms are incor-
porated into the wurtzite lattice and do not form a second phase.

The chromium atoms probably reside partially on ideal and on
distorted tetrahedral sites which could be either the substitu-
tional Zn sites or the tetrahedral interstitial sites or a mixture
of both. The formation of distorted sites may also be due to a
segregation of chromium atoms to the particle surface.
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