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Raman scattering studies in dilute magnetic semiconductor Zn,_,Co,O
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Raman spectra of ZnO and Co substituted Zn,;_,Co,O (ZCO) were carried out using the Raman microprobe
system with an Ar" ion laser source of 514.5 nm wavelength. The shift towards the lower frequency side of the
nonpolar E12°W mode and the broadening due to Co substitution in ZnO were analyzed using the phonon

confinement model. The magnetic measurements showed ferromagnetic behavior with the maximum saturation
magnetization (1.2ug/Co) for 10% Co substitution, which decreased with at further increase in Co concentra-
tions. The intensities of E,(LO) at 584 cm™! and multiphonon modes at 540 cm™! were increased with an
increase in Co substitution. The additional Raman modes in ceramic targets of ZCO spectra for higher con-
centration of Co substitution (x=15% -20%) were identified to be due to the spinel ZnCo,0, secondary

phase.
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INTRODUCTION

Zinc oxide (ZnO) is a direct band gap II-VI compound
semiconductor with the wurtzite-type structure. Its high
(3.37 eV) band gap energy and large excitonic binding en-
ergy (60 meV) at room temperature, makes it a potential
candidate for ultraviolet (UV) optoelectronic devices such as
light emitting diodes, laser, and photodetectors.'~* Recently,
ZnO alloying with the 3d transition metal (TM) has attracted
much attention as a dilute magnetic semiconductor (DMS),
with room temperature ferromagnetism, for spintronic
applications.>® In the host wurtzite ZnO, the isovalent tran-
sition metals (Co**, Mn?>*, Ni?*, etc.) are the substitutes at
the Zn cation sites. The coupling of localized d electrons of
the TM with the host semiconducting band gap leads to a
number of exciting properties such as magneto-optical and
magneto-electrical effects.”” The ferromagnetic transition
temperature (7)) in dilute magnetic semiconductor increases
due to the increase in p-d hybridization and a reduction of
spin-orbit coupling.'’

There are several theoretical arguments as well as experi-
mental reports that predict that Zn,_,Co,O may be the most
promising DMS  material for room temperature
ferromagnetism.'!"'> However, the major drawbacks with the
experimental reports are often the parameter windows that
are very narrow with a poor reproducibility. For instance,
recent controversial reports'® reveal that the ferromagnetism
in Zn;_,Co,0 is not an inherent property but because of the
segregated secondary phases or clustering related to Co,
Co30, and the isomorphic Zn,Cos_,0,. Nondestructive char-
acterizations such as Raman and infrared spectroscopy are
extensively used to study the substitution in the host lattice
and identify the impurity phases. Moreover, vibrational spec-
troscopy is crucial for constraining the lattice dynamical
model, to understanding thermodynamical properties, and for
constraining phase equilibrium.'* Thus, to recognize the fun-
damentalism of the thermal as well as electrical properties, it
is essential to know the vibrational modes of the crystal. Also
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one of the most important aspects of substitutional semicon-
ductor alloys is the nature of the alloy potential fluctuation
(APF),"> which have been extensively studied in III-V and
I1I-VI ternary alloy semiconductors.'¢~!° Nonetheless, accord-
ing to our knowledge, no detail Raman investigation of Co
substituted ZnO have been reported yet. In this paper, we,
therefore, use micro-Raman spectroscopy to study the effects
of Co substitution on the lattice dynamical properties of ZnO
in light of the phonon confinement model. We also carried
out magnetic measurements of these samples and correlated
it with the lattice dynamical properties. For comparison, we
also studied ZnCo,0, assuming Co3;0, and its isomeric com-
pounds including Zn Co;_,0O,4 as the most probable impurity
phase.

EXPERIMENTS

The ceramic targets of Zn;_,Co, O (x=0-0.2) and
ZnCo,0, for pulsed laser deposition were prepared by con-
ventional ceramic processing using ZnO and Co;0, pow-
ders. An excimer laser (KrF, 248 nm, 10 Hz) with the laser
energy of 2.5 J/cm? was used to deposit the films on Al,O4
(0001) substrates. The deposition chamber was evacuated to
~107° Torr background pressure. The substrate temperature
was maintained at 650 °C. Oxygen was introduced by keep-
ing the pressure at 1 mTorr. The target to substrate distance
was maintained at 5 cm and the deposition period was
17 min. The thickness of the films grown was ~800 nm. The
crystal structure and the phase formation of ZnO and
Zn,_,Co,0O ceramics and thin films were characterized with
the x-ray diffraction technique using the Siemens D5000
x-ray diffractometer (XRD) with Cu K« radiation. The opti-
cal transmission spectra were recorded using the UV-VIS
spectrometer (Perkin Elmer model RS-2) in the range of
300—800 nm. The micro-Raman measurements were per-
formed in the backscattering geometry using the Jobin-Yvon
T64000 Triple-mate instrument. The radiation of 514.5 nm
from a coherent argon ion laser was focused to ~2 um in
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FIG. 1. Room temperature Raman spectra of Zn;_,Co,O targets
for different x (0-0.2) values.

diameter on the samples. A LN, cooled charge-coupled de-
vice (CCD) system was used to collect and process the scat-
tered data. Magnetic measurements were carried out in a
Quantum Design MPMS SQUID magnetometer between 2
and 300 K and —-1.5 and +1.5 T.

RESULT AND DISCUSSION

Our XRD results showed there is no secondary
phase in Zn,_,Co,O (ZCO) within the detection limit of
the measurement.? However, micro-Raman spectra of
Zn;_,Co,0 ceramic targets and thin films at room tempera-
ture revealed that there are several additional features due to
Co substitution (Fig. 1). The E¥™ peak position of ZnO was
shifted towards the lower frequency (up to 10% Co) and
there was an increase in FWHM for up to 10% of Co sub-
stituted ZnO; the FWHM nearly saturated on the further in-
crease (15% and 20%) of Co concentration. The broad band
centered at 540 cm™! and an additional mode at 470 cm~! in
ceramic targets is observed due to Co substitution (Fig. 1).

The wurtzite structure of ZnO has the space group C‘gv
with two formula units per primitive cell with all atoms oc-
cupying Cj,, sites. Each Zn atom is tetrahedrally coordinated
to four O atoms and vice versa. The numbers of optical sym-
metry modes for the Cgv are given by

I'=A,(z, 22 x>+ y?) + 2B, + E|(x,,x2,y2) + 2E,(x* = y%,xy).

The B; modes are silent in Raman scattering where A; and
E; modes are polar and hence, exhibit different frequencies
for the transverse-optical (TO) and longitudinal-optical (LO)
phonons, because of the macroscopic electric field associated
with the LO phonons. The nonpolar £, modes have two fre-
quencies, namely, Eg'gh and E12OW associated with the motion
of oxygen (O) atoms and zinc (Zn) sublattice, respectively.’!

The first order Raman modes for ZnO and Co substituted
ZnO ceramic pallets (used for thin film deposition) are
shown in Fig. 1. We observed five normal modes at 99.8,
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FIG. 2. Room temperature Raman spectra of Zn;_,Co,O thin
films for different x (0-0.15) values on Al,O3 substrates (s).

333, 379, 437.7, and 584 cm™! corresponding to Elow,
A(TO), E\(TO), Eg‘gh, and E;(LO), respectively, with in-
tense EAEM and EY™ modes. The EY™ peak position of ZnO
shifted towards the lower frequency by ~1.30 cm™ in
samples with 10% Co and the FWHM increases with an
increase of Co substitution. The backscattering Raman spec-
tra for highla/ ¢ axis oriented ZCO thin films clearly show
(Fig. 2) ES®" and Ey" modes besides the strong modes of
Al,O5 substrates. The EYY peak position of ZnO shifted to-
wards the lower frequency side similar to targets by
~0.90 cm™! at 10% Co substitution in ZnO. The atomic sub-
stitution in a host lattice induces structural disorder. This
disorder breaks the translational symmetry of the allowed
phonons of the host lattice and leading to the contribution of
q # 0 phonons to the Raman line shape, corresponding to the
finite size effect. The disorder-induced effects (lower fre-
quency shift and broadening) in Zn,;_,Co,O can be explained
by alloy potential fluctuations (APF) using a spatial correla-
tion (SC) model.'> In an ideal crystal the region over which
the spatial correlation function of the phonon extends is in-
finity. When the crystal is alloying, the spatial correlation
region of the phonon becomes finite owing to the potential
fluctuation of the alloying disorder, which gives rise to the
relaxation of the g=0 selection rule in Raman scattering.

The assumption of a Gaussian attenuation factor
exp(=2r*/L?), where L is the diameter of the correlation re-
gion, leads to an average over g with a similar weighting
factor exp(—g*L?/4) upon Fourier transformation. It was suc-
cessfully used to account for the q vector relaxation related
to the finite size effect’® and the structural disorder.>’> We
assume a finite spatial correlation region in the alloying ma-
terial and then the Raman intensity at a frequency w can be
written as,?

! 47q* exp(— ¢*L*/4)dq
o [o—o(@P+[Ty2]’

(o) = (1)

where ¢ has the unit of 277/a, a is the lattice constant, T’
(=3.66 cm™!) is the FWHM of E]2°W mode of the undoped
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FIG. 3. Plot of correlation length (L) vs Raman peak frequency
for ElzOW modes of Zn;_,Co,O targets for different x values. The
solid line represents the theoretical values using Egs. (1) and (2).

ZnO Raman line. Assuming at one-dimensional linear chain
model, the dispersion relation for the wurtzite ZnO structure
can be written as follows by assuming the analytical mode
relationship:

w(g) =A + B cos(q), (2)

where A=73.8 cm™ and B=26 cm™' for the EY™ phonon
dispersion according to the ab initio phonon dispersion rela-
tion calculated for ZnO.?* Considering the correlation length,
L, as an adjustable parameter we get the value of L by fitting
the Raman line shape of the EY™ band. The estimated L
values corresponding to 1%, 3%, 5%, and 10% Co doped
ZnO are 9.248, 8.253, 7.565, and 6.391 nm, respectively.
Figure 3 shows that the E5™ phonon peak shifts to the lower
frequency side as the correlation length decreases; the agree-
ment in both experimental and theoretical cases is quite
good. The FWHM of E12°W phonon of Zn;_,Co,O is shown in
Fig. 4. The FWHM increases with an increase in Co concen-
tration up to 10%, from 3.66 to 5.85 cm™! and nearly satu-
rate for further increases of Co concentration.

The additional Raman modes at 204 cm™' and 542 ¢cm™!
were detected in ZCO ceramic spectra as the second order
multiphonon modes. It is interesting to note that with the
increase of Co concentrations up to 20%, the intensity of the
multiphonon mode at 540 cm™' and E,(LO) at 584 cm™!, are
increased substantially. In thin film spectra a broad shoulder
around 548 cm™! is clearly evident in Co substitutions (Fig.
2). A similar increase in the intensity of the multiphonon
band in the range of 500—-600 cm~! was also reported for P*
implanted ZnO, which was attributed to the defect induced
band. They have also shown that after annealing the intensity
of this multiphonon mode was reduced. Manjon et al.?’
claimed that the Raman modes around 580 cm™! correspond
to the B, (high) silent mode of wurtzite ZnO using ab inifio
calculations. This mode can be observed in disorder acti-
vated Raman scattering due to relaxation of the Raman se-
lection rules produced by the breakdown of the transnational
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FIG. 4. Full width at half maxima of EX™ modes of Zn;_,Co,0
targets for different Co concentration.

symmetry. We try to explain this increase of E;(LO), besides
defects, as due to the resonant Raman effect at sub-band-gap
absorption related to d-d transition of Co in ZCO. The opti-
cal absorption spectra ZCO clearly show a strong absorption
band in the sub-band-gap (2.2-3.0 eV) region related to the
d-d crystal field splitting and the charge transfer absorptions
as shown in Fig. 5. The Raman excitation source, Ar* laser,
has an energy of 2.4 eV (514.5 nm), which is above some of
the sub-band-gap states.

Several recent results have been reported on anomalous
Raman modes in doped and alloyed ZnO bulk and thin films
grown by different techniques.’®?’ To understand the addi-
tional modes (AM) due to Co substitution we have also stud-
ied ZnCo,0, bulk and thin films on Al,O5 substrates. The
possible secondary phases in Co substituted ZnO are Co
clusters, Co;0,, and/or its isomeric compound Zn,Co;_, Oy
as mentioned earlier. A comparison of Raman spectra for
15% Co doped ZnO and ZnCo,O, ceramic targets are pre-
sented in Fig. 6. In the case of ceramic targets, for
Zn,_,Co,O we are able to identify additional modes mainly
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FIG. 5. Optical transmission spectra of Zn;_,CoO
(x=0.1,0.15) and ZnCo,0, thin films on Al,O5 substrates.
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FIG. 6. Comparison of Raman spectra for ZnCo,O, and
Zn(g5Coq 150 targets.

due to ZnCo,0,, however for thin films, we are unable to
identify any mode of these secondary phases.

We have carried out the magnetic measurements (M vs H)
on Zn;_,Co,0 thin films, and these are shown in Figs. 7 and
8. The saturation magnetization for 3%, 5%, and 10% Co
substituted ZnO was observed as 0.11, 0.24, and 1.2 ug/Co,
respectively. It is evident from these data that 10% of the Co
substitution produces the maximum saturation magnetic mo-
ment (1.2 ug/Co), and the Ms value was found to decrease
for 15% and 20% Co substitution (Fig. 9). This decrease of
M can be correlated to the inverse of the frequency shift and
the saturation of the FWHM of the EY™ mode for 15% and
20% Co substitution compared to 10% Co substitution.
Therefore the additional Co concentrations (>10%) are not
substituting at the Zn in the ZnO host lattice. Harima et al.?
have also reported phase separation at 15% Co substitution
in ZnO from the Raman spectra. The substitution of Co at the
Zn site was found to be proportional to the Co concentration
until 10% and with a further increase of Co it preferably
formed ZnCo,0,. The inset in Fig. 8 shows a hysteresis loop
for ZnCo,0, film, which is completely different than those
found for the Co doped ZnO films. The ZnCo,0O, film pre-
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FIG. 8. Ferromagnetic hysteresis loop (M vs H) for Zn;_,Co,O
films (inset is for ZnCo,0,).

sented a very small Ms value (~4 X 10™* u/Co) and a large
coercive field of H.~5 kOe. The magnetization results of
Figs. 7 and 8 lead us to conclude that the ferromagnetic
loops in our Zn,_,Co,O thin films (with Co concentration up
to 10%) are not due to the precipitation of any secondary
phase formation of ZnCo,O, or Co cluster in our films.
Therefore, our magnetization results are in general agree-
ment with the current interpretation that the residual impuri-
ties (Zn; and 03) act as shallow n-type donors, allowing a
long-range magnetic coupling between the Co”* localized
magnetic moments via the conduction band.?® The origin of
room temperature ferromagnetism in DMS still remains con-
troversial. The theoretical approach suggests that there is
double exchange interaction leading to ferromagnetism in
ZnCo0.% Park et al. claimed that the residual hydrogen im-
purities in ZnO could mediate a strong short-range ferromag-
netic interaction.>' Large concentrations of mobile carriers
were not observed in high Curie temperature ZnCoO thin
films reported by Yan et al.3? In our case 10% Co substituted
ZnO also did not show high mobile carrier concentration
besides the residual impurities. To further confirm this
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FIG. 9. Saturated magnetization at different Co concentrations
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mechanism magneto-optical and anomalous Hall effects
measurements are being planned.

CONCLUSIONS

We have carried out Raman scattering and magnetic mea-
surements on highly ¢ axis oriented thin films of Co doped
ZnO grown by pulsed laser deposition in our laboratory. The
shift and broadening of E¥™ modes towards the lower fre-
quencies were considered due to the alloy potential fluctua-
tions, which were analyzed using a spatial correlation model
and the results agreed with the experimental data. It also
clearly showed that the Co ions are occupying Zn substitu-
tional sites. The substitutions with more than 10% of Co
exhibited additional Raman peaks in the spectra, suggesting
the formation of the new phase, possibly ZnCo,0,. Our cur-
rent studies give a unique and novel approach to establish the
upper limit of uniform and homogeneous Co substitution in
the ZnO lattice as compared to other techniques, which gen-
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erally give a statistical average of such information. From
these and the magnetic measurement data, it is concluded
that the ferromagnetic (FM) properties of Co-doped ZnO are
intrinsic due to the substitution of Co in the Zn lattice site of
the ZnO structure. In the 10% Co substituted sample we
obtained maximum saturation of magnetization, without the
formation of any secondary phase. With a further increase of
Co (>10%) in ZnO, Raman studies clearly indicated the
signature of formation of ZnCo,0,, which is antiferromag-
netic in nature, and therefore, it reduced the ferromagnetic
properties for concentrations over 10%.
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