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Resonant Raman spectroscopy studies of �Mn, Co�-codoped ZnO films were carried out using the
325 nm laser as the excitation source. The mixed mode character of the longitudinal optical �LO�
phonon reveals that the resonant Raman spectra of the films can be used to test the c-axis orientation
degree of their crystallite grains. The ratio of integrated Raman intensities between the 2LO to LO
changes as a function of annealing temperatures, which reaches maximum at about 800 °C and
demonstrates the variation of electron-LO phonon coupling in the films. These can provide helpful
information for the fabrication of ZnO based functional films and for the development of their future
applications. © 2008 American Institute of Physics. �DOI: 10.1063/1.2837110�

I. INTRODUCTION

The potential applications of magnetic-ion-doped ZnO
films in spintronics have attracted much attention recently
since they are highly desirable candidates for diluted mag-
netic semiconductors �DMS� to realize room-temperature
ferromagnetism.1,2 Understanding phonon and structural
properties of such films is important from the fundamental
physics point of view, which may in turn help to improve the
material quality. Raman scattering has been widely used to
study ZnO based compounds.3–13 Especially owing to the
associated macroscopic field, the polar longitudinal optical
�LO� phonon mode can couple with electrons, which affects
semiconductor optoelectronic properties consequently. Fur-
thermore, LO phonon modes usually are regarded as mixed
modes, i.e., superposition of A1 LO and E1 LO phonon
modes, due to that Raman scattering from sample �films
herein� axes does not overlap exactly with crystal-symmetry
axes �a or c axis of the wurtzite structure�.13 It is noted that
resonant Raman spectra �RRS� study on LO phonon modes
could provide some information about the degree for such
overlapping. RRS of ZnO based samples can also provide
information about electron-phonon interactions.14–17 �Mn,
Co�-codoped ZnO films with room-temperature ferromag-
netism have been grown and the origins of their different
phonon modes were also discussed previously.18,19 In the
present work, RRS of the codoped ZnO films were studied to
reveal their phonon and structural properties. The results
demonstrate that the RRS can be used to study the variation
of both the electron-phonon coupling and the deformation
energy as functions of postannealing temperature and also to
test the high quality of the c-axis textured films.

II. EXPERIMENT

The �Mn, Co�-codoped ZnO DMS films were grown on
c-sapphire �0001� and silicon �001� by a radio frequency

magnetic sputtering system with Zn0.95Mn0.05O and
Zn0.80Co0.20O targets. The deposition temperature was
550 °C in argon ambient. The experimental details have
been given elsewhere.18,19 Raman and resonant Raman spec-
tra of the films were recorded in backscattering geometry
using a JY LabRam HR800 spectrometer. An argon ion laser
�488 nm� and a He–Cd laser �325 nm� were adopted as the
excitation sources. The crystal structure and the chemical
composition of the cosputtered films have been investigated
previously by x-ray diffraction �XRD� and x-ray photoelec-
tron spectroscopy.18 The results reveal that the films are
c-axis textured and the magnetic ions substitute the Zn2+

sites in the crystal lattice. Their chemical composition is
measured to be �Mn0.03Co0.07�Zn0.90O �abbreviated as ZnMn-
CoO�. The absorption spectra of the films were measured at
room temperature on an ultraviolet-visible �UV-VIS� spec-
trometer.

III. RESULTS AND DISCUSSION

Using the biaxial strain model,20 the strain in the films
along c-axis �= �cfilm−cbulk� /cbulk is calculated to be 9.75
�10−2% and 5.57�10−2% for films deposited on sapphire
�sample A� and on silicon �sample B�, respectively, where
the lattice constant of the film cfilm is derived from their
corresponding XRD pattern18 while cbulk is the lattice con-
stant c of ZnO single crystal. This strain is believed to be
small enough and its effect on the Raman and resonant Ra-
man spectra are neglected accordingly.

The origins of the different phonon modes of the Raman
spectra of the ZnMnCoO films have been discussed
elsewhere.19 Here we just briefly give the results for comple-
tion. Figure 1 gives the Raman spectra of samples A and B
along with the spectra of the undoped ZnO films and ZnO
single crystal for comparison. The Mn, Co codoping effect
on the spectra was revealed by the presence of additional
phonon modes at 275 and 642 cm−1 and another intensive
phonon mode at around 524 cm−1.19 Compared with the Ra-a�Electronic mail: cldu@ntu.edu.sg.
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man spectra of ZnO single crystal from the c face, only E2

high �437 cm−1� and A1 LO �574 cm−1� phonon mode are
detected for samples A and B. This indicates that the films
have the same hexagonal structure as the single crystal and
also confirms their c-axis orientated texture. Furthermore, it
is noted that the frequencies of these two phonon modes of
both samples A and B coincide with those of ZnO single
crystal. The absence of their Raman peak shifts indicates
neglectful strain between the film and substrate, which is
consistent with the analysis from XRD results.

Resonant Raman scattering occurs when the films are
excited by 325 nm laser line.19 The RRS of the samples A
and B are shown in Fig. 2 together with that of ZnO single
crystal from the c face. As can be seen from the inset, the
direct band gap of sample A is about 2.8 eV, measured by the
UV-VIS absorption spectrometer. For the RRS of the hex-
agonal structures, total Raman cross section of the n-LO
phonon process can be expressed as21

�n =� �n
R���f�R�dR , �1�

�n
R��� = �4��

m=0

� �n	m	
�m	0	

Ee + n��LO − �� + i��

�2

�exp�−
i��LO

kBT
� , �2�

where n, �, Ee, ��, and ��LO are the order of LO phonon,
the electronic dipole transition moment, the excited-state en-
ergy, the incident photon energy, and the LO phonon energy,
respectively, while m, �, kB, and T are the intermediate vi-
bration level in the excited state, the homogeneous linewidth,
Boltzmann constant, and temperature, respectively. The RRS
intensity can be enhanced when the energies of the incident
or the scattered photons match with the real electronic state
Ee in the material and thus cause the denominator in Eq. �2�
to reach the minimum. In the present case, the single photon
energy of the incident laser is about 1 eV higher than the
band gap of the sample. It means that there is a case of
incoming resonance, where the laser line is in resonance with
an interband electronic transition.14–17

It is interesting to note that the frequency of the 1LO
phonon mode of the ZnMnCoO films in Fig. 2 almost coin-
cides with that of ZnO single crystal as indicated by the
dotted lines, in good agreement with Ref. 13. The Raman
frequency of the polar LO phonon mode ��LO� in the RRS
for hexagonal structure can usually be written as22

�LO
2 = �A1 LO

2 cos2�	� + �E1 LO
2 sin2�	� , �3�

i.e., the frequency of the LO mode is determined by the
angle �	� between the phonon wave vector q and the crystal
symmetry axis c, where �A1 LO and �E1 LO can be obtained
from the RRS of ZnO single crystal. Based on Eq. �3�, the
coincidence of the LO phonon mode frequency in the RRS
of sample A with that of the A1 LO mode of the ZnO single
crystal indicating that 	 approximates to zero. Consequently,
the LO mode can be assumed as A1 LO and confirms the
high c-axis orientation for the crystallite grains in the film as
well. Sample B also exhibits c-axis texture as revealed by
their XRD �not shown�. However, in its RRS, �LO is 4 cm−1

higher than �A1 LO. By using Eq. �3�, 	 is calculated to be
about 28° for sample B, implying that the crystalline grains
in the film are tilted by an average angle of 28° with respect
to the c axis. The earlier results show that the degree of
c-axis orientation for sample A is apparently larger than that
for sample B, within which the crystalline grains are tilted to
the c axis, leading to the mixed-mode character of the RRS
LO phonon mode. The difference between the XRD results
and the RRS is due to the fact that the XRD 	−2	 patterns
primarily depends on the coherent separation of Zn planes
while in contrast Raman scattering is very sensitive to the
loss of transitional symmetry in materials, such as tilting
crystalline grains. These indicate that the RRS can be used to
test the quality of the c-axis textured ZnO based films.

The RRS of the postannealed sample A are also pre-
sented in Fig. 3 along with that of the as-deposited film. As

FIG. 1. Raman spectra of ZnO single crystal from the c face �a�, ZnO/
sapphire film �b�, ZnMnCoO /sapphire film �sample A� �c�, and ZnMnCoO/
silicon film �sample B� �d�. The wavelength of the excitation laser is 488
nm.

FIG. 2. Resonant Raman spectra of the ZnO single crystal from the c face
�a�, sample A �b�, and sample B �c�. The inset shows the UV-VIS absorption
spectra of sample A, from which the absorption edge of the film is estimated
to be about 2.8 eV.
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shown, up to five-order LO phonon modes are observed,
revealing the large polaron coupling coefficient 
 for the
films since 
 varies monotonically with the number of mul-
tiple phonon modes n�LO� observed in semiconductors.23 On
the other hand, the maximum frequency shift n�LO��LO can
be compared with the deformation energy in the material.23

The high frequency for the highest order LO in the RRS,
5-LO in this work, indicates that ZnMnCoO/sapphire film
has large deformation energy. Furthermore, the order �n=5�
and corresponding frequency of LO are almost independent
of the annealing temperature as can be seen from the dotted
lines in Fig. 3, implying that the deformation energy of the
ZnMnCoO/sapphire film does not change with annealing.
Figure 3 also shows that the integrated Raman intensity of
first LO phonon �ILO� is larger than that of second LO pho-
non �I2LO�, which is contrary to ZnO single crystal case. This
may be due to that the impurity or defect scatters, which give
contributions to the RRS as well.24 It is also noted that both
ILO and I2LO increase when the annealing temperature in-
creasing up to 600 °C and then decrease with further in-
creasing temperatures. It is known that the Raman intensity
�RI� in RRS correlates closely with laser lines, grain size,
temperatures, and band gaps of samples. With postannealing
the sample at high temperature, the average grain size in-
creases, defects such as oxygen vacancies and Zn interstitials
decrease, and thus the film crystal quality becomes better.
Meanwhile, the sample structure changes accordingly. Its
band gap increases with the annealing temperature increasing
as revealed by their corresponding photoluminescence spec-
tra �not shown�, which is similar to literature.14 Conse-
quently, increasing the postannealing temperature results in
the redistribution of the intensity of lines in the RRS favor-
ing more phonons participation scattering. This can explain
the enhancement of RI of LO and 2LO up to 600 °C. How-
ever, with temperature increasing higher to 800 and 900 °C,
their intensity decreases. It may be owing to the segregation
of Mn2+ and Co2+ from the crystal, which can lead to impu-
rity phases as revealed by some new RRS peaks labeled by
stars �*� in Fig. 3. The I2LO / ILO ratio as a function of the
annealing temperature is plotted in Fig. 4, which reflects the
coupling strength between the electron and LO phonon.23 It

changes with the annealing temperature and reaches maxi-
mum at about 800 °C. Generally, electron-LO phonon cou-
pling is determined by the deformation potential and the
Fröhlich interaction. It is believed that the variation of
Fröhlich interaction induced by the annealing process con-
tributes mainly to the changes of I2LO / ILO ratio considering
the unchangeable deformation potential. Additionally, similar
I2LO / ILO ratio change is observed for ZnMnCoO/Si film,
showing that such change is independent of substrates. For
comparison, the I2LO / ILO ratio of undoped ZnO/sapphire
films was also plotted in Fig. 4, which increases with the
postannealing temperature increasing. The decrease of the
ratio at 900 °C of the ZnMnCoO films relative to that at
800 °C may be owing to the Mn2+ and Co2+ ions segregation
at high temperature worsening the crystal quality. It is also
found that the ratio value at different annealing temperatures
of ZnO films is always larger than that of ZnMnCoO films,
revealing larger electron-LO phonon coupling of ZnO films.
As known, the second-order structures are very sensitive
to atomic scale disorder, and thus the I2LO / ILO ratio will
be decreased by the compositional disorder resulted from
the Mn2+ and Co2+ ions codoping. Consequently, the
electron-LO phonon coupling of the ZnMnCoO films will be
weakened.

IV. CONCLUSIONS

In summary, both the Raman spectra and resonant Ra-
man spectra results confirm the high quality of the c-axis
oriented ZnMnCoO film deposited on c-sapphire �0001�. The
comparison of the RRS between the films deposited on sap-
phire and silicon substrates indicates that the former exhibits
better c-axis orientation. Compared with the RRS of ZnO
single crystal, the smaller I2LO / ILO ratio for ZnMnCoO films
reflects the Mn, Co codoping induced composition disorder
effect as well as other defect scatters effect on their RRS.
With the increase of the postannealing temperature, the
I2LO / ILO ratio in RRS reaches maximum at about 800 °C
while the order and the frequency of LO phonon unchanged.
This is an indicator of the existence of the strongest
electron-LO phonon coupling in the samples annealed at
about 800 °C, which originates from the variation of
Fröhlich interaction within the material. However, the defor-

FIG. 3. Resonant Raman spectra of the as-deposited sample A �a�, and its
postannealed samples heated at 400 �b�, 600 �c�, 800 �d�, and 900 �e� for 1
h in air, respectively.

FIG. 4. The ratio of I2LO / ILO as a function of the postannealing temperatures
for sample A �a�, sample B �b�, and undoped ZnO film �c�, respectively.
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mation potential of the films is independent of the annealing
temperature. These results may provide guideline for fabri-
cation of such films and also be helpful for understanding
their correlated properties.
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