APPLIED PHYSICS LETTERS 90, 041907 共2007兲

Raman scattering spectra of coupled LO-phonon-plasmon modes
in N-In codoped p-type ZnO thin films
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The authors report on a detailed Raman study of N–In codoped p-type ZnO thin films with the hole
density ranging from 7.30⫻ 1016 to 2.30⫻ 1018 cm−3. In addition to the identification of E2共high兲
modes of ZnO and InN at ⬃434 and ⬃488 cm−1, respectively, clear coupled longitudinal-optical
phonon-hole-plasmon modes have been observed. A theoretical analysis combining the deformation
potential and electro-optic mechanisms can well reproduce the line shapes of the coupled modes,
where the yielded hole densities and mobilities are found to be in good agreement with the data from
Hall measurements. © 2007 American Institute of Physics. 关DOI: 10.1063/1.2432955兴
In polar semiconductors, the longitudinal-optical 共LO兲
phonons interact with the free-carrier plasmon via their macroscopic electric fields.1,2 The coupled LO-phonon-plasmon
modes 共CPPMs兲 from such interactions were discussed theoretically by Varga1 and observed experimentally in Raman
scattering of n-type GaAs by Mooradian and Wright.3 Since
then studies about the CPPMs in various semiconductors
have been extensively reported from both experimental and
theoretical viewpoints.2–5 Many CPPM relevant theoretical
models have been established to study n- and p-type semiconductors, where useful carrier transport information has
been extracted from the Raman spectrum analysis.
ZnO has attracted considerable interest as a promising
material for blue and ultraviolet 共UV兲 light emitting devices,
photodetectors, optically gated switches, chemical sensors,
and nanomanipulators due to its superior physical properties
of a direct wide band gap 共3.36 eV兲, large binding energy
共60 meV兲 at room temperature, and piezoelectricity.6,7 Recent research interest is focused on the fabrication of p-type
ZnO to get rid of the growth difficulties such as the selfcompensation effect, deep acceptor level, and low solubility
of the acceptor dopants.8 Many groups have reported the
growth of p-type ZnO, using group-I elements 共Li, Cu, and
Ag兲 for Zn sites9–11 or group-V elements 共N, P, and As兲 for O
sites.12–14 Several groups have also proposed the codoping
technique using both acceptors 共e.g., N兲 and donors 共e.g., Al,
Ga, or In兲.8,15,16 Nevertheless, it is worth noting that the carrier transport information of p-ZnO is generally extracted
from the Hall measurements. One would suspect the reliability of high Hall mobility 共⬃101 – 102 cm2 / V s兲 in the p-type
ZnO films, since they exhibit high resistivity in most cases.16
Few studies are available in the literature on the powerful
Raman scattering for carrier transport parameters of p-type
ZnO thin films, in contrast to the comprehensive investigation of the CPPMs in n-type ZnO.4,17,18
N–In codoped p-ZnO thin films were grown by ultrasonic spray pyrolysis method at atmosphere.8 Intrinsic crysa兲
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talline Si 共c-Si兲 共100兲 were used as the substrates, which
were etched by diluted HF 共10%兲 for 3 min prior to the
deposition. The aerosol of precursor solution was generated
by the commercial ultrasonic nebulizer and transported to the
substrate heated at 450 ° C. The atomic ratio of Zn/ N / In was
1:3:0.05 in the precursor solution, and the different doping
concentrations in the N–In codoped films were realized by
the change of the deposition rate. Room-temperature Raman
scattering spectra from 330 to 700 cm−1 were excited by the
UV 共325 nm兲 line of a He–Cd laser, and measured by a Jobin
Yvon LabRAM HR 800UV micro-Raman system. Electrical
properties of the same samples were characterized by the
magnetic field dependent 共0 – 0.6 T兲 Hall measurements at
room temperature.
Figure 1 shows the experimental Raman spectra for six
N–In codoped p-ZnO thin films with different hole densities
where the contributions of the strong ZnO emission have
been subtracted from the measured Raman spectra by using
base lines in the relevant software of the micro-Raman system. The curves were recorded in a backscattering geometry
of z共x , −兲z̄ configuration, where E2共high兲, LO phonon, and
CPPM Raman scattering are allowed via deformation potential mechanism.20 In the case of low hole density in Fig. 1共a兲,
we observe one broad band centered at ⬃ 440 cm−1 and one
sharp peak at ⬃570 cm−1. As the hole density increases, an
additional peak centered at ⬃488 cm−1 occurs 关see Figs.
1共b兲–1共f兲兴. The full width at half maximum 共FWHM兲 of the
peak at ⬃488 cm−1 clearly broadens and its intensity relative
to the mode at ⬃570 cm−1 enhances with the hole density
关see Fig. 2共a兲兴. The mode at ⬃570 cm−1 slightly redshifts
and its FWHM also broadens with increasing hole density.
In order to identify the above different Raman modes,
we have decomposed the experimental Raman spectra into
three modes: one Lorentzian mode centered at 434 cm−1, another Lorentzian at ⬃ 488 cm−1, and the third mode at
⬃570 cm−1 calculated by the p-type CPPM theory,19 which
will be discussed in detail below. The first mode centered at
434 cm−1 can be attributed to the characteristic nonpolar
E2共high兲 mode of the wurtzite structure of ZnO.21 In contrast
to the observation in many literatures that the ZnO nonpolar
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FIG. 1. Room-temperature experimental 共open circles兲 and calculated 共solid
curves: total fits, and dashed curves: Lorentzian fits, and dotted curves: the
CPPM theory fits兲 Raman spectra of N–In codoped p-type ZnO thin films.
Photoluminescence backgrounds have been subtracted from the Raman
spectra.

E2共high兲 mode was almost imperceptible when using a
325 nm 共3.8 eV兲 UV laser, our Raman fitting reveals that it
does contribute to the Raman spectra and is independent of
the hole density, since the experimental data cannot be well
reproduced using the CPPM at ⬃570 cm−1 and only one
Lorentzian at ⬃488 cm−1.
We have attributed the second mode centered at
⬃488 cm−1 to E2共high兲 mode of InN based on the following
arguments: By using LVM = ZnO关ZnO / LVM兴1/2, with  the
effective masses, we obtained the frequencies of 458 and
569 cm−1 for local vibrational modes 共LVMs兲 of N on substitutional Zn and O sites in the ZnO lattice, respectively,
with the ZnO E2共high兲 frequency ZnO of 434 cm−1.21 The
calculated frequencies of LVMs for the N–O and N–Zn pairs
are also not consistent with the experimental value of
488 cm−1, which indicates that this additional mode is not
likely to be the N-related LVM. In fact, the In–N bond in
these N–In codoped p-ZnO films was observed by x-ray photoelectron spectroscopy measurements,8 and the E2共high兲
phonon mode of InN was located at ⬃490 cm−1.22 Further
experimental evidence of this assignment comes from the
observation that the relative intensity I共E2兲InN / I共CPPM兲ZnO

FIG. 3. 共a兲 Raman shift of the ZnO CPPM vs Hall density pH. 共b兲 FWHM of
the ZnO CPPM vs Hall mobility H. 共c兲 Optical hole densities popt vs Hall
density pH. The solid line represents popt = pH. 共d兲 Optical mobilities ac
共solid curve兲 and i 共dashed curve兲 compared with H 共filled squares兲.

shown in Fig. 2共a兲 clearly increases with the hole density,
which implies that more and more N and In atoms are
codoped into ZnO.
We now focus on the third mode at ⬃570 cm−1. The
penetration depth dL of the laser light with a wavelength of
325 nm is about 100 nm for ZnO,23 which is much smaller
than the thickness of these N–In codoped p-type ZnO films
共⬃300– 400 nm兲. So the mode around 570 cm−1 cannot
originate from the film-substrate interface. Moreover, Inushima et al.24 have proposed the presence of a depletion
layer at the sample surface. The experimental Raman peaks
at ⬃570 cm−1 may be ascribed to the contribution of the
unscreened LO phonon in the surface depletion layer. Assuming that the film hole density pH is equal to the density of
ionized impurities Ni, the thickness of the surface depletion
layer dS can be estimated through dS = 共0 / 2e2Ni兲1/2, with
0 and  the static dielectric constant and barrier height of
the surface potential for p-type ZnO, respectively. Since  of
p-type ZnO is not available, we simply employ the relevant
value of p-type Zn0.9Mg0.1O 共i.e., 0.55– 0.56 eV兲.25 Figure
2共b兲 shows the calculated dS for ZnO with different hole
densities using 0 = 7.9. It is clear that the surface depletion
layer thickness is always smaller than dL, excluding the unscreened LO phonon origin of the third Raman mode. It is
expected from the CPPM theory that only one CPPM appears in the large damping condition and this CPPM will
redshift and broaden with the increase of hole density. We do
observe the slight redshift and broadening of the ⬃570 cm−1
structure with increasing hole density/decreasing mobility in
Figs. 3共a兲 and 3共b兲, clearly indicating that this mode comes
from the CPPM in the bulk region of these ZnO thin films.
Since Raman scattering in depolarized geometry is
driven by the deformation potential and electro-optic mechanisms, we resort to the CPPM theory proposed by Katayama
and Murase19 for modeling the Raman line shape 共IA兲, which
can be expressed as
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FIG. 2. 共a兲 Intensity ratios I共E2兲InN / I共CPPM兲ZnO 共filled squares兲 of the InN
where C is the Faust-Henry coefficient, A = TO
/ 共LO
E2共high兲 mode to the ZnO CPPM as a function of Hall density pH. 共b兲
2
− TO兲, and the total dielectric function  for the phonon and
Depletion layer depth dS 共filled circles兲 under different Hall densities pH.
The dashed line is the penetration depth dL of the 325 nm UV laser in ZnO.
free-carrier system is given by
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with the hole plasma frequency  p and the high frequency
dielectric constant ⬁. ph is the free-carrier susceptibility, fc
is the ionic susceptibility, LO and TO are the longitudinal
and transverse optical frequencies, ⌫ is the phonon damping
constant, and ␥ is the plasmon damping constant. To calculate the CPPM line shape, we employ LO = 574 cm−1, TO
= 380 cm−1, ⬁ = 3.70,26,27 and take  p, ␥, ⌫, and C as adjustable parameters. The final theoretical Raman spectra 共Fig. 1兲
combining the above CPPM and two Lorentzian modes 共centered at ⬃434 and 488 cm−1兲 are in good agreement with the
experimental data. During the CPPM fitting, we find C =
−0.68 for all the six p-type ZnO samples. It should be
pointed out that only one CPPM can be evidenced in the
Raman spectra primarily due to the overdamped plasma
共 p Ⰶ ␥兲 in these ZnO films. Similar phenomenon has also
been observed in p-type GaN with the hole density in the
range of 3 ⫻ 1017 – 3 ⫻ 1018 cm−3.28
In addition to the traditional Hall measurements, the
above detailed line shape analysis for the CPPM at
⬃570 cm−1 provides us an independent way to extract the
transport parameters in p-ZnO thin films. The comparison of
these two methods can be further performed to check the
reliability of the obtained transport characteristics within the
films. The hole density from the optical Raman technique
popt can be directly derived from  p through

2p = 4 popte2/⬁m*h ,

共2兲

the effective mass of the free hole in ZnO.27
with
The filled circles in Fig. 3共c兲 represent the yielded optical
density popt versus the hole density pH deduced from the Hall
measurements. The coincidence between these two techniques is clearly revealed by the fact that the filled circles lie
on the solid line of popt = pH. Due to the complex valenceband structure, the effective Hall coefficient is likely to differ
from unity, while this coefficient is still taken as unity in the
Hall measurements,29 resulting in the small deviation between popt and pH at high hole densities 共above 1.0
⫻ 1018 cm−3兲.
As for the mobility from the Raman spectrum analysis,
we can use the relation5
m*h = 0.59m0

m *␥ =

3 e
8 ac

共3a兲

to deduce the acoustic-phonon scattering dominant mobility
ac. Alternatively, another equation of
m *␥ =

315 e
512 i

共3b兲

is utilized to obtain the ionized-impurity scattering dominant
mobility i.5 Figure 3共d兲 shows the resultant ac and i,
together with the Hall mobility H as a function of Hall

density pH. It is evident from Fig. 3共d兲 that ac agrees well
with H at low hole densities, while i is closely comparable
to H at high densities. These can be well understood as
follows: The acoustic-phonon scattering is dominant and the
ionized-impurity scattering is negligible at low hole densities, while it is the opposite case at high hole densities. In the
case of medium hole densities 共1.5⫻ 1017 – 1.0⫻ 1018 cm−3兲,
the mobility of these ZnO films should be a trade-off between phonon and impurity scatterings to some extent. The
above good agreement between Raman and Hall measurements on the hole density and mobility clearly demonstrates
the reliability of high Hall mobility 共⬃101 – 102 cm2 / V s兲 in
the present p-type ZnO thin films.
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