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Multiphonon resonant Raman scattering(RRS) was studied in unintentionally doped bulk ZnO crystals and
layers, including nanostructured and highly conductive films, excited by 351.1 and 363.8 nm laser lines in the
temperature interval from 10 to 300 K. The variation of resonant conditions with sample temperature and
wavelength of the excitation laser line allowed us to discriminate between the incoming and outgoing exciton
mediated RRS by LO phonons. The quenching of luminescence and enhancement of Raman scattering in
nanostructured ZnO layers grown on single-layer opals enabled us to observe the Raman signal in resonant
configuration thus making possible to study multiphonon RRS by Fröhlich-type vibrational modes related to
nanocrystallites with sizes less than 50 nm. The emission spectra of highly conductive ZnO films grown on
porous InP substrates were found to consist of multiphonon RRS lines superimposed on a broad asymmetric
near band gap photoluminescence(PL) band. The occurrence of PL and RRS in highly conductive layers is
attributed to tailing of the density of states caused by potential fluctuations and to the breakdown of the
wave-vector conservation due to randomly distributed impurities(intrinsic defects).
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I. INTRODUCTION

Zinc oxidesZnOd is a promising material for manufactur-
ing photodetectors, laser diodes for blue and ultraviolet spec-
tral regions, transparent field effect transistors, etc.1–3 In ad-
dition it proves to be suitable for the purpose of
manufacturing room-temperature polariton lasers.4 Transpar-
ent conductive oxide(TCO) thin-films consisting of ZnO
offer a number of important advantages in comparison with
conventionally used In, Sn, and Cd oxide coatings. In par-
ticular, they consist of cheap elements in contrast with In
containing films; they are non-toxic in comparison with Cd
containing films; the fundamental band gap of ZnO lies just
at the high frequency border of the luminous spectrum there-
fore allowing tailoring of the ultraviolet absorption. Over the
last years, a variety of ZnO nanostructures were fabricated
such as nanocrystals, nanowires, nanocolumns, nanorods,
nanotubes, nanocoral reefs, and ZnO-based hetero-opals ex-
hibiting physical properties and good prospects for use in
micro- and optoelectronics.

Resonant Raman scattering proves to be an important tool
to get into the basic physical properties of semiconductors,
including II-VI compounds. Note that RRS from solids can
be observed if the energy of the incoming or scattered pho-
tons matches real electronic states in the material. One refers
to incoming and outgoing resonance, respectively(see, e.g.,
Ref. 5). Multiphonon scattering processes were previously
reported for single crystalline bulk ZnO,6 and recently for
ZnO films7 and ZnO nanowires.8 In all these cases the
samples were excited by the 325 nm line of a He-Cd laser.
The energy of this line is about 440 meV higher than the
band gap of ZnO. It means that this is the case of incoming

resonance, where the laser line is in resonance with an inter-
band electronic transition. In the present study, we use the
351.1 and 363.8 nm lines of an Ar ion laser for the purpose
of exciting samples. The quantum energy of these lines is
close to the exciton energy in ZnO, therefore allowing one to
investigate the exciton mediated multiphonon resonant Ra-
man scattering under conditions changing from incoming to
outgoing resonance. We studied unintentionally doped bulk
ZnO crystals and layers, including nanostructured and highly
conductive films. The quenching of luminescence and en-
hancement of Raman scattering in nanostructured layers en-
abled one to observe and explore the Raman signal in reso-
nant configuration. Furthermore, impurity-induced outgoing
RRS was studied in highly conductive ZnO films.

II. EXPERIMENTAL DETAILS

ZnO single crystals were grown from vapor phase without
intentional doping. The free electron concentration in bulk
crystals was 131017 cm−3 at 300 K. ZnO layers with the
thickness ranging from 100 to 500 nm were grown on
multilayer and single-layer opal structures using “wet”
chemical deposition from a solution of ZnsNO3d23nH2O
followed by thermal decomposition of the zinc nitrate into
zinc oxide. According to the solubility diagram of zinc ni-
trate in water, it exists only in the form of ZnsNO3d2

3nH2O crystal hydrate, where the amount of water mol-
ecules vary from 9 to 1 in the temperature interval from
−32 °C to +70 °C. The deposition was performed in the
temperature interval from 55 to 70 °C, therefore zinc nitrate
contains no more than two water molecules. Silica opal
spheres were synthesized through the hydrolysis of tetraethyl
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orthosilicate(TEOS) in water-ethanol solution in the pres-
ence of ammonium hydroxide following Stöber’s method9

with some modification of the component ratio.10 Multilayer
and single-layer opal structures were fabricated by deposi-
tion on nearly vertical substrates during evaporation of the
solvent.

In addition, highly conductive ZnO films were prepared
by means of a technique derived from chemical vapor depo-
sition and comprising two processes: thermal decomposition
of a metalorganic compound and oxidation.11 The deposition
process is carried out in a horizontal reactor. A mixture of
argon and oxygen gases at fluxes around 200 cm3/min
passes through the Zn acetylacetonate source that is main-
tained at fixed temperatures from the interval 80 to 120 °C.
During the deposition process the substrate is maintained at
definite temperatures from 300 to 400 °C. ZnO films with
electron concentration in the range ofs0.2−5d31020 cm−3

were grown by changing the composition of the gas mixture
and the temperatures of the source and the substrate. In order
to reduce the influence of strains in ZnO layers we used
porous InP substrates prepared by electrochemical
dissolution12, following the concept of nanohetero-
epitaxy.13–15

The samples were excited by the 351.1 and 363.8 nm
lines of an Ar+ SpectraPhysics laser and the emission was
analyzed in a quasi-backscattering geometry through a
double spectrometer with 1200 grooves/mm gratings assur-
ing a linear dispersion of 0.8 nm/mm. The signal from a
FEU-106 photomultiplier with SbKNaCs photocathode
working in a photon counting mode was introduced in an
IBM computer. The spectral resolution was better than
0.5 meV. The samples were mounted on the cold station of a
LTS-22-C-330 workhorse-type optical cryogenic system.
The excitation laser beam at 30 mW power was focused to a
spot of about 2 mm in diameter resulting in the excitation
power density of about 1 W/cm2.

III. RESULTS AND DISCUSSION

Figure 1 compares the emission spectra of ZnO single
crystals excited by the 351.1 and 363.8 nm laser lines. Under
both excitations the spectra are dominated by the lumines-
cence of excitons bound to neutral donors. The energy posi-
tion of the PL lines at 3.363, 3.359, 3.356, and 3.352 eV
corresponds to previously reportedI4, I8, I9, and I10 lines
related to donor bound excitons(see, e.g., Refs. 16 and 17).
The freeA exciton PL band splits into two peaks related to
the G5 andG6 excitons at 3.3765 and 3.3785 eV. This band
is one order of magnitude weaker than the most intensive
D0X line. The other PL bands observed in the spectrum ex-
cited by the 351.1 nm laser line are related to the phonon
replicas of theXA and D0X excitons. Note that the derived
phonon energy equals 71 meV which corresponds to the en-
ergy of theA1sLOd phonon.18–20 With increasing tempera-
ture, the intensity of the donor bound exciton luminescence
decreases and the luminescence becomes free excitonic. The
spectrum excited by the 363.8 nm laser line exhibits two
additional emission lines at 3.436 and 3.264 eV. The differ-
ence between these values and the excitation quantum energy

s3.407 eVd is one and two times the energy of theA1sLOd
phonon. It means that the emission lines involved originate
from the first- and second-order Raman scattering.

To explore the mechanisms of RRS in ZnO we have per-
formed a comparative analysis of the emission spectra in
bulk crystals and layers with the thickness ranging from 100
to 500 nm grown on multilayer and single-layer opal struc-
tures. Figure 2 shows the emission spectra of 500 nm thick
ZnO layer grown on multilayer opal measured at different
temperatures under the 363.8 nm laser line excitation. The
luminescence spectrum of the layer is similar to that of
single crystals, except for one order of magnitude lower in-
tensity and insignificant change in the emission related to
donor bound excitons. The low luminescence intensity in
ZnO layers provides better conditions for the investigation of
the resonant Raman scattering. The modes originating from
the photon scattering by first-, second-, and third-order LO

FIG. 1. Emission spectra of ZnO single crystals excited by the
351.1 nm laser line at 10 K(curve 1), and by the 363.8 nm laser
line at 10 K (curve 2a), 50 K (curve 2b), 100 K (curve 2c), and
150 K (curve 2d).

FIG. 2. Emission spectra of thicks500 nmd ZnO layer grown
onto bulk opal excited by the 363.8 nm laser line at temperatures
10 K (curve 1), 50 K (curve 2), 100 K (curve 3), 150 K (curve 4),
200 K (curve 5), 250 K (curve 6), and 300 K(curve 7).
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phonons are clearly observed in the spectrum under resonant
excitation by the 363.8 nm laser line(see Fig. 2).

In the previous reports on multiphonon scattering pro-
cesses in ZnO(Refs. 6–8) the samples were excited by the
325 nm line of a He-Cd laser. The energy of this line is about
440 meV higher than the band gap of ZnO. It means that
there is a case of incoming resonance, where the laser line is
in resonance with an interband electronic transition. This
electronic transition probably occurs between theA5,6 va-
lence band andG1 conductance band, as calculated
theoretically21,22 and measured experimentally23 in wurtzite-
type ZnO. In our case, the quantum energy of the 351.1 nm
laser line is 100 meV higher than the band gap of ZnO and
160 meV higher than the energy of the freeA exciton, while
the quantum energy of the 363.8 nm laser line is 30 meV
lower than the band gap and 30 meV higher than theXA
energy. Since the quantum energy of the 351.1 nm laser line
is mismatched with the energy of theXA exciton, the condi-
tions for the incoming resonant Raman scattering are poorly
satisfied. Consequently, the emission spectrum is totally
dominated by the luminescence(see curve 1 in Fig. 1). On
the other hand, the quantum energy of the 363.8 nm laser
line is just in between the band gap and theXA energy. In
such a case, the intensity of the resonant Raman scattering
becomes comparable with the luminescence intensity, since
the resonance conditions for the incoming RRS are well sat-
isfied. However, with increasing temperature the exciton en-
ergy decreases and detuning between the excitation quantum
energy and theXA energy becomes more pronounced. As a
result, the intensity of the RRS lines sharply decreases(see
Fig. 3), indicating that we deal with the incoming exciton
mediated RRS. Note that the experimental data were well
fitted (see solid curve in Fig. 3) with the phenomenological
Varshni formula24

EsTd = E0 − aT2/ sT + bd

with the parametersE0=3.378 eV,a=1310−3 eV K−1, and
b=900 K.

Another advantage of low luminescence intensity inherent
to layers grown on opals is the possibility to discriminate
between the incoming and outgoing regimes of the RRS. As
one can see from Fig. 3, the intensity of the 2LORRS line in
ZnO layers sharply decreases with the temperature increase
up to 150 K, while at higher temperatures the rate of the
decrease becomes much slower. We consider this behavior to
be related to the transition from the incoming to the outgoing
regime of the RRS, since at high temperatures the exciton
energy approaches the energy of the photon scattered by sec-
ond order LO phonons. Moreover, the relatively low PL in-
tensity of layers allows one to investigate the RRS under the
351.1 nm laser line excitation(see Fig. 4). At low tempera-
tures the modes originating from the photon scattering by
second- and third-order LO phonons are clearly observed in
the spectrum under excitation by the 351.1 nm laser line.
With temperature increase, four multiphonon lines are ob-
served in the emission spectrum. As mentioned above, the
quantum energy of the 351.1 nm laser line poorly satisfies
the conditions for the incoming RRS. On the other hand, the
energy of some photons scattered by certain-order LO
phonons matches the exciton energy, and we deal with pure
outgoing RRS. At 10 K the photon scattered by the second-
order LO phonons matches better the exciton energy and the
2LO peak becomes stronger. With increasing temperature,
the exciton energy decreases and the photon scattered by the
third-order phonons becomes in resonance with the excitons,
as illustrated in Fig. 5.

The emission spectrum of thin ZnO films deposited on
single-layer opals is absolutely dominated by resonant Ra-
man scattering(see Fig. 6). The following two reasons can
be considered to explain the difference between the emission
spectra of thick and thin ZnO layers:(i) the nanostructure
enhanced resonant Raman scattering in thin layers and(ii )
the decrease of the luminescence efficiency due to the sur-
face recombination. As shown recently,25 ZnO layers with
the thickness less than 100 nm deposited on single-layer
opals represent actually nanostructures consisting of crystal-
lites with the sizes less than 50 nm deposited through the

FIG. 3. Temperature dependence of the XA peak energy(closed
squares, left-hand axis) and 2LORRS line intensity(right-hand axis)
measured in ZnO single crystals(closed circles) and layers grown
on bulk opal(open circles). The solid curve represents the fit to the
experimental data by the Varshni formula.

FIG. 4. Emission spectra of thick ZnO layer grown on bulk opal
and excited by the 351.1 nm laser line at temperatures 10 K(curve
1), 50 K (curve 2), 100 K (curve 3), 150 K (curve 4), 200 K (curve
5), and 250 K(curve 6).
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openings between the silica spheres, and of crystallites with
bigger sizes grown onto the upper surface of the opal
spheres, i.e., the single-layer opal works as a nanomask in
this case. Apart from strong LO multiphonon lines, weaker
lines marked as SO are observed in the emission spectrum of
nanostructured layers. The energy of the SO phonons partici-
pating in multiphonon scattering proves to be equal to
65 meV. The observed SO phonons may be attributed to
Fröhlich-type vibrational modes. When the electromagnetic
radiation propagates through nanostructures of polar materi-
als, the polarization of the nanostructure entities in the elec-
tric field of the radiation results in the excitation of electrical
dipoles vibrating at specific frequencies. These vibrations,
not present in bulk material, give rise to new optical modes
in Raman scattering located in the frequency gap between
the bulk TO and LO optical phonons. The new optical
modes, predicted by Fröhlich,26 have been calculated for

small ionic crystals of different morphologies by Fuchs and
Kliewer27,28 and have been observed in the infrared absorp-
tion and reflectivity spectra of powders by many authors.
Fröhlich-type vibrational modes were extensively investi-
gated in nanostructured III-V compounds with zinc blende
structure,29 and recently were observed in wutrzite-type GaN
columnar nanostructures.30 According to calculations per-
formed by Ruppin for small spherical crystals,31 the effi-
ciency of Raman scattering caused by Fröhlich modes is
comparable with that caused by bulk LO and TO phonons
only for crystallites with sizes smaller than 100 nm. We as-
sume that the occurrence of SO bands in the resonant Raman
scattering is related to Fröhlich modes associated with ZnO
crystallites with sizes smaller than 50 nm. In our opinion, the
participation of Fröhlich modes in the excitonic multiphonon
resonant Raman scattering is indicative of strong exciton-
Fröhlich phonon coupling in wurtzite-type ZnO nanocrystals.
Note that the interaction between surface-related phonons
and confined electron-hole pairs was previously evidenced in
resonance Raman scattering of GaP nanocrystals embedded
into a glassy matrix.32

In order to gain further insight into the nature of resonant
Raman scattering in ZnO we have investigated the emission
from highly conductive ZnO layers under near band edge
resonant excitation. Figure 7 illustrates the emission spectra
of three ZnO layers with different electron concentrations
under excitation by the 351.1 nm laser line at 10 K. The
spectra consist of multiphonon resonant Raman scattering
lines superimposed on a broad asymmetric PL band with the
maximum at 3.36 eV at low temperatures.

Since a clear correlation exists between the broad PL band
and the RRS we will discuss first the possible nature of the
3.36 eV PL band. A characteristic feature of this near-band-
gap PL band is the broadening toward the Stokes part of the
emission. The width of the PL band varies from 40 to
190 meV, when the carrier concentration increases from 2
31019 to 4.431020 cm−3. There are several mechanisms that
may contribute to the broadening of the PL line. The width

FIG. 5. Temperature dependence of the 3LORRS line detuning
(squares, left-hand axis), and of I3LO/ I2LO phonon intensity ratio
(circles, right-hand axis) measured under 351.1 nm laser line exci-
tation of a thick ZnO layer grown on bulk opal. Lines are to guide
the eye only.

FIG. 6. Emission spectra of thins100 nmd ZnO film deposited
on single-layer opal measured at 10 K(curve 1) and 300 K(curve
2).

FIG. 7. Emission spectra of ZnO layers with electron concen-
tration 231019 cm−3 (curve 1), 931019 cm−3 (curve 2), and 4.4
31020 cm−3 (curve 3) measured at 10 K under 351.1 nm laser line
excitation.

V. V. URSAKI et al. PHYSICAL REVIEW B 70, 155204(2004)

155204-4



of PL lines due to the thermal broadening is expected to be
about 3kBT/2, i.e., around 1 meV atT=10 K, and approxi-
mately 40 meV atT=300 K. An additional cause of broad-
ening could be homogeneous and inhomogeneous strain re-
lated to lattice parameter and thermal expansion coefficient
mismatches between substrate and film. According to the
concept of nanoheteroepitaxy,13–15 it is expected that the
nucleation of the film on nanoporous substrates will signifi-
cantly reduce the strain energy. Indeed, the analysis of exci-
tonic PL lines in ZnO layers with low carrier concentration
grown on nanoporous substrates showed that the films are
free of strain. Thus, neither thermal broadening nor
substrate-film mismatches determine PL line broadening at
low temperatures.

One commonly claimed mechanism for the broadening of
the PL lines at high carrier concentrations is the Burstein-
Moss effect, which was found to have significant impact on
recombination phenomena in some heavily doped III-V
compounds.33,34 The origin of this effect is the shift of the
Fermi level above the bottom of the conduction band as the
doping level increases beyond the degeneracy limit. The PL
line was found to shift to higher energies, scaling as a 2/3
power of the net carrier concentration. Thus, the shift of the
PL line follows that of the Fermi level. Furthermore, due to
the indirect transitions(violating the k selection rule) be-
tween the filled states in the conduction band and acceptor-
like states at the top of the valence band, the width of the PL
line was found empirically to be nearly 3/4 of the value of
sEF−ECd.

The analysis of the data presented in Fig. 7 suggests that
the Burstein-Moss effect is not the appropriate one to explain
the PL behavior in our case. First, no upward frequency shift
of the PL line with increase of the doping level is observed.
Second, the dependence of the full width at half maximum
(FWHM) on the carrier concentrationsned is much weaker
thansned2/3 as expected for the Burstein-Moss effect(see Fig.
8). The FWHM in our most highly conductive samplessne

=4.431020 cm−3d equals 190 meV. This value proves to be
significantly smaller than the value of FWHM predicted by
the Burstein-Moss model, which is of about 3sEF−ECd /4
,410 meV. Note that thesEF-ECd value for ne=4.4
31020 cm−3 determined taking into account the nonparabo-
licity of the ZnO conduction band equals 550 meV.35

We believe that the PL band with the maximum at
3.36 meVsT=10 Kd is mainly due to direct transitions of
electrons between the conduction to valence band tails. The
broadening of the PL band involved can be accounted for by
the broadening of the band edges due to potential fluctua-
tions induced by the high concentration of intrinsic defects.
The width of the band tails, and the dependence of the
FWHM of the PL band on carrier concentration can be cal-
culated using the model for broadening of impurity bands in
heavily doped semiconductors developed by Morgan.36 The
model was successfully used recently to account for the
broadening of near-band-gap luminescence lines in GaN
films doped by silicon.37 We applied this model to ZnO lay-
ers since the parameters of GaN and ZnO are nearly the
same. In particular, for both compounds the reported values
for the dielectric constant and electron effective mass are in

the range of 8 to 9(Refs. 20,38) and s2.1–2.5dm0,
39–41 re-

spectively. Figure 8 presents the measured FWHM of the PL
band for samples with different electron concentrations along
with the calculated curve. One can note a rather good agree-
ment between experimental and calculated data.

Let us discuss the microscopic origin of the impurity re-
sponsible for the potential fluctuations. Taking into account
the deviation from stoichiometry towards oxygen deficiency
assured by the technological conditions and confirmed by the
energy dispersive x-ray analysis of the layers, one can sug-
gest that the potential fluctuations are caused by intrinsic
defects related to oxygen deficiency. Oxygen vacancies and
zinc interstitials are the most probable donor-type intrinsic
defects, since their formation enthalpy is low and they are
abundant in Zn-rich conditions, as reported recently.42,43

Oxygen vacancy is a deep donor, while zinc interstitial is a
shallow donor.42 Thus, one can assume that the broadening
of near-band-gap luminescence in our layers is due to high
concentration of Zni defects.

Figure 8 also presents the intensity ratio of 3LO to 2LO
phonon lines in the resonant Raman scattering spectrum
sI3LO/ I2LOd as a function of carrier concentration. One can
notice a clear correlation between the dependence of FWHM
and I3LO/ I2LO upon electron concentration. The correlation
between the FWHM of the luminescence band and the
I3LO/ I2LO ratio in resonant Raman scattering is indicative of
relation between the broadening of the band edges due to
potential fluctuations and the mechanisms of resonant Raman
scattering. This assumption is supported by the analysis of
the temperature dependence of the emission from highly
conductive ZnO films. Figure 9 shows the emission spectra
of a ZnO layer with electron concentration 931019 cm−3

measured at temperatures from 10 to 300 K under the exci-
tation by 351.1 and 363.8 nm laser lines. The spectra excited
by 351.1 nm laser line consist of resonant Raman scattering
lines superimposed on the PL band, while the emission ex-
cited by 363.8 nm laser line is dominated by RRS at all

FIG. 8. FWHM of the 3.36 eV PL band measured atT=10 K
(squares, left-hand axis), and the intensity ratio of 3LO to 2LO
phonon lines in the RRS(circles, right-hand axis) as a function of
carrier concentration. The solid line represents the result of FWHM
calculations according to the Morgan model.
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temperatures. Figure 10 illustrates the temperature depen-
dence of the intensity ratio of phonon lines along with the
temperature dependence of the position and the FWHM of
the luminescence band. One can see that with increasing
temperature the PL band exhibits a downward energy shift
and broadens. At the same time, the temperature increase
leads to the redistribution in the intensity of RRS lines in
favor of those which energy better matches the position of
the luminescence band at the respective temperature. At low
temperatures, the position of the PL band is more appropriate
to the energy of photons scattered by third-order LO phonons
when exited by the 351.1 nm laser line, and to the energy of
photons scattered by first-order LO phonons when excited by
the 363.8 nm laser line. Indeed, as one can see from Fig. 9,
the respective RRS lines are more intensive at low tempera-
tures. With the temperature increase, the PL band shifts to-
wards the position of the 4LO RRS line under the 351.1 nm
laser line excitation, and towards the position of the 2LO
RRS line under the 363.8 nm laser line excitation. The spec-
tra presented in Fig. 9 clearly demonstrate that the redistri-
bution takes place in favor of those RRS lines with increas-
ing temperature. The position of the 3LO RRS line under the
351.1 nm laser line excitation coincides with the maximum
of the PL band at 250 K, leading to a considerable intensifi-
cation of this line, see curve 2 in Fig. 9(a). At room tempera-
ture the position of the 2LO RRS line under the 363.8 nm

laser line excitation coincides with the maximum of the PL
band at 300 K, which results in a predominant income from
the second-order LO phonon scattering, as illustrated by
curve 3 in Fig. 9(b). The analysis presented in Fig. 10 dem-
onstrates the interdependence between the detuning of mul-
tiphonon RRS lines from the energy position of the PL line
and the intensity of these lines in the RRS spectrum. There-
fore, the resonant Raman scattering in highly conductive

FIG. 9. Emission spectra of ZnO layer with electron concentra-
tion 931019 cm−3 excited by 351.1 nm(a) and 363.8 nm(b) laser
lines at 10 K(curve 1), 250 K (curve 2), and 300 K(curve 3).

FIG. 10. Temperature dependence of PL(a) and multiphonon
RRS excited by 351.1 nm laser line(b) and 363.8 nm laser line(c)
in ZnO layer with electron concentrationn=931019 cm−3. In sec-
tion (a) squares stand for the PL band position(left-hand axis), and
circles correspond to FWHM(right-hand axis). In section (b)
squares stand for the 3LORRS line detuning(left-hand axis), and
circles correspond toI3LO/ I2LO phonon intensity ratio(right-hand
axis). In section (c) squares stand for the 2LORRS line detuning
(left-hand axis), and circles correspond toI2LO/ I1LO phonon inten-
sity ratio (right-hand axis). Lines are to guide the eye only.
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ZnO films occurs also in outgoing regime, but the mecha-
nism seems to be more complicated.

Our experimental results on resonant Raman scattering in
ZnO single crystals and unintentionally doped layers are in
agreement with the “cascade model” proposed by Martin and
Varma.44 The resonance features in exciton-mediated mul-
tiphonon Raman scattering can be explained in the frame-
work of a hot exciton cascade relaxation process comprising
the following steps:(i) the absorption of the incident photon
s"vid with the excitation of an exciton,(ii ) the relaxation of
this exciton into lower energy states with successive emis-
sion of LO phonons through a cascade-type process, and(iii )
the radiative recombination of the exciton with the emission
of the scattered photons"vs>"vi −n"vLOd.

On the other hand, in highly conductive ZnO layers with
a high concentration of impurities(native defects), the impu-
rities (native defects) can also contribute to the outgoing
multiphonon RRS. Several mechanisms have been previ-
ously proposed to account for the impurity enhanced Raman
scattering:(i) the contribution from the intraband matrix el-
ement of the Fröhlich electron-phonon interaction,45–48 (ii )
excitons bound to impurities as intermediate electronic
states,47–49 (iii ) impurity-induced mechanism in which the
exciton scatters twice: once due to the electron-phonon inter-
action and again due to the electron impurity interaction.50

The contribution from the third mechanism is significant for
one-LO-phonon scattering, but it can be neglected for scat-
tering by two and more phonons.48 On the other hand, seri-
ous breakdown of the wave-vector conservation may occur
in highly conductive layers due to scattering by random im-
purities. The relaxation of the quasi-momentum conservation
allows phonons with larger wave-vectors to participate in the
Raman scattering. These larger wave vectors greatly enhance
the intraband Fröhlich contribution, and therefore increase
the corresponding scattering cross section. The enhancement
of outgoing RRS intensity with impurity inducement has
been recently observed in impurity-implanted wurtzite
GaN.51

IV. CONCLUSIONS

Good correlation between 363.8 nm laser line quantum
energy and ZnO exciton energy at low temperatures results

in a strong incoming multiphonon RRS in zinc oxide single
crystals and unintentionally doped layers. The increasing de-
tuning between the 363.8 nm laser line energy and the exci-
ton energy, and the decreasing detuning between the exciton
energy and the energy of photon scattered by second-order
LO phonons with the temperature increase leads to the tran-
sition from incoming to outgoing RRS. Under the 351.1 nm
laser line excitation, the RRS exhibits evident features of
outgoing resonance due to the significant mismatch between
the laser line quantum energy and the exciton energy. The
variation of resonant conditions caused by temperature in-
duced shift of the exciton energy leads to the redistribution in
the intensity of lines in outgoing RRS in favor of the lines
which energy better matches the exciton energy at the re-
spective temperature. The quenching of the luminescence
and the enhancement of Raman scattering in nanostructured
ZnO layers grown on single-layer opals enable one to ex-
plore the Raman signal in resonant configuration thus mak-
ing possible to observe multiphonon RRS by Fröhlich-type
vibrational modes along with RRS by LO phonons. The
emission spectrum of highly conductive ZnO films grown
under deviation from stoichiometry toward oxygen defi-
ciency consists of a broad PL band superimposed on RRS
lines. The occurrence of PL is attributed to tailing of the
density of states caused by potential fluctuations due to ran-
domly distributed impurities(or intrinsic defects). On the
other hand, scattering by randomly distributed impurities
leads to serious breakdown of the wave-vector conservation.
This phenomenon, in its turn, results in enhanced intraband
Fröhlich contribution to Raman scattering efficiency and oc-
currence of outgoing RRS with impurity inducement.
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