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Photoluminescence and resonant Raman scattering from ZnO-opal
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We study photoluminescend®L) of ZnO-opal structures excited by a 351.1 nm laser line. The
structures were fabricated by infiltration of ZnO from an aqueous solution of zinc nitrate into opal
matrices. The emission spectrum of thick ZnO layers grown on the surface of bulk opals exhibits
narrow PL bands associated with the recombination of bound and free-excitons. The free-exciton
lines are discussed taking into account the polariton phenomena. The width of the excitonic lines
(2-3 meV) along with their energy position is indicative of high quality and strain-free state of the
layer. The emission from ZnO crystallites embedded into bulk opal is dominated by near band gap
luminescence, a weak quantum confinement effect being observed for crystallites with sizes around
50 nm. Thin ZnO films grown on single-layer opals exhibit enhanced resonant Raman scattering,
phonon confinement effects, and surface-related modes. Strong exciton-LO phonon and
exciton-Frdnlich mode coupling in ZnO nanostructures is deduced from the analysis of multiphonon
excitonic resonant Raman scattering. 2004 American Institute of Physics.

[DOI: 10.1063/1.1762997

1. INTRODUCTION potential exploitation in microelectronic and optoelectronic
. o . . . devices constitutes the motivation of the growing interest in
The increasing interest in low-dimensional quantum sys- . S :
. . these systems. For specific applications, the semiconductor
tems such as arrays of quantum dots and wires realized in .
. . o component of these structures should also be resistant to hard
one-, two-, and three-dimension@dD, 2D, and 3D periodic . . . : . .

o . . e . environmental conditions. Zinc oxid&nO), a direct wide
structures is stimulated by their growing applications in na- . . .
) . . . band gap(3.37 eV at 300 K semiconductor with large exci-
noelectronics, optoelectronics, and photonics. Crystalline ar: g . s i
; .. ton binding energy {60 meV), is a promising material in
rays of colloidal spheres represent one of the most prommr;gﬂ.

] . is regard. The goal of this work was to fabricate different

templates for nanofabrication. 3D opal structures are ide : L .

: - . . nO-opal structures and to study their radiative properties.
matrices for the purpose of filling with semiconductors, met-
als, magnetic materials, etc., in order to fabricate photoni
crystals, arrays of quantum dots and other low-dimensional”
systems. The possibility to fabricate multilayer and single-  Silica opal spheres were synthesized through the hy-
layer ordered Si@spheres on glass substrates has been radrolysis of tetraethyl orthosilicate in water-ethanol solution
cently demonstratet? Growth of ordered metal and semi- in the presence of ammonium hydroxide following IS¢ds
conductor structures inside the opal voids was repdfted method with some modification of the component rafiaD
Note that single-layer opal structures can be used as nanopal structures were prepared using the procedure of natural
masks for the purpose of depositing different materials orsedimentation combined with capillary contractfon.
substrates. This approach referred as “nanosphere lithograddultilayer and single-layer opal structures were fabricated
phy” enabled one recently to fabricate metal and semiconby deposition on nearly vertical substrates during evapora-
ductor 2D arrays using polystyrene beads and molecular maion of the solvent. 3D opal matricefbulk opals were
terials as nanomasRdn many cases, the nanomasks must bemanufactured by natural sedimentation of the silica particles
resistant to thermal treatment, plasma etching, etc. Takingh a water suspension. After drying procedure at 150 °C, the
this into account, inorganic nanomasks and especially opaamples were annealed at 1020 °C for 5 h. These technologi-
spheres are the most promising materials for nanolithograeal steps resulted in opal structures exhibiting face-centered
phy. The occurrence of physical properties in low-cubic lattice with the diameter of silica spheréssio,
dimensional semiconductor materials-opal structures with<220 nm. This lattice possesses octahedral and tetrahedral
voids with dimensions of 0.44Dsjo, and 0.2X Do, re-

dElectronic mail: tiginyanu@mail. md spectively. ZnO layers with the thickness ranging from 100

EXPERIMENTAL DETAILS
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FIG. 2. PL spectra of thick ZnO layer grown on bulk opal measured@ at

FIG. 1. Emission spectra of thid00 nm ZnO layer grown on bulk opal =20 K (curve 3, at T=50K (curve 2, and atT=>50K with additional
(curve 1, of ZnO nanocrystals embedded into bulk ofzirve 2, and of excitation at power density of 5 W/éhprovided by the 514.5 nm line of a

thin (100 nm ZnO film deposited on single-layer op@urve 3 measured at ~ second AY laser(curve 3.
10 K. Inserted are the normalized spectra in the high energy spectral region.

ZnO crystallites embedded in bulk op@urve 2, and thin
(~100-nm thick ZnO film deposited on single-layer opal
(curve 3. The PL spectrum of thick ZnO layers grown on
bulk opals is dominated by the emission lines related to do-
nor bound excitongDX) and exciton polaritongXP). A
weaker PL band centered at 3.31 eV accompanied by its LO
honon replica at 3.24 eV is also observed in the spectrum.

to 500 nm were grown on multilayer and single-layer opal
structures using “wet” chemical deposition from a solution
of Zn(NG;),-nH,O followed by thermal decomposition of
the zinc nitrate into zinc oxide. According to the solubility
diagram of zinc nitrate in water, it exists only in the form of
Zn(NGOs),-nH,O crystal hydrate, where the amount of water
molecules varies from 9 to 1 in the temperature interval fronP . . X
Further we will consider the features of the exciton lu-

—32°C to +70°C. The deposition was performed in the . .
temperature interval from 55 to 70 °C, therefore zinc nitratemlnescence. Four PL bands related to donor bound excitons
pe ' are located at 3.360, 3.364, 3.367, and 3.371 éV (
contains one-two water molecules. The same technology was o ! .
o T .. =10 K). The position of these lines corresponds to the emis-
used for the purpose of filling in voids in bulk opal with

o . . sion related to donor-bound excitons usually observed in
ZnO. The filling procedure consists of many cycles with theZno sinale crvstafsand epitaxial laver® With increasin
duration from 1.5 h for the first cycle to 20 h for the follow- g Y P yers. 9

temperature the luminescence related to donor-bound exci-

ing cycles. After each cycle the surface of the opal wa . . .
. ‘?ons decreases in intensity and, as a consequence of this, the
cleaned, dried, and the sample was thermally treated at defi-

nite temperatures from 450 to 600°C to enable the deco exciton polariton luminescence becomes well resol(sst

position of the nitrate into oxide. The filling of the opal voidsmFlg' .2)' Note thqt there IS NO consensus n the_ literature con-
cerning the emission oA and B exciton polaritons. Obvi-

with ZnO nanocrystals was monitored through the increase . . . o
of the mass. ously, to explain the free-exciton luminescence it is neces-

PhotoluminescencéPL) was excited by the 351.1 nm sary to invoke the _pola_nton picture. It is knO\_/vn that in
line of an Ar" SpectraPhysics laser and analyzed in a quasi§t_rong|y polar materials like ZnO transverse excitons couple
E/Ith photons to form polariton®!! In such a case, the

backscattering geometry through a double spectrometer wit : : : . . ) )
) : : . . ansverse-exciton dispersion mixes with the dispersion of
1200 grooves/mm gratings assuring a linear dispersion of 0. . .
photons to produce two new dispersion curves, known as

nm/mm. The signal from a FEU-106 photomultiplier with upper polariton brancliUPB) and lower polariton branch

SbKNaCs photqcathode working in a .photon countlng.mod?LPB). LPBs and UPBs can occur for excitons corresponding
was introduced in an IBM computer via the IEEE-488 inter-
to three valence bands, namel; B, and C ones. Some

fszcn?' Izzewzezcﬁiu;izglucflr?Th\évisolzetstgtig;]agfoésl__rpse_vz';gguthorg'g consider that the PL bands at 3.376—-3.378 eV are
P related to theA exciton polariton branches, while the band at

330 workhorse-type optical cryogenic system. The excitatio 1382-3.383 eV may be attributed to Beexciton polariton
laser beam at 30-mW power was focused to a spot of about . T
ranches. We assume that the polariton emission in our ZnO

mm in diameter resulting in the excitation power density Oflayers can be interpreted on the basis of lower kRBd

1 Wicn?. The beam power was increased gradually up to . .
100 mW and the beam diameter was reduced to 260 upper UPB, polariton branches, as believed by Reynolds

when studying the dependence of luminescence upon excitae-t al.” The 3.383 ev bgnd can be assigned to the emission
tion power density related to the UPRB, while the PL band at 3.379 eV results
' from LPB,. Apart from that, our layers exhibit a strong PL

3. RESULTS AND DISCUSSION bandléeq 3.374 e\/. A similar band was Qbserved by Reynolds
et al=< in ZnO single crystals. Taking into account the en-

Figure 1 compares the unpolarized PL spectra at 10 kergy position, the band involved may be attributed to donor-

for 500-nm thick ZnO layer grown on bulk opé&urve 1), bound excitons. However, its properties are very similar to
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FIG. 3. Emission spectra of thick ZnO layer grown on bulk opal measuredFIG. 4. The PL spectra of thick ZnO layer measuredTat10 K with

at temperatures 100 kKurve 1, 150 K (curve 3, 200 K (curve 3, and 250 different excitation power densities: 1-0.1 W&m 2—1 Wi/cn?;

K (curve 4. 3-10 W/cn?; 3—100 W/cr. The spectra are normalized to the intensity of
DAP band. The insert shows the spectral peak position of the DAP emission
as a function of the excitation power density. The solid line in the insert
represents the linear least square fit of the experimental data.

the emission related to the LRB With increasing tempera-
ture up to 70 K, the intensity of this band is constant, while ~ As concerns the PL band at 3.31 eV, it is one of com-
the intensity of the bands related to donor-bound excitonsnonly occurring bands in high quality ZnO epitaxial
sharply decreaseee Fig. 2 Apart from that, additional films,*®~23 nanocrystalline thin filmé* and ZnO rod$® Dif-
excitation of samples by 514.5 nm line of a second Aaser  ferent recombination channels have been considered as the
leads to the increase of the intensity of 3.374 eV band, whilerigin of this band. Primarily it was associated with the LO
the bands related to donor-bound excitons decrease in intephonon replica of the free-exciton luminesceft&!l?*
sity (see curve 3 in Fig.)2 The purpose of the second laser Some neutral acceptor-bound exciton emissions may also oc-
line is to excite additional free carriers in a two-step processcur in this spectral rang@?23 1t is possible that the origin of
and thus partially screen the bound excitons. Additional exthis band depends upon the technological conditions of
citation obviously stimulates the formation of exciton polari- sample fabrication. The dependence of this band upon tem-
tons. The downward energy shift of both exciton polaritonperature and excitation power density in our layers is indica-
and bound exciton lines under dual excitation conditions igive of its connection with radiative recombination of free
due to the free-carrier screening and band gap renormaliz&arriers via donor-acceptor paif®AP), in accordance with
tion, as discussed elsewhéfeTherefore, the PL band at previous assumptioft. The energy position of the band in-
3.374 eV labeled a¥X band? may be associated with the volved shifts to higher energies with increasing excitation
LPB,, except that it must occur at lowkrvalue, since ithas power density(see Fig. 4, which is consistent with the satu-
a lower energy. More details concerning this band and itsation of distant pairs under increasing excitation, as ex-
comparison with theX band observed in wurtzite GafRef.  pected for DAP recombination. An upward energy shift of 4
14) are presented by Reynoldsal® The correspondence of meV per one order of magnitude excitation power variation
bound exciton and exciton polariton lines in our layers withis deduced from the insert in Fig. 4. For completeness, one
those inherent to single crystals indicates that the layers arghould note also the possibility for free-to-bound transitions
free of strain. Note that this statement is supported by thehifting upwards with increasing excitation power density, as
position of very sensitive to straElg'gh mode at 438 cm? in a result of band filling. However, the high shift gradient ob-
Raman scatteringRS) spectra, it coinciding with the posi- served in our experiments seems to be unlikely for the free-
tion of respective mode in nonstressed ZnO singleo-bound case. Note that the DAP origin of the 3.31 eV band
crystalst®~1" Besides, the width of bound exciton lines in PL is confirmed by its temperature dependence. Within the ex-
spectrum(2—3 me\}, along with narrow lines observed in plored temperature range, the 3.31 eV band moves towards
RS spectrae.g., the width of theE'ZOW mode is less than the band gap, the rate of approach being closek® &Gee
1cm 1) are indicative of high crystalline quality of ZnO Fig. 5). Free-to-bound transitions also move closer to the
layers grown on opals. band edge with increasing temperatqdele to the increase
With increasing temperature above 100 K the lumines-of the kinetic energy of free particlebut at much slower
cence of ZnO layers grown on bulk opals decreases in interrate, given bykT/2.2° The intensity of the band associated
sity and remains free excitonic. Simultaneously with the dewith DAP decreases considerably at temperatures higher than
crease of luminescence intensity the emission related to thE80 K since the impurity with smaller binding energy in-
resonant Raman scattering reveals itself in the emission speeelved in DAP transitiongmore probable the donor impu-
trum (see Fig. 3 The features of the resonant Raman scat+ity) becomes ionized with increasing temperature. Conse-
tering will be discussed below in connection with the emis-quently, the rate of approach to the band edge deviates from
sion from thin ZnO layers grown on single-layer opals. 2kT, possibly due to the predominance of free-to-bound
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70 7 i ] fabrication of opals with the silica spheres smaller than 200

nm is required to reach conditions for pronounced quantum
confinement phenomena. The PL band at 3.388 eV is super-
imposed onto the 2LO resonant Raman peak, as illustrated in
the insert of Fig. 1. With increasing temperature above 100 K
the luminescence of ZnO nanocrystals inside the opal de-
creases in intensity and the emission related to the resonant
Raman scattering is observed like in ZnO layers grown on
opals.

The emission spectrum of thin ZnO films deposited on
single-layer opals is absolutely dominated by resonant Ra-
man scatteringsee curve 3 in Fig.)1 To explain the differ-
ence between the emission spectra of thick and thin ZnO
layers the following two reasons can be considef@dthe
nanostructure enhanced resonant Raman scattering in thin
FIG. 5. The temperature dependence of the energy separation between tk‘éyers’ and(ii) the decrease of the luminescence efﬁCienCy
XP and DAP emission peakdE, in a ZnO layer. The solid line corre- due to the surface recombination. As shown receéitBnO
sponds to the rate of approach of the DAP band to the band gapayers with the thickness less than 100 nm deposited onto
d(AB)/dT=2k. single-layer opals represent actually nanostructures consist-
ing of crystallites with the sizes less than 50 nm deposited
through the openings between the silica spheres, and crystal-

transitions at these temperatures. However, it is difficult tdites with bigger sizes grown onto the upper surface of the
perform a reliable analysis at high temperatures due to strongpal spheres, i.e., the single-layer opal works as a nanomask
overlapping of the bands and occurrence of 3LO resonarit this case. On the other hand, the two types of crystallites
Raman scattering peak in the respective spectral range. that constitute the thin ZnO layers deposited on opals are
As one can see from Fig. 4, a new PL band at 3.35 e\practically identical to the types of crystallites embedded
labeled asM band emerges at excitation power densitiesinto bulk opals. The different emission properties of ZnO
higher than 100 W/cf Similar band associated with a biex- nanostructures involved imply different roles played by the
citon state was observed previously by kbal?® in high  crystallite surfaces. It is possible that the surface of the crys-
quality epitaxial ZnO films and studied in more detail by tallites inside the bulk opal does not affect so strongly the
Yamamotoet al?* The M-band exhibits a superlinear depen- luminescence as the surface of the crystallites grown on open
dence as a function of the excitation power density. The obsingle-layer opal does.
servation of biexciton emission at excitation intensity as low  Resonance effects in light scattering from solids occur in
as 100 W/crh was previously ascribed to the high quality of the frequency regions of the electronic absorption bands.
the materiaf® Unfortunately, the study of biexciton related Resonant Raman scattering can be observed if the energy of
emission with acw excitation is difficult due to local heating the incoming or scattered photons matches real electronic
of the sample at elevated excitation power densities indicatestates in the material. This results from the denominator in
by the downward energy shift of the excitonic lines and bythe Raman scattering cross section tending to zero. One re-
the sharp decrease in intensity of the bound exciton linefers to incoming and outgoing resonance, respectivede,
(curve 4 in Fig. 4. For this purpose it is necessary to usee.g., Ref. 30. Multiphonon scattering processes have been
pulsed excitatiof* or other techniques such as two-photon previously reported for single crystalline bulk Zri®and
reabsorption or two-photon Raman scattefihdiecently, recently for ZnO filmé* and ZnO nanowire¥ In all these
biexcitonic states in ZnO crystals have been studied byases the samples were excited by the 325 nm line of a
means of four-wave mixiné® He-Cd laser. The energy of this line is about 440 meV higher
The luminescence spectrum of ZnO nanocrystals embedhan the band gap of ZnO. It means that this is the case of
ded in bulk opals is dominated by two bands located at 3.36@hcoming resonance, where the laser line is in resonance with
and 3.388 eM(see curve 2 in Fig. )L These two bands la- an interband electronic transition, most probably between the
beled asC1 andC2 are assumed to come from ZnO crys- Ag s valence band and’; conductance band as calculated
tallites with different sizes. As discussed above, the opal lattheoretically>* and measured experimentafyn wurtzite-
tice forms octahedral and tetrahedral voids inside withtype ZnO. In our case, the energy of the 351.1 nm Aaser
dimensions equaling 100 nm and 50 nm, respectively. Théine is about 90 meV higher than the ZnO band gap at 10 K,
infiltration of ZnO into opal matrix leads to the formation of and the energy of the scattered photons matches the exciton
crystallites with respective sizes. Therefore, the PL band atnergies. At 10 K the photon scattered by 2LO phonons
3.360 eV is attributed to crystallites with dimensions of 100matches the exciton energy and the 2LO peak proves to be
nm, while the band at 3.388 eV is assumed to come fronstronger. With increasing temperature the exciton energy is
ZnO crystallites with 50 nm dimensions. The upward fre-redshifted and the photon scattered by 3LO phonons be-
guency shift of the PL line in small crystallites is tentatively comes in resonance with the excitons, as illustrated by curve
attributed to the quantum confinement effect. However, thel in Fig. 3. This is an first observation of multiphonon out-
crystallites with the size of 50 nm are rather big, and thegoing excitonic resonant Raman scattering in ZnO.

60}

AE (meV)

a0t 1

0 10 20 30
kT (meV)
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nanostructures. Another characteristic feature of resonant Ra-
man scattering spectra measured from ZnO-opal nanostruc-
tures is the presence of two weaker bands at 3.335 and 3.350
eV on the right-hand side of the 3LO peak. The deduced
energies of the phonons participating in three-phonon pro-
cesseg65.3 and 60.3 me)strikingly correspond to the fea-
, ) , ) tures at 520 and 486 cm, marked asS1 andS2, respec-
48°Ramii°shm5£gl_1) 604 tively, in the nonresonant one-phonon spectrum. The other
two bands at 540 and 552 crhobserved previously in bulk
material and epilayers were assigned to the second-order Ra-
man scattering®~*’
Finally, let us discuss the possible nature of 8ieand
3.30 332 3.34 3.36 S2 bands. When the electromagnetic radiation propagates
Photon energy (eV) through nanostructures of polar materials, the polarization of
F1G. 6. The three-phonon resonant Raman scattering sbectrum from a th_the nanostructure entities in the electric field of the radiation
an fil-m depositedpon single-layer opal. Inserted is gsggmel:\t of the first'—'ré,S"mS in the 'excnatlon of.elec'trlcal dipoles V|br§1t|ng at spe-
order Raman scattering spectrum in the vicinity of the LO phonons. cific frequencies. These vibrations, not present in bulk mate-
rial, give rise to new optical phonon modes located in the
frequency gap between the bulk TO and LO optical phonons
in binary compounds. The new optical modes, predicted by

Intensity (arb. units)

Intensity (arb.units)

The strong Rayleigh scattering wing of the 351.1 nm g e
laser line makes impossible the observation of one-phonofonlich,™ have been calculated for small ionic crystals of

. . . l
resonant Raman scattering. The analysis of the two-phondfifferent morphologies by Fuchs and Kliewt" and have

scattering is also difficult due to the incidence of the 363.8°€€n observed in the infrared absorption and reflectivity
nm Ar* laser line on high energy wing of the 2LO peak. SPectra of powders by many authors. fiich-type vibra-

Therefore, we will focus our analysis at the three—phonontional modes were extensively investigated in nanostructured
resonant Raman scattering illustrated in Fig. 6. For the pur/!I=V compounds with zincblende structuféand recently
pose of comparison, the insert shows a segment of the firsyéré ~ observed in  wurizite-type ~ GaN  columnar
order Raman scattering spectrum in the vicinity of the Lonanostructureégf According to calculations performed by
phonons. This spectrum was measured in backscattering gRUPPIN for small spherical crysta the efficiency of Ra-

ometry at room temperature under the excitation by 514.8"an scattering caused by Riich modes is comparable with
nm Ar* laser line using a Raman microscope. that caused by bulk LO and TO phonons only for crystallites

Since the wurtzite structure of ZnO belongs to Bg, with sizes smaller than 100 nm. We assume that the occur-
space group, the zone center optical phononsAare E; rence ofS1 andS2 bands in both resonant and nonresonant
+2E,, and the polar symmetrA, and E; modes are the Raman scattering is related to ‘Rlich modes associated
dominant ones in resonant Raman scattering. The peak in tHdth ZnO crystallites with sizes of 50 nm and 100 nm. Since
resonant Raman spectrum is centered at 3.313 eV which inthe crystallites are not spherical, the calculation of the posi-

plies that the phonon energy equals 72.5 meV. According tgion of surface modes in the Raman spectrum is a difficult
the first-order Raman scattering measurem&nts, this task. On the other hand it is known that the smaller the size

value is closer to th&,(LO) phonon energy. The peak at of the crystallites, the larger the separation between the LO
584 cm * in the insert also corresponds to tg(LO) pho- anp _Frdnlich mers. In our o_pinion,. the participation of
non, although the asymmetrical low energy wing indicates td Tohlich modes in the excitonic multiphonon resonant Ra-
the contribution from theA,(LO) phonon. Note that the Man scattgrlng is |nd|c;at|ve of strong exciton-Rioh pho-
E,(LO) mode is forbidden in the backscattering geometry."ON coupling in wurtzite-type ZnO nanocrystals. Note that
The occurrence of this mode is likely due to the breakdowrihe interaction between surface-related phonons and confined
of the polarization selection rules caused by the use of th§/€ctron-hole pairs was previously evidenced in resonance

Raman microscope. The small scattering cross section for tHg@man scattering of GaP nanocrystals embedded into a

A,(LO) mode was previously explained taking into accountd'assy matrix?
the destructive interference between théHfiah interaction
_and_the deggrmatlon potential contribution to the LO scattery ~NCLUSIONS
ing in ZnO:.

The width of the 3LO line in the resonant Raman scat-  The results of this study demonstrate the possibility for
tering spectrum (6.6 mev53 cm ) is by a factor of 2 growing high quality strain-free ZnO layers on opals from
higher than the value obtained from the equatidmLO) aqueous solutions of zinc nitrate. The same technology
=9n (cm ) for the phonon scattering linewidtftsdeduced proves to be efficient for the purpose of filling in voids in
from the contribution of mixed quasi-LO modes due to thebulk opals with ZnO nanocrystallites. The crystallites em-
anisotropic short-range forces in the uniaxial ZnO latfice. bedded into opal exhibit quantum confinement effects pro-
The phonon line broadening, along with the contributionviding that the size of the silica spheres constituting the opal
from A;(LO) mode in ZnO nanowirééand nanoparticle® s less than 200 nm. The single-layer opals work as nano-
were attributed to the phonon quantum confinement in ZnGnask for the fabrication of ZnO nanostructures exhibiting
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enhanced resonant Raman scattering, phonon confineméef#. J. Ko, Y. F. Chen, T. Yao, K. Miyajima, A. Yamamoto, and T. Goto,

effects, and Frilich vibrational modes. Strong exciton-LO
phonon and exciton-Fhtich mode coupling in ZnO nano-

structures is deduced from the analysis of multiphonon excis,

tonic resonant Raman scattering.
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