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Self-assembled secondary ZnO nanoparticles, recognized with the agglomeration of crystalline subcrystals,
are successfully synthesized by a simple sol-gel method. TEM images display that one artificial cluster
behaves in a single-crystal-like wurtzite structure because subcrystals coagulate as the same crystal orientation.
Moreover, from the resonant Raman scattering, the as-grown sample exhibits phonon red shift; meanwhile,
the coupling strength between electron and longitudinal optical phonon, determined by the ratio of second-
to first-order Raman scattering cross sections, diminishes compared with the samples after postannealing at
350 and 500°C. The size dependence of electron-phonon coupling is principally as a result of the Fro¨hlich
interaction.

I. Introduction

Coupling between electronic and vibrational excitations plays
an important role in semiconductor materials because of its
significant influence on the optoelectronic properties of semi-
conductors, e.g., the transport processes, the energy relaxation
rates of excited carriers, and linear or nonlinear optical absorp-
tion. The electric field within materials correlates to Coulomb
interaction with the exciton, and the strength of electron-phonon
coupling will be enhanced if the wavelength of the phonon
vibration is close to the spatial extent of the exciton.1-13

Recently, the fabrication of nanoparticles (NPs) and quantum
dots (QDs) makes it possible to investigate the electron-phonon
interaction beyond the bulk approximation. Such quantum-
confined electronic systems differ completely from their bulk
counterparts in the optical and electronic properties. Accord-
ingly, a systematic study of the electron-phonon coupling
strengths in semiconductor NPs and QDs is important from both
the fundamental science and proposed photonic application
points of view. So far, although many groups have theoretically
or experimentally demonstrated the interactions between electron
and phonon in III-V and II-VI semiconductor systems,1-13

contradictory results leave ambiguous answers to this basic
question. As far as theory is concerned, Schmitt-Rink and co-
workers1 suggested that the electron-phonon coupling mediated
by the Fröhlich interaction should vanish with the decreasing
size of GaAs and InSb QDs, by using a simple charge neutrality
model. Furthermore, Alivisatos et al.2-5 presented a series of
experimental studies in CdS, CdSe, and InP nanocrystals,
indicating that the electron-phonon coupling would diminish
with decreasing nanocrystal size. On the contrary, Efros,6 Marini
et al.,7 and Nomura and Kobayashi,8 taking into account
electron-hole correlation, valence-band degeneracy, conduction-
band nonparabolicity, and properly confined phonon wave

functions, have shown that the Huang-Rhys parameterS, which
measures the strength of the Fro¨hlich interaction, increases with
the decreasing nanocrystal radius. Moreover, Scamarcio et al.9

reported an increase in the Fro¨hlich electron-phonon interaction
strength with decreasing size in CdSxSe1-x nanocrystals embed-
ded in a glass slab. Klein et al.,10 using a donorlike exciton
model but neglecting electron-hole correlation, predicted a size-
independent coupling for CdSe. Experimentally, other analyses
of absorption,8,11,12 photoluminescence,11,12 and spectral hole
burning13 also indicate that the electron-phonon coupling is
larger in nanocrystals with smaller radii. Because of these
discrepancies, the answer to this question is still a matter of
controversy.

In this article, we show the growth of high-quality ZnO NPs
via a simple sol-gel method similar to that described by Seelig
et al.14 The secondary ZnO NPs have uniform 185 nm diameter
and are formed by the aggregation of about 9 nm primary single
crystallites. The primary crystallites have an interesting self-
organized behavior and then compose the texture-like poly-
crystalline secondary ZnO NPs. In addition, it is also found that
the enhancement of resonant Raman scattering (RRS) of the
ZnO NPs, and the coupling between the lowest electronic
excited state and longitudinal optical (LO) phonon modes,
diminishes when compared with postannealed ZnO NPs. Zinc
oxide (ZnO) is a versatile material that has achievable applica-
tions in photocatalysts, varistors, sensors, piezoelectric transduc-
ers, solar cells, transparent electrodes, electroluminescent de-
vices, and ultraviolet laser diodes. As a result, it has stimulated
extensive research.15-25 Compared to other wide band gap
materials, ZnO has a large exciton binding energy of 60 meV,
which results in efficient excitonic emission at room tempera-
ture. It is expected that exciton as well as polariton lasers will
be fabricated, using the ZnO-related materials, and that they
will overwhelm the GaN-related materials. ZnO NPs and QDs
have superior optical properties of the bulk crystals owing to
quantum confinement effects,26-28 and more unique behaviors
are continuously being explored.
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II. Experiments

The ZnO colloidal solution was produced from zinc acetate
dihydrate (99.5% Zn(OAc)2, Riedel-deHaen) in diethylene
glycol (99.5% DEG, EDTA), similar to what we presented
exhaustively before.29 We placed the final product in a centrifuge
operating at 3000 rpm for 30 min. After this procedure, the
solution was separated into two gradations. The white bottom
layer included the secondary ZnO clusters, and the upper
suspension was more transparent and included the dispersive
single crystalline ZnO QDs. The size-dependent band gap
variation of ZnO QDs was reported in our recent report.30 In
this present work, we pick up the secondary ZnO clusters for
investigation. The specimens were initially prepared by placing
a drop of bottom solution on glass substrates and then allowed
it to air-dry to remove excess solvent. Finally, the dry powders
were inserted to a furnace and heated at 350 and 500°C for 1
h in air ambient.

The morphology and size distribution were characterized
using a LEO-1530 field emission scanning electron microscope
(FE-SEM) operated at 5 keV. The advanced microstructures of
ZnO NPs were analyzed using JEOL JEM-2100F field emission
transmission electron microscope (FETEM) operated at 200
keV. The phase and average crystallite size were characterized
using Bede D1 thin film X-ray diffractometer (TFXRD).
Conventional and resonance Raman spectroscopy were carried
out by a frequency-doubled Yb:YAG laser (λ ) 515 nm) and
a He-Cd laser (λ ) 325 nm), respectively, and a Jobin-Yvon
T64000 microspectrometer with a 1800 grooves/mm grating in
the backscattering configuration was employed. The whole

Raman spectra were taken with an accumulation time of 120 s
from the focused incident laser light about∼1 µm. A photo-
luminescence measurement was made using a 20 mW He-Cd
laser at wavelength of 325 nm, and the emitted light was
dispersed by a TRIAX-320 spectrometer and detected by a UV-
sensitive photomultiplier tube.

III. Results and Discussion

Shown in parts a-d of Figure 1 are typical TEM micrographs
of the ZnO NPs. The mean particle size is estimated to be ca.
185 nm, and the shape is essentially spherical. Hierarchical
packing of the secondary ZnO NPs is formed in the condensation
reactions of the sol-gel process, and the spherical shape of the
ZnO NPs is recognized with agglomeration of many primary
single crystallites (also called subcrystals) ranging from 6 to
12 nm. In particular, it should be noted here that when we carry
out the selected area electron diffraction (SAED) for several
secondary ZnO NPs, the pattern reveals the polycrystal wurtzite
structure of the ZnO, as indicated in the inset of Figure 1a. On
the contrary, the pattern reveals the single-crystal-like diffraction,
as shown in the inset of Figure 1b, when we restrict the SAED
area within only one ZnO NPs. Obviously, the secondary ZnO
NPs are polycrystals consisting of much smaller subcrystals of
the same crystal orientation. More evidence can be demonstrated
in the high-resolution TEM (HRTEM) image and its corre-
sponding fast Fourier transform image in Figure 1c. In most
cases, the van der Waals interactions between the surface
molecules of the nanocrystallites form the driving force for self-
assembly, and then colloidal nanocrystals can be assembled to

Figure 1. TEM images of secondary ZnO NPs recognized of crystalline subcrystals. (a) A typical low-magnification TEM image and SAED
pattern of several uniform ZnO NPs. (b) High-magnification TEM image of one individual ZnO NP and its corresponding single-crystal-like SAED
spots. (c and d) High-resolution TEM images of central area and boundary part of one individual ZnO NP, respectively.
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form solids. If the size distribution of the nanocrystals is
sufficiently small, ordered arrays (also called superlattices),
quantum dot solids, or artificial solids are formed by self-
assembly.31,32 Accordingly, the growth of the secondary ZnO
NPs mentioned above must proceed in basically the same
fashion, and the individual subcrystals of a particle are the
subunits of a secondary ZnO NP, with some discontinuity
between the subunits. Similar self-assembly structures also were
reported in theR-Fe2O3 particles by Sugimoto et al.33,34 The
cause of the discontinuity on the internal structure has been
explained in terms of blocked fusion among the surface grains
by the strong adsorption of ions used in the reaction process.35-37

However, there is no existence of other available ions during
the whole process in this present work. Presumably due to the
block of DEG, the solvent may behave as a microemulsion
system causing the individual ZnO subcrystals that grew up
separately and finally assembled to form secondary NPs under
the driven force of van der Waals interaction. The subcrystals
are perfect crystalline and exhibiting facets; the evidence was
depicted in the HRTEM image from the edge of ZnO NPs as
shown in Figure 1d. Consequently, the subcrystals self-as-
sembled slowly via sintering and belong to the same definite
orientation with the adjacent ones.

Figure 2 displays the SEM images of as-grown ZnO NPs
and the samples after postannealing at 350 and 500°C in air
ambient for 1 h, respectively. The evolutions of morphology in
ZnO NPs show the subcrystals significantly fused with the
neighbor crystals during the heating process. The grain growth
also is investigated from the XRD profiles, as the crystalline
sizes were estimated to be approximately 9, 14, and 20 nm for
as-grown, 350°C-annealed, and 500°C-annealed samples,
respectively, by using the Scherrer formula.

The UV Raman scattering was performed at room temperature
to investigate the vibrational properties of the secondary ZnO
NPs before and after being heat-treated. Since the wurtzite
structure of ZnO belongs to the space groupC6V

4(P63mc), one
primitive cell includes two formula units, with all of the atoms
occupying 2b sites of symmetryC3V. Group theory predicts the
existence of the following optic modes:A1 + 2B1 + E1 + 2E2

at theΓ point of the Brillouin zone; B1(low) and B1(high) modes
are normally silent; A1, E1, and E2 modes are Raman-active;
and A1 and E1 also are infrared-active. Thus, A1 and E1 are
split into longitudinal (LO) and transverse (TO) optical com-
ponents. Figure 3 shows a normal Raman spectra by a
frequency-doubled Yb:YAG laser (λ ) 515 nm). As we can
see, the remarkable feature at 520 cm-1 is due to the TO phonon
mode from the Si substrate. The peak at 331 cm-1 can be
assigned to the second-order Raman scattering arising from
zone-boundary phonons 2-E2(M) of ZnO, while the peak at 437
cm-1 corresponds to E2(high). Another broadened peak around
580 cm-1 is contributed to the superimposition of A1(LO) and
E1(LO). We found there is no significant change of Raman
spectra for the 350°C-annealed and 500°C-annealed samples.
After thermal annealing over 350°C, the intense E2(high) peak
means good crystallinity, and the full width at half-maximum
(fwhm) decreases (from 14 to 11 cm-1) as the crystal size
increases, which is consistent with the XRD results. Whereas,
the observance of A1(LO) and E1(LO) modes are associated
with existence of some nonstoichiometric defects, such as
oxygen vacancy, interstitial zinc, or their complexes38-40 in the
secondary ZnO NPs after heating treatment.

In previous resonant Raman scattering (RRS) experiments,
in principle the electron phonon interaction could be straightly
probed. A He-Cd laser (λ ) 325 nm) was used as the excitation

source for RRS. The exciting photon energy is resonant with
the electronic interband transition energy of the wurtzite ZnO.
The polar symmetry makes the A1(LO) and E1(LO) modes the
dominant modes, and it may exhibit different frequencies from
the TO modes. An intense multiphonon scattering of the
secondary ZnO NPs before and after heat treatment was
observed in the resonant Raman spectrum of Figure 4, where
four major bands were observed to mainly result from the polar
symmetry modes A1(LO) and E1(LO) and their overtones. The
first-order Raman mode is a superposition of the LO phonon
mode in which Zn atoms and O atoms have the same vibration
direction, respectively, to the neighbor lattices of the wurtzite
ZnO.41 The weak peak, which is contributed to the E2(high)
mode around 437 cm-1, is almost imperceptible as a result of
other stronger RRS peaks. Multiphonon scattering processes also
have been previously reported for single crystalline bulk ZnO42

Figure 2. SEM micrographs of (a) as-grown, (b) 350°C annealing
for 1 h, and (c) 500°C annealing for 1 h secondary ZnO NPs.
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and recently for ZnO films,43 ZnO opal structures,44 and ZnO
nanowires45,46but rarely mentioned for ZnO NPs. From the RRS
spectra, it is remarkable that the intensities of the first-order
Raman mode and its overtones are enhanced in the as-grown
ZnO NPs compared with the postannealed samples. The reason
can be explained using the total Raman cross section for an
n-phonon process written as2,10

whereµ is the electronic dipole transition moment,E0 is the
size-dependent energy of the electronic transition,pω andpωLO

are the energies of the incident photon and the LO phonon,
respectively,mdenotes the intermediate vibrational level in the
excited state,Γ is the homogeneous line width,kB is Boltz-
mann’s constant,T is the temperature, and the bracket indicates

the overlap integral between the ground and excited states wave
functions. Consequently, RRS intensity can be enhanced as a
result of the energy of the incoming or the scattered photons,
to match real electronic states in the material and cause the
denominator in the Raman scattering cross section to tend to
zero. Similar results have been previously reported for CdS and
ZnO, using various laser wavelengths.47 In our case, the band
gap of as-grown ZnO NPs would tend to approach the excitation
laser energy because of the quantum-confined effect as the
subcrystal size is relative to the exciton radius.30 The quantum-
confined evidence can be seen as the intensive tail of the blue-
shift photoluminescence (PL) signal of the as-grown sample and
also discovered in RRS spectra rather than normal RS spectra,
as a result of the red shift, broadening, and the asymmetry of
the first-order optical phonon mode of the smaller ZnO NPs. It
is well-known that phonon eigenstates in an ideal crystal are
plane waves due to the infinite correlation length; therefore,
the K ) 0 momentum selection rule of the first-order Raman
spectrum can be satisfied. When the crystalline is reduced to
nanometer scale, the momentum selection rule will be relaxed.
This allows the phonon with wave vector|k| ) |k′| ( 2π/L to
participate in the first-order Raman scattering, wherek′ is the
wave vector of the incident light andL is the size of the crystal.
The phonon scattering will not be limited to the center of the
Brillouin zone, and the phonon dispersion near the zone center
must also be considered so that the shift, broadening, and the
asymmetry of the first-order optical phonon can be observed.
In recently reported studies, Alim et al.48,49 have shown that
the large red shifts in the resonant Raman spectra from 20 nm
ZnO NPs are most likely due to the local heating by UV laser
excitation. In our study, since the as-grown secondary ZnO NPs
contain more air gaps than the annealed ones, the smaller
thermal conductivity may become one of the other possibilities
which results in higher temperatures and larger phonon red shift.
The detailed numerical analysis of ZnO NPs of this experiment
is distinctively listed at Table 1 for clarity.

Furthermore, the ratio between second- and first-order Raman
scattering cross sections was found to increase remarkably from
0.38 to 2.05 with an increase of the ZnO crystallite size from
nanoparticle to the bulk. Within the Franck-Condon ap-
proximation,50,51the coupling strength of the exciton transitions
to the LO phonon may be expressed in terms of Huang-Rhys
parameterS. The cross section of RRS was a function of particle
size, temperature, and excitation wavelength. Scamarico et al.9

suggested that keeping constant the resonance condition is
mandatory for a meaningful comparison of spectra associated
with nanocrystals having different sizes and hence different
electron transitions, due to the strong energy dependence of the
Raman scattering cross section. In this study, we have carefully
used the same experimental conditions, such as laser wavelength,
power, spot size, and so on for each sample. We reported here

Figure 3. Normal Raman spectra of (a) as-grown, (b) 350°C annealing
for 1 h, and (c) 500°C annealing for 1 h secondary ZnO NPs, using a
frequency-doubled Yb:YAG laser (λ ) 515 nm).

Figure 4. Resonant Raman scatterings (RRS) of (a) as-grown, (b) 350
°C annealing for 1 h, and (c) 500°C annealing for 1 h secondary ZnO
NPs, using a He-Cd laser (λ ) 325 nm).

σn ) ∫σn
R(ω) f (R) dR (1)

σn
R(ω) ) µ4|∑

m)0

∞ 〈n|m〉〈m|0〉

E0 + npωLO - pω + ipΓ
|2 exp(-

ipωLO

kBT )
(2)

TABLE 1: Wavenumber, Broadening, and the Ratio of
n-LO Phonons Found in RRS Spectra; the Assignments of
Bulk ZnO Are Also Listed as a Reference

as-growna 350°Ca 500°Ca bulkb

grain size (nm) 9 14 20 >1000

1LO (cm-1) 578 582 584 585
(fwhm) (27.2) (24.2) (23.9) (N/A)

2LO (cm-1) 1149 1154 1158 1165
(fwhm) (54.7) (49.3) (47.3) (N/A)

I2LO/I1LO 0.38 0.59 1.07 2.05

a This work. b From ref 42 (used the same He-Cd laser,λ ) 325
nm, as the excitation source for RRS).
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with an emphasis on the tendency of the increasing electron-
phonon interaction with increasing nanocrystal size. It is
generally accepted that the electron-phonon coupling is deter-
mined by two mechanisms: the deformation potential and the
Fröhlich potential. Following Loudon52 and Kaminow,53 the TO
Raman scattering cross section is mainly determined by the
deformation potential that involves the short-range interaction
between the lattice displacement and the electrons. On the other
hand, the LO Raman scattering cross section includes contribu-
tions from both the Fro¨hlich potential that involves the long-
range interaction generated by the macroscopic electric field
associated with the LO phonons and the deformation potential.
We found that the intensity of TO phonon in ZnO NPs is almost
insensitive, while that of LO phonon is greatly enhanced under
the resonant conditions. Therefore, we believe that the electron-
LO phonon coupling as decreasing the nanocrystal size is mainly
associated with the Fro¨hlich interaction. Although the complex
origin is not well understood, the result in this study is extremely
consistent with recently reports in other low-dimensional ZnO
nanosystems, such as the ZnO nanowires54 and ZnO-based
quantum wells.55

Figure 5 shows the normalized room temperature PL spectra
of the as-grown and the heat-treated ZnO NPs. As we can see,
the UV emission peaks, which were attributed to the exciton-
related recombination, slightly shift their position from 376 to
387 nm after heat treatment. The band gap enlargement happens
to the as-grown ZnO sample that results in enhancing the
intensity of RRS, as mentioned above. Then, the grain grows
after the annealing process, resulting in the optical property
returning back to the bulk similarity. Besides, some various
impurity exciton complexes also probably cause the shifts of
UV emission from ZnO NPs. Fonoberov et al.56,57 have
theoretically reported two possible sources of UV PL in ZnO
QDs, which have been considered as excitons confined in the
quantum dot and excitons bound to an ionized impurity located
at the quantum-dot surface. Compared with the bulk ZnO, the
slightly blue shift of UV photoluminescence in our as-grown
ZnO NPs was due to the influence of size effect on energy level
of confined excitons. Moreover, the UV photoluminescence
peaks of postannealed ZnO samples red-shifted from the general
bulk free exciton energy (∼3.31 eV at 298 K) as far as more
than 100 meV. Therefore, we argue that the red shifts may be
caused by the presence of acceptors bound excitons if there are
existing numerous impurities at the surface of ZnO NPs after
annealing at the high temperature. So far, the opinions are in
agreement with ref 56, and the more accurate possibility of UV
transition indeed needs to be further confirmed. In addition, a
broadening visible band, from 500 to 700 nm, appears gradually
when raising the heating temperature. It is generally agreed that

the visible emission is due to nonstoichiometric composition,
and visible PL is most commonly green, though other peaks
such as, for example, yellow and orange emissions also can be
observed which come from oxygen vacancies (VO),58 oxygen
interstitials (Oi),59 and ionic dopants.60 In our room temperature
PL spectra, the broad yellow emission at local maximum
position 600 nm was observed; such a deep level involved in
the yellow luminescence of ZnO is attributed to oxygen
interstitials (Oi). The origin is due to oxygen diffusion of the
ZnO NPs after annealing in the atmosphere and also is consistent
with the previous study for ZnO samples sintered in moist air.61

Furthermore, Greene et al.62 have provided strong evidence of
the disappearance of the yellow emission in oxygen-deficient
ZnO nanowires after reducing treatment. Consequently, the
yellow emission in our present work is associated with oxygen
interstitials, beyond all doubt.

IV. Conclusion

In summary, we have demonstrated the self-assembled
secondary ZnO nanoparticles recognized with the agglomeration
of crystalline subcrystals ranging from 6 to 12 nm synthesized
by a sol-gel method. From TEM analyses, the artificial clusters
behave like a single-crystal structure, owing to the subcrystals
coagulating as the same crystal orientation with adjacent ones
via the sintering process. The as-grown sample exhibits phonon
red shift in a resonant Raman scattering, compared with the
samples after postannealing at 350 and 500°C. Moreover, the
electron-phonon coupling parameter is unambiguously ex-
tracted from resonant Raman scattering, and an interesting
phenomenon of increasing electron-LO phonon coupling is also
be discovered when the crystal size of ZnO enlarges after heating
treatment. The tendency of the size-dependent electron-phonon
coupling in the 0-D ZnO particles is similar to other 1-D and
2-D ZnO systems. The Fro¨hlich interaction certainly plays the
main role in the coupling of ZnO particles. Finally, the blue
shift of UV photoluminescence and visible emission induced
by oxygen interstitial (Oi) were also to be investigated from
the as-grown and the heated ZnO samples, respectively.
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