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Abstract

We report the influence of the nanosized effect on the optical properties of
non-centrosymmetric ZnO nanoparticles. In this study confocal Raman scattering was
employed to investigate the strain effect of the softening A;(LO) phonon mode while
controlling particles sizes from 55+1 to 32+1 nm. The observations reveal a positive
Poisson ratio between the compressive- and tensile-strain. The intensity ratio of the
A1(2LO)/ Ai(LO) modes exhibits strong size dependence. As the particle sizes
decrease further, the ratio decreases rapidly, signaling the short-range
electron-phonon coupling effect which acts to confine the electrons and holes within a
smaller volume. An energy red-shift in the photoluminescence peak was observed,
because of a lowering in the strain of local symmetry at O sites caused by excess
oxygen, and by strong coupling between the electron and phonon vibration. The
variation of the bandgap is very sensitive to the electron-phonon coupling and the

distinct size effect of strained ZnO nanoparticles.
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1. Introduction

Semiconductor ZnO nanocrystals have been studied extensively over the past
decade,'™ and results have shown a particularly efficient blue-green luminescence
property that is size-dependent and hence tunable over a wide wavelength range.* In
principle, visible-light-emission ZnO nanocrystals would be an ideal candidate as a
replacement for Cd-based fluorescent labels since they are nontoxic, low cost, and
chemically stable during thermal treatment in air. ZnO nanocrystals exhibit two
emission bands: one for a narrow excitonic emission band in the UV range, and one
for a broad band in the visible regime that has been attributed to the trap states.’
Unlike that of the UV emission, the physical mechanism behind the visible
luminescence has been very difficult to establish. What is known is that visible
emission involves deep trap states arising from oxygen or zinc vacancies, electrons or
holes in shallow trap states that originate from a larger surface to volume effect,”®
and extrinsic defects.” Recently, oxygen vacancies are thought to be the main cause of
the visible emission as has been reported by Ozgiir et al.® Therefore, much attention
has been paid in the last decades to the fabrication and structural characterization of

11
and

ZnO nanostructures such as nanoparticles,9 nanoribbons,10 nanowires,
nanorods.'> Full exploitation of ZnO optoelectronic properties certainly requires
better knowledge of the optical processes in ZnO. Shi et al."® reports the strong
coupling of two electronic transitions strongly to lattice vibrations in ZnO which
leads to an observed broad emission band with fine structure, dissipated by a phonon
bath. Examining the size effect of the relation between the electron-phonon coupling
and visible emission band is of great importance to understanding its physical origin.

In this work, we quantified the size-dependent electron-phonon coupling and energy

bandgap modulation of ZnO nanoparticles through confocal Raman scattering and
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photoluminescence, respectively. Here, as grown ZnO nanoparticles were synthesized
using the microwave reaction. The size of the nanoparticles was controlled by tuning
the annealing temperature. Energy dispersive spectroscopy (EDS) was successfully
utilized to quantitatively estimate the differences in atomic percent of zinc and
oxygen in as-synthesized ZnO nanoparticles. An energy red-shift in the
photoluminescence peak was observed, because of a lowering in the strain of local
symmetry at O” sites caused by excess oxygen, and by strong coupling between the
electron and phonon vibration, as noted using Raman spectroscopy. This will be

discussed below.

2. Experimental details

ZnO nanoparticles were synthesized using the method developed by Spanhel
and Anderson,'* with a few modifications described earlier.’”” Briefly, aqueous
solutions of Zinc Acetate and Sodium Hydroxide were used with a molar ratio of 1:2.
These were mixed together and stirred for 15 minutes. Triethylamine was added to the
above mixture and stirring continuously until a uniform thick milky white slurry was
obtained. All the chemicals were obtained from Merck and used as received. The
mixture was heated in a Raga scientific microwave system for 15 minutes at 280 W. It
was then centrifuged at 2000 rpm for two minutes. The residue was washed with
distilled water and then with ethanol. It was then dried overnight in air. The
as-prepared sample was calcined at 400 “C for 2 hours. The as-grown sample was
then placed in a ceramic boat inside a quartz tube. The tube was evacuated to about
10° Torr using a mechanical pump and heated in a tube furnace at various
temperatures ranging from 500 to 800 °C for 2 hours. Size and morphological
analysis was carried out using field-emission scanning electron microscopy (SEM)

with a JEOL JSM-6500F, JEOL Ltd. microscope from Japan. The energy dispersive
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spectroscopy (EDS) technique was used to estimate to atomic percentage of zinc and
oxygen in each ZnO nanoparticle. Analysis of the crystalline properties was carried
out using synchrotron x-ray diffraction (XRD). Samples prepared at various
annealing temperatures were mounted in a rotor sample holder for examination by a
synchrotron x-ray diffractometer. Synchrotron x-ray diffraction patterns were
obtained using a large Debye-Scherrer camera installed on the BLO1C2 beam line
instrument at the National Synchrotron Radiation Research Center in Taiwan, with an
incident wavelength of A = 0.7749 A. A high energy synchrotron radiation XRD
technique should be employed for detailed investigation of the strain leading to the
annealing effect of ZnO nanoparticles, because small changes in strain are
undetectable with the usual XRD techniques. The phonon and photoluminescence
properties of ZnO nanoparticles were investigated using a Confocal Raman
spectrometer (Alpha 300, WiTec Pte. Ltd., from Germany) equipped with a piezo
scanner and 9100 microscope objective lens (n.a. = 0.90; Nikon Imaging Japan Inc.,
Japan). The samples were excited with a 488-nm Ar ion laser (CVI Melles Griot,
Carlsbad, USA) (0.05 mW laser power), to form a spot 0.3 1 m in diameter, giving a

power density of 100 mW cm™.

3. Results and discussion
3.1 Morphological analysis

We first investigate the evolution of the morphologies of ZnO nanoparticles at
various annealing temperatures Ta. The SEM images of the ZnO nanoparticles are
shown in Figure la-f. No particular morphological change was observed at a low
annealing temperature (T,=400°C) (see Figure 1a). The interconnecting nanoparticles
are stuck together in clusters due to electrostatic effects as well as an artifact of the

drying of aqueous suspensions. Further annealing at 500, 600, 700 and 800°C resulted
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in the dehydration of the precipitate and the formation of well separated and
uniformly distributed spherical nanoparticles, as can be seen from Figure 1b-d.
However samples annealed at 700 and 800 “C (see Figure le-f) showed a tendency
towards agglomeration. An evaluation of the diameter distribution can be obtained
and calculated from a portion of the SEM images, as shown in Figure 1g. The
distributions of the diameters were quite asymmetric and could be described using a
log-normal distribution function. The solid curves represent the fit assuming a

log-normal distribution function. The log-normal distribution function is defined as

follows: f(d)=

1 . p[— (Ind —1n < dg,, >
20

\N2rdo * 2

2
)} where <dsgy> 1s the mean

diameter and o is the standard deviation of the function. The mean diameters <dsgy>
of ZnO nanoparticles synthesized and annealed at 400, 500, 600, 700, and 800 C, as
determined from the SEM images and described by the fit to the log-normal function,
are approximately 44+2, 60+2, 74+7, 115+14 and 138+18 nm, respectively. The
corresponding fitting parameters are listed in Table 1. The obtained value of the
standard deviation of the fitted function is less than 0.4 for all ZnO nanoparticles,
showing that the distribution was confined to a limited range. And the mean size
<dsgy> of the ZnO nanoparticles was found to be dependent on the annealing
temperature and time. The T, dependence of the mean sizes were obtained and
calculated from a portion of the SEM image, as shown in Figure 2, where the solid
curve shows the fit to the growth law. This can be well described as follows:
<d5EM>=64—0.2TA+0.00037TA2. In this present study, the growth temperature of ZnO
nanoparticles was confined to between 400 to 800 “C, which is 0.202 and 0.405 times
the melting point of ZnO (1975 “C), following Wagner’s scaling theory.'® This result
differs from the previous report from Goswami's group'’ who concluded that a higher
annealing temperature (~ 600 ‘C) assists in obtaining pure ZnO nanoparticles without
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affecting their size and crystal structure. They used a chemical precipitation technique.

In this method, the growth of nanoparticles is controlled by their pH concentration.
The annealing of nanoparticles assists in removing carbonate impurities and moisture
so as to obtain pure ZnO nanocrystals. At a higher annealing temperature region
(~900 °C), as shown in the inset to Figure 2, it can be seen that the morphologies of
the samples are different from the others (400-800 “C) and large grains are generally
present on the surface of the sample. This indicates that the nanoparticles can be
melted at about 900 ‘C, which is much lower than the melting point of bulk ZnO.
Similar results have been reported in a ZnO nanorod system,'™" in which ZnO
nanorods melted and changed into particles at 950 ‘C and 900 °C. Moreover,
theoretical investigation has also demonstrated that the melting temperature will
decrease with the reduction of the sizes of nanostructures.”” In order to further
understand the effect of annealing on the properties of ZnO nanoparticles, we
characterize the oxygen concentration in ZnO nanoparticles after annealing treatment,
finding the evolution in the ratio of oxygen and zinc with an increase in both

annealing temperature and particle size.

3.2 Stoichiometric analysis

The ZnO nanoparticles, as synthesized through chemical means show an
evolution of particle size with an increase of the annealing temperature from 400 to
800 “C, as is also observed in SEM images. Depending on the fabrication conditions,
native defects (such as oxygen vacancies, interstitials, and antisites) or extrinsic
defects can be introduced, thus leading to the control of the phonons, electronic
structure, and the luminescence response in the visible regime of the ZnO
nanoparticles. Energy dispersive spectroscopy (EDS) is a useful technique for

estimation of the atomic percent of constituent elements in a given sample. Figure 3a

6
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shows the EDS results (Inca x-sight model 7557, Oxford Instruments, UK), from
which it can be seen that the elemental spectra of different nanoparticles are
associated with a series of elemental zinc and oxygen constituents which can be
assigned to Zn-La;, Zn-Ka;, and O-Ka,;. The estimated atomic percent ratio of
oxygen/zinc (obtained using EDS) with respect to the annealing temperature is
plotted in Figure 3b. The figure shows an increase in the oxygen/zinc atomic percent
with increasing annealing temperature (i.e., increasing nanoparticle size). The
increase in the ratio of O/Zn (less than 1) in the range of 400 to 500 “C reveals that it
is likely that the formation proceeds through the nucleation of oxygen deficient
Zn0; . during the lower annealing temperature, which is in agreement with previous

21-22
results.

In their comprehensive results, it was observed that the modification of
the surface with hydrogen peroxide could significantly reduce the persistent
photoconductivity relaxation time, implying that a deficiency of surface oxygen was
responsible for the effect. The oxygen deficiency was further reduced after increasing
the thermal treatment, leading to a sharp increase in the ratio of oxygen/zinc from
0.95 to 1.12. These observations indicate that the thermal treatment alters the surface

stoichiometry resulting in a conversion from a state of oxygen deficiency to that of

excess oxygen.

3.3 Analysis of X-ray diffraction
The presence of lattice strain is a common phenomenon in the majority of
multilayer thin films and heterostructures, and can influence the physical properties of

these structures significantly.>>*

X-ray diffraction analysis is widely used to
determine the lattice strain in nanostructures and sensitive to very small changes of

lattice parameters. The high energy synchrotron radiation X-ray diffraction (SR-XRD)

technique must be employed for detailed investigation of the crystalline structure of
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Zn0O nanoparticles, because small changes in strain are undetectable by commercial
x-ray diffractometer. Figure 4 displays the dependency on annealing temperature T4
in the x-ray diffraction patterns. Here, different colors are used to indicate the peak
intensity of the diffraction patterns. At the bottom of Figure 4, three significant
broader nuclear peaks at the (1 0 0), (0 0 2), and (1 O 1) positions are visible, indexed
based on the space group of P63mc. With an increase of annealing temperature, there
is a decrease in the full width at half-maximum (FWHM) and corresponding increase
in the particle size. The observed broadening of the peak is a short range behavior,
which can be described by the Gaussian instrument resolution function, as discussed
in our previous report.”> As can be seen in Table 2, the FWHM shows a rapid
decrease in the peak profile of (1 0 0) from 0.0421+0.0001 to 0.0193+0.0001 rad. as
the T, increases from 400 to 800 ‘C, signaling the development of crystallinity from
short- to long-range ordering. The full width at half-maximum of peak 4 and ZnO

nanoparticle sizes <dxrp> were estimated using the Williamson-Hall method?® and

1 0944
the Scherrer formula®’ 5= (

+4nsin @ ; oo
<dp > n J , where A is the incident

cosd

wavelength of X-ray, # is the diffraction angle and 7 is the local lattice distortion
parameter. Figure 5 displays the plot of Bcos0/0944 s 4sin€/0944 for all
samples. The ZnO nanoparticles size <dxgp> and the local lattice distortion 77 can be
estimated by fitting and extrapolating the linear curve to the zero value of the x-axis,
respectively. The slope of the linear curve gives the value of the local lattice
distortion 77; the obtained values of lattice distortion for different ZnO nanoparticles
are in the range of 0.146 to 0.022 %. These values of lattice distortion are in good
agreement with those previously reported for ZnO nanoparticles.%'29

The interception of the fitted linear curve to the y-axis gives the inverse
crystalline size. The observed crystalline sizes <dxgp> for ZnO nanoparticles

8
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synthesized by annealing at 400, 500, 600, 700, and 800 °C are 32+1, 38+2, 4443,
51£2, and 55+1 nm, respectively. The obtained crystalline sizes are smaller than the
mean nanoparticle diameters obtained from the SEM images. The observed
discrepancy is due to the agglomeration behavior of the nanoparticles, resulting in the
formation of a crystalline domain inside each nanoparticle. As discussed in the
introduction, Raman spectroscopy is dependent on the long range crystalline order,
therefore from here onwards we will use the crystalline size obtained from the
Williamson-Hall plot as the nanoparticle size rather than the particle size obtained
from SEM images.

The X-ray diffraction patterns of the ZnO nanoparticles are further refined
using Rietveld analysis.”® The diffraction pattern (black crosses) taken at various
annealing temperatures 74 are shown, and the solid curve (red curve) indicates the
fitted pattern. The difference (blue curve) between the observed and the fitted pattern
is plotted at the bottom of Figure 6a-e. The obtained refined lattice parameters
confirm the formation of wurtzite (hcp) ZnO having a space group of P6mc (as
tabulated in Table 2). The wurtzite structure has a hexagonal unit cell with two lattice
parameters, a and ¢ with a ratio of ¢/a=1.633. In a real ZnO crystal, the wurtzite
structure deviates from the ideal arrangement, by changing the c¢/a ratio and the u
parameter (which is a measure of the amount by which each atom is displaced with
respect to the next along the c-axis). Bond length along the c-axis is longer than the
other three bonds because the ZnO, tetrahedra are distorted along the c-axis, which
results in a dipole moment. The polarity is responsible for a number of the properties
of ZnO, including its piezoelectricity and spontaneous polarization, and is also a key
factor in crystal growth and defect generation. In general, the axial ratio of ¢/a and u
parameter can be used as a common indicator for the polarity as the deviation occurs

in the lattice of ZnO crystal. Figure 6f shows the relation between the mean sizes and
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the ratio of R=c/a, revealing a strong long-range polar interaction when the c/a ratio
decreases. The inset to Figure 6f shows a noncentrosymmetric polar structure that is
made up of alternate layers of positive and negative ions, leading to spontaneous

polarization. The solid curve in Figure 6f describes an exponential decay function,

_<dXRD>

namely R-R +pge ¢ . where f=0.0013+0.0001, &= 6343 nm, and

R,=1.601£0.002 represent the fitted parameters, the domain size and ratio of long
range polar interaction, respectively. Furthermore, this result shows a rapid decrease
as size increases, signaling the development of short to long range polar interaction.
As discussed above, our experimental results indicate that the ratio of c¢/a plays an
important role in ZnO nanoparticle polarity. The obtained domain size is closer to the
theoretical predication, as reported by Herng et al.’' and the experimental grain size
(~ 50 nm) of ZnO prepared at a temperature range of 200-400 C. The formation
ability of short range polarization interactions of the domain wall with grain size is
also estimated based on first principle calculation. It is found that domain wall can
occur spontaneously at room temperature if the grain size is larger than 25 nm,**
resulting in an increasing of c¢/a ratio as size decreases. It is worth noting that the
nucleation of domain walls from the short- to long- range polarization interaction is
close to those obtained in our present study, with ZnO particle sizes ranging from
32+1 to 55+1 nm. This observation implies that the higher c/a ratio in smaller ZnO
nanoparticles could originate from a spontaneous charge carrier separation induced by
intrinsic surface strain as has been reported by Kuo et al. using the first-principles
calculation.” In this work, they found that the shrinking strain induced by surface
reconstruction causes the electrons and holes to separate and move toward the core

and surface region, respectively. It can be further assumed that, in addition, a net

strain-induced positive charge on the surface of ZnO nanoparticles could influence

10
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the band gap shift and electron-phonon coupling, as has been reported by Wei et Al **
In this case, the Raman and photoluminescence experiments could provide a

considerable amount of valuable information for clarifying this issue.

3.4 Electron-phonon study of ZnO nanoparticles

Analyzing possible electron-phonon coupling and strain in ZnO is especially
interesting because of its increasing technological applications in optoelectronic
devices.”* In this study, it is of great interest to directly observe the effect of ZnO
nanoparticle size and polarization induced strain arising from phonon vibration. Here
we used confocal Raman spectroscopy to analyze the strain state of the ZnO
nanoparticles since it has the high spatial resolution and sensitivity necessary for
probing the local atomic vibration and lattice deformations. ZnO has a wurtzite
structure with Cgy symmetry, and is characterized by two interconnecting sublattices
of Zn** and 02‘, such that each Zn ion is surrounded by tetrahedra of O ions, and
vice-versa. This tetrahedral coordination gives rise to polar symmetry along the
hexagonal axis. The four face terminations of wurtzite ZnO are the polar Zn
terminated (0001) (c-axis) and O terminated (OOOT) faces, and the non-polar (11 50)
(a-axis) and (1OTO) faces which both contain an equal number of Zn and O atoms.
Group theory predicts the Raman active zone-centers of the optical phonons with the
symmetry: A, E;, and E; mode.* The phonons having A; and E; symmetry are polar
phonons and, hence, the transverse-optical (TA) and longitudinal-optical (LO)
phonons exhibit different frequencies. Nonpolar phonon modes with symmetry E,
have two frequencies: Epy(high) is associated with oxygen atoms and E;;(low) is
associated with the Zn sublattice. All described phonon modes have been reported
in the Raman-scattering spectra of bulk ZnO.*® Figure 7a shows a series of Raman

spectra taken at room temperature from ZnO nanoparticles synthesized by annealing
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at 400, 500, 600, 700, and 800 °‘C. The anomalous behaviors can be analyzed
quantitatively using the profile fitting method. These peaks, including the phonon and
two magnon modes, were analyzed using the Voigt function covering the whole
regime. The solid line in Figure 7a represents the fitting line using the Voigt function.
The detailed annealing temperature 7, and the particle size dependencies of the peak
position and FWHM are listed in Table 3. Based on the reported zone-center optical
phonon frequencies in ZnO, one can assign the Raman peak at 330+0.7 cm™ to
E>n-Eor, the peak at 437.5+0.2 cm’ to Eop, the peak at 583.1+0.7 cm’ to A1(LO) and
the peak at 685.5£6.9 cm™ to the TA+LO mode. In addition to the conventional LO
phonon mode, we observe a lower intensity at 536 cm™ which has been attributed to
surface phonon. Furthermore, the surface phonon may not be observable in our
smaller nanoparticles, due to both lower resonant conditions and weaker surface
electron-phonon coupling.”” When the size is reduced to the nano scale, 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. As a result, a shift of the first
order optical phonon can be observed. Figure 7b shows the size effect of the
integrated intensity of first order Raman scattering of the A;(LO) phonon mode. A
clear decrease in intensity and blue shift of the peak can be seen with decreasing
particle size. The observed results are in good agreement with those of Gomi et al.,*®
who argued that Zn and oxygen are stacked alternately along the c-axis. Any lattice
irregularity such as oxygen defects would affect the displacement of ions in the A,
mode more than in the E; mode, reflecting a decrease in the intensity of the A; mode.
However, an intrinsic problem for oxygen deficiencies of various sizes can also be
examined using photoluminescence study, as will be discussed later. Next, we will
evaluate the ratio between the second- and first-order Raman scattering cross-sections

of various particle sizes, extracting information about the electron-phonon (e-ph)
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coupling. CdS, CdSe.,” InP,* and ZnO’® nanocrystals have been intensively studied
by this method. The ratio was found to be associated with the dimensionless

displacement A for the Frohlich interaction in a solid*' given by

0x“(2+ X)) (1+ x?) *dx,

2
A=1.97 e—(l__l_)l_J'
&, @

a,ho , ¢ -

0 ©

a
. . — 241/3 o . . .
where a, is the lattice constant, © = 377) a o Qo ls the exciton Bohr radius,
b

and €oand €« are low and high frequency dielectric constants, respectively. Figure

7c shows the particle size dependence of the intensity ratio of A;(2LO) and A;(LO)
mode; the dashed line represents the calculated value of A = 2.85 for bulk ZnO. The
intensity ratio of these modes exhibits strong size dependence. As the particle size
decreased further, the intensity ratio of the A;(2LO) and A;(LO) mode rapidly
decreased, signaling the finite size effect, which acts to confine the electron and hole
into a smaller volume. In addition the Frohlich coupling strength could diminish,
because the electric field caused by the vibration should be less effective in polarizing
the excitons.”” These characteristics are in agreement with previously reported results
for ZnO nanowires.”” In one comprehensive analysis, the ratio was found to increase
with increasing nanowire diameter. It was concluded that the quantum confinement
strongly modifies the eigenfunctions in nanocrystals, causing the change of

magnitude of the electron-phonon coupling strength.

3.5 Anisotropic strain study of ZnO nanoparticles

To obtain a clear picture of the relation between strain and phonon vibration
along the c-axis, we were only able to analyze spectra corresponding to the A;(LO)
phonon mode. In previous studies, the size induced shift of the A;(LO) phonon has
been discussed by the Demangeot group® in ZnO nanoparticles and Alim et al ** in

ZnO nanocrystals. They observed a shift of the phonon frequency of up to 8 cm’
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achieved by increasing the size of the nanoparticles from 3.2 to 8 nm. The origin of
this frequency shift is still unclear except for local heating effects. The shift of A;(LO)
phonon frequency contains information about the strain, LO-plasmon coupling, and
polar phonons that are sensitive to the interactions with free carriers. The strain
induced frequency up-shift of the A;(LO) phonon mode is given by

Aw, =a(e, +e,)+be,,
where a and b are the deformation potential constants. Experimental values reported
by Callsen et al.* for the A1(LO) mode in ZnO are a=-577 cm™ and b=-599 cm™. In
the present study, we assume that the in-plane strain is biaxially isotropic, ex=¢yy, and

the in-plane strain g, and the out-of-plane strain ¢, are related by

2C,
&y =~ C €y s
33

where Ci3 and Caz are the elastic constants of ZnO with C13=104.8 GPa and
C33=206.9 GPa, as reported by Shein et al.** Figure 8a-b displays the size effects of
the calculated in-plane &4 and out-of-plane ¢,,, reflecting the existence of tensile- and
compressive-strain, respectively. With decreasing particle size, the surface layer is
compressively strained along the c-axis and as a consequence is under tensile strain in
the perpendicular direction. The Poisson effect induces an out-of-plane strain of the
opposite sign. This result is in agreement with the prediction of a theoretical
simulation of pristine ZnO nanowires by Kou et al** In their comprehensive
calculation, they stated that the surface intrinsic strain induces a charge carrier
separation. As compressive strain is increased, the band-edge states tend to delocalize
in comparison with the zero strain case, since the axial compression must lead to the
elongation of the out-of-plane surface bond length due to a positive Poisson ration
(V=-exx/ €,;). We further characterize and quantify the dependence of the size on the

compressive- and tensile-strain. This can be roughly expressed as

14
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_<d><RD >

c=¢&°+ Ae 9%, where ¢° is the initial strain at a large size and d, is the
critical size. A significant critical size of d, ~ 68+5 nm was found from the fitting,
indicating that the size effects on strain could result in a tendency for band offset
between strained and unstrained regions of ZnO nanoparticles. As a result, the
energies of the edge-states demonstrate an opposite change tendency in response to
the strain: the energy of the valence band (conduction band) state is shifted upwards
(downwards) by tensile strain and downwards (upwards) by compressive strain. The
influence of a narrow (broad) band gap can be investigated through

photoluminescence (PL) spectroscopy.

3.6 Size effect of photoluminescence

PL measurement is a helpful technique to explore the optical properties of
semiconducting nanoparticles. It informs us about the energy states of impurities and
defects, even at very low densities, which is helpful in understanding structural
defects, the crystallinity, surface defects, energy bands and find exciton structures.
Defects like oxygen vacancies at the grain boundaries and the presence of doping
atoms in the surface and inter-granular layers can affect some physical properties
(such as the optical properties) of nano-grained metal oxide materials.*” Moreover,
the shifts in the bandgap of strained nanocrystals, including uniaxial compressive-

and tensile-strains, have been widely investigated through theoretical calculations.***’

23, 33
However, there have been few reports™

relating experimental confirmation of
systematic investigations of this phenomenon.
The ZnO nanoparticles were excited by a 488 nm wavelength laser at room

temperature. The broad peaks in spectra at various sizes were de-convoluted using

two Gaussian distributions (illustrated by solid curves). The corresponding fitting
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parameters are presented in Table 4. A prominent peak was obtained in the spectra,
with the main peak at 569.6+0.4 nm (~2.21 eV) exhibiting strong mid-gap green
emission with <dxgrp>=32+1 nm, as shown in Figure 9a. This peak position is close to

the results previously reported by Rakshit et al.”’

in ZnO:MgO nanocrystals. They
reported the presence of two distinct defects (~ 520 and 570 nm, respectively). The
feature at 570 nm had been interpreted to originate from the recombination of photo
generated holes trapped in shallow states that lie close to the valence band with the
deep trap states. With decreased particle size, a significant energy red-shift band at
725.7£1.6 nm (~ 1.71 eV with <dxgp>=55+1 nm, shown in Figure 9b) spanning the
entire visible range and quenching the mid-gap green emission at larger size provides
further evidence of lower oxygen deficiency in the ZnO nanoparticles.”' The variation
of the bandgap is very sensitive to the electron-phonon coupling and the distinct size
effect of strained ZnO nanoparticles. The origin of these emissions, especially the
green emission, has been controversial. A number of previous reports have attributed
it to Zn interstitials®> and Zn vacancies.” The most widely accepted origin of the
green emission is typically associated with oxygen deficiency; orange emission is
associated with excess oxygen.”*>> This is in excellent agreement with the
experimental EDS results. It should be noted that the broad visible emission band
contains at least two contributions, originating from surface-defect-related states,
such as the recombination of deep trap electrons with free VB holes or holes in
shallow traps, as shown in Figure 9c. The recombination of an electron-hole pair can
exist as a Wannier exciton and when it recombines radiatively, a photon creates
energy close to the visible regime in the ZnO nanoparticles. The electron/hole from a
Wannier exciton can be trapped in the particle. This can take place in shallow levels
or in deep traps. As the band edges shift as a function of particle size,’® the energetic

position of a shallow trap shows a similar size dependence. As observed in Figure 9a,
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3758 there is broad visible emission of

and also previously reported by several groups,
oxygen deficiency/excess induced red-shifts with increasing nanoparticle size. This
suggests that the defect states are associated with the deep-(electron) and
shallow-(hole) trap of the nanoparticles and follows analogous energetic shifts with

1. and Beane et al.”® reported that the

the degree of excitonic confinement. Shi et a
visible emission from zinc oxide particles is broader than can be fitted using the
Huang-Rhys model to describe the coupling of an electronic state with a vibration
state. This suggests that the strong coupling of the electronic transition to the lattice
vibrations of ZnO is responsible for the broad visible emission band. Recent study of
single ZnO nanoparticles by Layek et al.® demonstrates that the broad emission
originates from the coupling of excited states and phonon modes rather than

polydipersity. As discussed above, our Raman and PL experimental results indicate

that particle size plays an important role in the optical properties of ZnO.

4. Conclusion

In conclusion, we demonstrated the potential of synchrotron X-ray diffraction
and confocal Raman spectroscopy for studying the nanosized, strain, and
electron-phonon coupling in ZnO nanoparticles through investigation of the phonon
excitation and photoluminescence. EDS observations indicate that the thermal
treatment alters the surface stoichiometry resulting in a conversion from a state of
oxygen deficiency to that of excess oxygen. The observed c/a lattice ratio shows a
rapid decrease with increasing size, signaling the development of short to long range
polar interaction, which has been attributed to the size effect. The value obtained for
the intensity ratio of A;(2LO)/ A;(LO) modes can be used to calculate the strength of
the electron-phonon coupling coefficient A that is responsible for the broad visible

emission bands. A weakened electron-phonon coupling was observed as strain and

17
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corresponding bandgap variation were decreased by increasing the size of strained
ZnO nanoparticles. These results reveal that the electron-phonon coupling, strain, and
oxygen concentration within the nanoparticles dominate the shift of visible emission,
whereas the dependence of the visible emission band energy on the particle size

implies that a delocalized charge carrier is involved in the emission process.
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Figure Captions

Figure 1 (a-e) SEM images of ZnO nanoparticles synthesized using the sol-gel
method followed by annealing in an ambient atmosphere at various temperatures. (f)
Plot of distributions of the diameters of nanoparticles obtained from a portion of the
SEM image of ZnO nanoparticles. The solid lines represent the fitting curves

assuming the log-normal distribution function.

Figure 2 Growth temperature 72 dependence on the mean nanoparticle diameter
<dsgm>, where the solid line shows the fit to the parabolic law and the fitted values

are shown.

Figure 3 (a) Plot of EDS spectra taken from each ZnO nanoparticle. (b) The ratio of

oxygen/zinc with respect to annealing temperature obtained by EDS.

Figure 4 Plots of the annealing temperature 75 dependence of the X-ray diffraction

patterns taken at room temperature.

Figure 5 Linear fit obtained using the Williamson-Hall correlation for each ZnO
nanoparticle where the slope of the graph gives the local lattice distortion and the

intercept of the line to the y-axis gives the inverse particle size.

Figure 6 (a-e) The observed (crosses) and Rietveld refined (solid lines) X-ray patterns
of ZnO nanoparticles synthesized at various annealing temperatures 7a. (f) Plot of the
lattice constant with respect to nanoparticle size <dxrp> obtained from the

Williamson-Hall plot showing the increasing of R with decreasing particle size.
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Figure 7 (a) Annealing temperature 7 dependence in Raman patterns taken at room
temperature revealing a series of phonon modes Ep-Eor, Eon, A1(LO), TA+LO,
A1(2LO) and 2E;, excitations. (b) The nanoparticle size <dxgp> dependence of the
integrated intensity in the A;(LO) and (c) ratio of the integrated intensity in the
2LO/LO, reflecting the weak- to strong-coupling strength of the electron-phonons

with increasing particle size.

Figure 8 (a)-(b) The nanoparticle size <dxgp> dependence of the tensile- and

compressive- strain. The solid lines represent the fitted results.

Figure 9 (a) Plot of the particle size dependency of the photoluminescence, where the
solid line represents the superposition of the fit of two Gaussian functions. (b) Plot of
the particle size dependency of the PL peak position obtained from the fit. (c) A

schematic plot of the energy levels involved in the visible fluorescence.
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Table 1 Summary of the fitting parameters obtained from the lognormal distribution

Journal of Materials Chemistry C

function.
. SEM analysis
TACC) 2
<dsgm> (nm) o (nm) X
400 4442 0.18+0.07 0.8263
500 60+5 0.19+0.02 0.9721
600 74+7 0.15+0.01 0.9776
700 11514 0.09+0.01 0.8949
800 132+18 0.18+0.04 0.8549
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Table 2 Summary of the fitting parameters obtained from the Rietveld refinement of

the X-ray diffraction pattern.

FWHM GSAS fitting parameters Lattice constants X Y
Ta (C) <dxrp>(nm)
(100) (rad.) Ryp R, r a=b(A) c(A) ZIn& O Zn (0)
400 32+1 0.0421+0.0001  0.0229 0.0120 1.646 0 3.2561+0.0003 5.2167+£0.0005 1/3  2/3  0.004485 0.384485
500 38+2 0.0342+0.0004 0.0174 0.0107 0.8406 3.2549+0.0001 5.2148+0.0001 1/3  2/3 0.000380 0.375841
600 4443 0.0302+0.0002  0.0152 0.0101 0.0152 3.2470+0.0001 5.2019+0.0001 1/3  2/3 0.002611 0.377389
700 51+2 0.0242+0.0002  0.0321 0.0189 1.7830 3.2467+0.0001 5.2013+0.0001 1/3  2/3  0.002758 0.377241
800 55+1 0.0193+0.0001  0.0288 0.0179 1.4480 3.2463+0.0001 5.2004+0.0001 1/3  2/3  0.000794 0.379206
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Table 3 Summary of Voigt fitting parameters for Raman modes of ZnO nanoparticles.

-1 -1 -1 1 -1 -1
T 0 < sam o EaC™) E,, (em ) A, (LO) em ) TA+LO(@m)  AQLOYEm)  2E (cm)

Center FWHM Center FWHM Center FWHM Center FWHM Center FWHM Center FWHM

400 3241 330.0£0.7 26.73+1.4 437.5£0.2 15.82+1.6 583.1+0.7 25.20+2.6 658.5+6.9 107.60+8.9 11053 90.60  1153.6  40.78
500 38%2 329.8+0.6 27.36+1.9 437.5+0.1 15.49£1.8 582.6+0.6 26.40+£2.9 658.4+3.9 39.49+2.5 11043 §9.02 1154.1  43.80
600 4413 329.7+0.6 26.40+2.0 437.4+0.1 14.92+0.9 581.8+0.4 27.89+1.9 662.2+4.1 67.38+3.8 11034 8433 11537  46.20
700 51%2 329.7+0.7 10.09+0.9 437.3+0.2 14.12+1.1 581.1+0.7 34.90+3.5 658.6+6.9 79.74+4.5 11064  82.14 11554 420
800 551 329.5+0.5 23.68+1.7 436.840.3 11.93+0.8 580.8+1.4 37.70+3.1 659.6+3.6 81.18+7.8 11102 9221 11561  40.88
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Table 4 Summary of the Gaussian fitting parameters for the photoluminescence

profiles of ZnO nanoparticles.

PL first peak (nm) PL second peak (nm)
Ta(C) <dxrp> (nm)
Peak FWHM Peak FWHM
400 32+1 569.6+0.4 84.48+1.42 628.4+4.3 140.90+4.26
500 38+2 674.2+5.2 138.15+0.38 768.2+2.4 156.91+2.02
600 44+3 685.2+13.1 149.78+5.23 788.9+45.0 150.96+1.98
700 51+2 699.8+2.0 200.36+2.60 846.1+£6.5 59.7449.21
800 55+1 725.7+1.6 199.54+1.98 852.6+£5.2 43.47+7.26
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