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Abstract

Both bandgap engineering and spatial confinement of optical phonon were observed
depending upon size of ZnO quantum dots at room temperature. Size-dependent blue shifts of
photoluminescence and absorption spectra reveal the quantum confinement effect. The
measured Raman spectral shift and asymmetry for the £2(high) mode caused by localization of
optical phonon agree well with that calculated by using the modified spatial correlation model.

Keywords: ZnO quantum dots, wide-gap semiconductor, band gap engineering, quantum
confinement, phonon localization, photoluminescence, Raman scattering.
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Recent remarkable crystal growth techniques of nanostructured optical devices operated in
the ultraviolet (UV) using zinc oxide (ZnO) as the constituent material'* have prompted studies
into the properties of this promising material in its powder and nanocrystilline forms. In
nanocrystals, the quantum confinement effect becomes predominant investigation field and gives
rise to many interesting electronic and optical properties.”'' The phenomena concerning
quantum confinement effect in ZnO nanocrystals were rarely studied due to the relatively large
electron effective mass caused by the large band gap (3.37eV) of this material. ~Additionally,
the Coulomb interaction of electron and hole has reduced the exciton confinement energy partly

bulk
due to the small dielectric constant & ~ in this system, which is also related to large band gap.

Thus, the ZnO binary semiconductor material will have small quantum confinement effect in
quantum dot (QD) and quantum well (QW) structures.
ZnO has wurtzite crystal structure which belongs to the space group C:, and group theory

predicts zone-center optical phonon modes are 4;, 2B;, E; and 2E,. The 4;and E; modes and
the two £2 modes are Raman active while the B modes are silent. The nonpolar £2 phonon
modes have two frequencies: E2(high) is associated with vibration of oxygen atoms and
E2(low) is associated with the Zn sublattice. All described phonon modes have been reported
in the Raman spectra'”" of bulk ZnO. Recently, the Raman spectra always show shift of
phonon frequencies in ZnO nanostructures.'*'”  Whether the origin of this shift is due to strain,



intrinsic defects or the size of QDs is still the subject of debates. Nevertheless, by examining
ZnO nanocrystals with average sizes of 8.5 and 4.0 nm, Rajalakshmi et al.'” explained the shift
of phonon frequency due to optical phonon confinement in ZnO nanostructures without
considering effects of crystallite size distribution (CSD) on the Raman spectra in ZnO
nanostructures.

In this report, we present quantum confinement effect revealing blue-shift of absorption and
PL spectra with small defect emission for ZnO QDs having the average size varying from 12 to
3.5 nm in diameter. Furthermore, we observed spatial confinement of the optical phonon
induces spectral shift, broadening and asymmetry of the £2(high) phonon mode by using typical
Raman spectroscopy. We also used the modified spatial correlation (SC) model, which takes
the CSD into consideration that well fit to the measured Raman spectra.
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The synthesis of ZnO QDs was carried out using the sol-gel method which is similar to
those published elsewhere'®!"”.  Stoichiometric zinc acetate dihydrate (99.5% Zn(OAc)s,,
Riedel-deHaen) was first dissolved into diethylene glycol (99.5% DEG, EDTA). The resultant
solution was put in a centrifuge operating 3000 rpm for 30 mins, a transparent solution was then
obtained containing dispersive single crystalline ZnO QDs. Finally, the supernatant was
dropped on a Si(001) substrate with native oxide and dried at 150°C. The average size of ZnO
QDs ranging from 3.5 to 12 nm can be tailored under well-controlled concentration
(0.04M-0.32M) of the precursor. The average crystallite size was determined as the previous
report'® using Bede D1 X-ray diffractometer with grazing incidence and JEOL JEM-2100F field
emission transmission electron microscope (FETEM) operated at 200 KeV. Micro-Raman
spectroscopy was carried out by a frequency-doubled Yb:YAG laser (A = 515 nm) as a pump
source, and detected by a Jobin-Yvon T64000 micro spectrometer with a 1800 grooves/mm
grating in the backscattering configuration.
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Figure 1 shows typical PL and absorption spectra of the samples with different average QD
sizes at room temperature. The UV emission represents a relaxed state of exciton near the band
edge in the ZnO QDs. The nature of the UV-PL from ZnO QDs itself is still a matter of
controversy. Some authors attributed the UV-PL to the recombination of confined excitons,”
while others argued that the emission comes from surface impurities or defects.”’ In our case,
high efficient UV emission near band edge is attributed to confined exciton emission, similar to
Ref. (20), with high density of states which shifts to the higher energies from 3.30 to 3.43 eV as
the size of QDs decreases from 12 to 3.5 nm which are comparable or smaller than the diameter
4.68 nm of exciton (Bohr radius of bulk ZnO is 2.34 nm)°. Additionally, slightly widening in
full width at half maximum (FWHM) of UV emission as decreasing ZnO QDs may be caused by
the recombination of surface-bound acceptor exciton complexes on the lower energy shoulder.”
In general, quantum confinement will widen the energy bandgap and give rise to a blue shift in
the transition energy as the crystal size decreases. Such a phenomenon also reveals in the
absorption spectra, although the faint excitonic absorption peaks due to the moderate size
distribution of ZnO QDs. From this figure it can clearly be seen that the absorption onset
exhibits a progressive blue shift from 3.43 to 3.65 eV as the size of ZnO QD decreases from 12
to 3.5 nm. We calculated the band gaps by using effective-mass model'® for different sizes of
ZnO QDs and showed good agreement with the experimental data.
In order to observe the optical phonon confinement effect, the measured micro-Raman
spectra with different sizes of ZnO QDs are shown in Fig. 2 under a fixed excitation laser power



of 3.1 mW. We can see that the Raman peak at 300 cm™ keeps un-shifted in frequency which
comes from Si substrate.”> On the other side, we found the spectral peak of E2(high) optical
phonon around 435 cm™ shifting to the lower frequency as decreasing the size of ZnO QDs.
Compared with that of the ZnO bulk, a red-shift ranging from 0.8 to 4.7 cm™ was obtained as the
QD size decreases from 12 to 3.5 nm. Note that I', and I'y, are the half widths on the low- and
high-energy sides of the E2(high) mode. Such a pronouncing shift, broadening, and the
asymmetry of the E2(high) peak could result from three main mechanisms: (1) phonon
localization by intrinsic defects; (2) laser heating in nanostructure ensembles; (3) the spatial
confinement within the dot boundaries. The frequency shift of phonon resulting from defects
should not depend upon the size of quantum dots and as small defect PL-emission in our samples;
therefore, we may exclude the defect phonon-localization. Additionally, no shift to the £2(high)
peak was observed in all ZnO QDs as the laser power has been varied almost an order of
magnitude from 1.5 to 12 mW with a fixed laser spot of about 2 um”.  As a result, the Raman
shift is mainly due to the spatial confinement of optical phonon.

The phonon eigenstates are plane waves with infinite correlation lengths in an ideal crystal,
therefore, the Raman scattering can only be observed with phonons around the Brillouin zone
center (¢ = 0) due to the momentum conservation law. As the crystallite is reduced to
nano-scale, the momentum conservation law associated with the Raman scattering can be
relaxed that leads to the spectral shift, broadening, and asymmetry of the Raman modes. The
Raman shift and broadening of ZnMnO nanoparticles® had been evaluated based on the SC
model®. Because the phonon wave function is partially confined to the volume of the
crystallite and if the spherical shape of finite size ZnO QDs is assumed, the first-order Raman
spectrum I(w) can be described by the following equation,”

2 2712
(o) « J~01 4 q-exp( 2q L /4)a;q 0
[@ - w(q)]" +(I'/2)

where ¢ is expressed in unit of 2m/a, a is the lattice constant, w(g) is the phonon dispersion
relation, ' is the linewidth of E2(high) phonon of the ZnO bulk, and L is spatial correlation
length corresponding to grain size. Furthermore, Islam et al.**?’ reported on the influence of
crystallite size distribution (CSD) on the shifts in Raman scattering frequencies and line shapes
in silicon nanostructures. They modified the Raman intensity expression, I(w) of Eq. (1), to
I(w,Lo,0) by using Guassian CSD of an ensemble of spherical crystallites with mean crystallite
size Lo and standard deviation 6.  After integrating the results over the crystallite sizes L under
Lo > 3o, the total Raman intensity expression for the whole ensemble of nanocrystallites
becomes

(@) = J" f(a)q’ exp(=q’L," I 4)dq 2)
o [o-w(g)] +(T/2)*

where f(q)=1/+/1+g°c> /2 is the characteristics of the CSD. The calculated normalization

Raman profiles from an ensemble of ZnO QDs having a mean crystallite size Ly=6.5 nm with
varying o to illustrate the effect of 6 on the Raman line shape are plotted in Fig. 3. It is clear
that a single-crystalline component with 6=0.27 describes the Raman spectra of 6.5 nm ZnO
QDs quite well. Additionally, the CSD of all samples were about 27%, which agrees with the
TEM result,'® e.g., the obtained crystal size 4.3 nm+ 1.1 nm. The frequency shift Aw and the
asymmetry, I/, of E2(high) mode from the ZnO bulk (439cm™) as a function of diameter or
correlation length with ¢ = 0.27 were plotted in Fig. 4, in which the solid curves the calculated
results of the modified SC model and hollow circles for the experimentals. We found the
measured frequency shift and asymmetry agrees very well with the calculated ones by the
modified SC model and the mean values of crystallite sizes obtained from our fitting are also in



good agreement with the XRD results.
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In summary, size-dependence of efficient UV photoluminescence and absorption spectra of
various ZnO QD sizes give evidence for the quantum confinement effect. We have observed
the spectral shift, broadening, and asymmetry of the optical phonons for different sizes of ZnO
QDs and clarified the origin of these effects is spatial confinement of phonon in ZnO QDs.
Using the modified spatial correlation model to analyze the broadening and asymmetry of the
first-order E2(high) phonon mode, we further confirmed the phonon confinement based on the
finite correlation length of a propagating phonon.
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Fig. 1 PL (solid line) and absorption
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Fig.2 Typical Raman spectra of different
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