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Origin of the optical phonon frequency shifts in ZnO quantum dots
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We carried out nonresonant and resonant Raman spectroscopy of ZnO quantum dots with diameter
of 20 nm. On the basis of our measurements and comparison with a recently developed theory, we
were able to clarify the origin of the observed phonon peak shifts in quantum dots as compared to
bulk ZnO. It has been found that the spatial confinement of optical phonons in 20-nm-diameter dots
leads to only few cm! peak shifts. At the same time, we have demonstrated, that even a low-power
ultraviolet laser excitation, required for the resonant Raman spectroscopy of ZnO, leads to strong
local heating of the ZnO quantum dots, which results in very ldrgé4 cni?) redshifts of the

optical phonon peaks. We have estimated from the observed redshift that the local temperature of the
quantum dot ensemble is about 700 °C. The obtained results are important for identification of
phonon peaks in the Raman spectra of ZnO nanostructur@f0® American Institute of Physics
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Nanostructures made of zinc oxi@8n0O), a wide-band-  the nanocrystal§' It has been recently shown theoreticafly
gap semiconductor, have recently attracted a lot of attentiothat while this phenomenological model is justified for small
due to their proposed applications in low-voltage and shortcovalent nanocrystals, it cannot be applied to ionic ZnO QDs
wavelength(368 nm electro-optical devices, transparent ul- with the sizes larger than 4 nm. The latter is due to the fact
traviolet (UV) protection films, and gas sensors. Both reso-that the polar optical phonons in ZnO are almost nondisper-
nant and nonresonant Raman scattering spectra have begiie in the region of small wave vectors. In addition, the
measured for ZnO nanostructures such as thin flifns, asymmetry of the wurtzite crystal lattice leads to the QD
nanowires’® nanotubes, and nanoparticle¥® Due to the —shape-dependent splitting of the frequencies of polar optical
wurtzite crystal structure of bulk ZnO, the frequencies ofPhonons in a series of discrete frequencies. Here, we argue
both longitudinal opticalLO) and transverse opticalrO) that all three aforgmentloned mechanisms contrlbutc_e to the
phonons are split into two frequencies with symmetdgs observed peak §h|ft_ in ZnO nanostructures, and t_hat in many
and E;. In ZnO, in addition to LO and TO phonon modes, CaS€s, t_he contribution of the optical phonon co_nfmement can
there are two nonpolar Raman active phonon modes witR€ relatively small compared to other mechanisms.
symmetryE,. The low-frequencyE, mode is associated with We carried out systematic nonresonant and resonant Ra-
the vibration of the heavy Zn sublattice, while the high fre-Man spectroscopy of ZnO QDs with diameter of 20 nm to-
quencyE, mode involves only the oxygen atoms. The abovedether with t.he bulk reference sar'nplle. To elucidate the ef-
phonon modes are clearly identified in the Raman scatterin%Cts of heating we varied the excitation laser power over a

: ide range. The reference wurtzite bulk ZnO cry<tahi-
spectra of bulk Znd:*° The Raman spectra of ZnO nano- "/'9€ _ : .
structures always show shift of the bulk phononVerSity Wafers had dimensions %5x0.5 mn?  with

frequenciesl.‘8 The origin of this shift, its strength, and de- a-plane(11-20 facet. The investigated ZnO QDs have been
pendence on the quantum d@@D) diameter are still the produced by the wet chemistry method. The dots had nearly

subjects of debates. Understanding the nature of the observgfﬁheriCaI shape of the average diameter of 20 nm, and good

shift is important for interpretation of the Raman spectra and’ ryitalll?ez s(t)ructgre' as ewdednce;j by the gg'\g;tuAdﬁ The
understanding properties of ZnO nanostructures. purity of ZnO QDs in a powder form was 99.5%. en-

In this letter, we present data that clarify the origin of the
peak shift. There are three main mechanisms that can induce R
phonon peak shifts in ZnO nanostructurés: spatial con- I
finement within the dot boundarie§i) phonon localization 3000 |-

439cm™ Laser: 488 nm 4

379 cm” 1
410 cm™

by defects(oxygen deficiency, zinc excess, surface impuri- 2 ]
ties, etc); or (iii) laser-induced heating in nanostructure en- }_,", bulanO(a-plane):
sembles. Usually, only the first mechanism, referred to as %2000

optical phonon confinement, is invoked as an explanation of E 436 om”

the phonon frequency shifts in ZnO nanostructdres.

The optical phonon confinement has been originally in- I
troduced to explain the observed frequency shift in small 1000 - "~ Zn0 QDs (20 nm)
covalent semiconductor nanocrystals. It attributes the red- 200 300 400 500 600 700
shift and broadening of the Raman peaks to the relaxation of Raman shift (cm™)

the phonon wave vector selection rule due to the finite size of

FIG. 1. Nonresonant Raman scattering spectra of bulk Zaplane and
ZnO quantum dotg20 nm in diameter Laser power is 15 mW. Linear
dElectronic mail: alexb@ee.ucr.edu background is subtracted for the bulk ZnO spectrum.
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FIG. 3. (Color onling. LO phonon frequency shift in ZnO quantum dots as
a function of the excitation laser power. Laser wavelength is 325 nm.

300 Circles and triangles correspond to the illuminated sample areas of 11 and
3 1.6 um?.
)
gzoo The E, (high) peak in the spectrum of ZnO QDs is red-
8 shifted by 3 cm! from its position in the bulk ZnO spectrum
& (see Fig. 1 Since the diameter of the examined ZnO QDs is
ZnO QDs (20 nm) relatively large, such pronounced redshift of the (high)
o, Laser:325nm;2mWi phonon peak can hardly be attributed only to the optical
100 500 1000 1500 2000 phonon confinement by the QD boundaries. Measuring the
Raman shift (cm™) anti-Stokes spectrum and using the relationship between the

temperaturel and the relative intensity of Stokes and anti-
FIG. 2. Resonant Raman scattering spectréapé-plane bulk ZnO andb) Stokes peaks$s/ls=exdhw/kgT], we have estimated the
ZnO quantum dots. Laser_ power is 20 mW for buI‘k ZnO and 2 mW for ZnO emperature of the ZnO QD powder under visible excitation
quantum dots. Photoluminescence background is subtracted from the bu{k ° L
ZnO spectrum. 0 be below 50 °C. Thus, hgatlng in the nonresonant Raman

spectra cannot be responsible for the observed frequency

shift. Therefore, we conclude that the shiftif (high) pho-
ishaw micro-Raman spectrometer 2000 with visiblenon mode is due to the presence of intrinsic defects in the
(488 nm and UV (325 nm excitation lasers was employed ZnO QD samples, which have about 0.5% of impurities. This
to measure the nonresonant and resonant Raman spectrac@nclusion is supported by a recent sttidghat showed a
ZnO, correspondingly. The number of gratings in the Ramar$trong dependence of ti® (high) peak on the isotopic com-
spectrometer was 1800 for visible laser and 3000 for UVPOsition of ZnO.
laser. All spectra were taken in the backscattering configura- ~ Figures 2a) and 2b) show the measured resonant Ra-
tion. man scattering spectra of bulk ZnO and ZnO QDs, respec-

The obtained nonresonant and resonant Raman spectii¥ely.: A number of LO multiphonon peaks are observed in

of bulk ZnO crystal and ZnO QD sample are shown in Figs.Poth resonant Raman spectra. The frequency 574 ah
1 and 2, respectively. For comparison, a compilation of thet-O Phonon peak in bulk ZnO correspondsAgLO) pho-
reported frequencies of Raman active phonon modes in bulRON (€€ Table )i which can be observed only in the con-
ZnO is presented in Table I. In our spectrum from the bulkfiguration when thee-axis of wurtzite ZnO is parallel to the
ZnO, the peak at 439 cthcorresponds t&, (high) phonon, ~ Sample face. When theaxis is perpendicular to the sample
while the peaks at 410 and 379 chrorrespond tcE;(TO) face, theE;(LO) phonon is ob;erved, mste%d\cgordmg to
andA,(TO) phonons, correspondingly. No LO phonon peaksthe  theory 5 of polar optical phonons in wurtzite
are seen in the spectrum of bulk ZnO. On the contrary, nganocrystals? the frequency of 1LO phonon mode in ZnO
TO phonon peaks are seen in the Raman spectrum of Zn?DS should be be.tween 574 ar_ld 591 E:nHo_wever, Fig.
QDs. In the QD spectrum, the LO phonon peak at 582'cm (b) shows that this frequencylls only 570 tmThe ob- .
has a frequency intermediate between thosé&0£O) and served redshift of the 1LO peak n .the. powder of ZnO Q[.).s IS
E,(LO) phonons(see Table )l which is in agreement with too large to be caused by the intrinsic defects or impurities.

. : _ The only possible explanation of the observed redshift is a
theoretical calculation¥ The broad peak at about 330 thn S .
seen in both spectra in Fig. 1 is attributed to the second-ord local temperature raise induced by UV laser in the powder of

RaMman broCesses Zn0 QDs™ To check this assumption, we varied the UV
P : laser power as well as the area of the illuminated spot on the
ZnO QD powder sample.

TABLE I. Frequenciegin units of cnt?) of Raman active phonon modes in Figure 3 shows the LO phonon frequency in the powder
bulk ZnO. Presented data are a compilation of the results of different studieef ZNO QDs as a function of UV laser power for two differ-
listed in Ref. 9. ent areas of the illuminated spot. It is seen from Fig. 3, that
for the illuminated 11um? spot, the redshift of the LO peak
Ex(low) A(TO)  By(TO)  By(high  A(LO)  E(LO) increases almost linearly with UV laser power and reaches
102 379 410 439 574 501 about 7 cm* for the excitation laser power of 20 mW. As

expected, by reducing the area of the illuminated spot to
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053103-3 Alim, Fonoberov, and Balandin Appl. Phys. Lett. 86, 053103 (2005)

1.6 um?, we get a faster increase of the LO peak redshiftRaman spectroscopy, we have determined that there are three
with the laser power. In the latter case, the LO peak redshiffactors contributing to the observed peak shifts. They are the
reaches about 14 cthfor laser power of only 10 mW. An  optical phonon confinement by the dot boundaries, the pho-
attempt to measure the LO phonon frequency using the illunon localization by defects or impurities, and the laser-
minated spot of area 1,6m* and UV laser power 20 mW induced heating in nanostructure ensembles. While the first
resulted in the destruction of the ZnO QDs on the illumi-yg factors were found to result in phonon peak shifts of few
nated spot, which was confirmed by the absence of any Zn@uy2 the third factor, laser-induced heating, could result in
signature peaks in the measured spectra at any laser powghe resonant Raman peak redshift as large as tens of cm
It is known that the melting point of ZnO powders is The gptained results shed new light on the controversial is-
substantially ]ower than that of a ZnO crys(&PZOOO O, sue of the interpretation of Raman spectra of ZnO nanostruc-
what results in the ZnO powder evaporation at temperaturg, s ang confirm theoretical model developed in Ref. 12.
less than 1400 °C: The density of the examined ensemble The recipes presented in this letter can be used to identify

of _ZnO QDs is only abou; 8% of the density Of. ZnO crystal, eaks in the Raman scattering spectra from ZnO nanostruc-
which means that there is large amount of air between thgures

QDs and, therefore, very small thermal conductivity of the

illuminated spot. This explains the origin of such strong ex-  The authors acknowledge the financial and program sup-
citation laser heating effect on the Raman spectra of ZnQyort of the Microelectronics Advanced Research Corporation
QDs. o ) ] (MARCO) and its Focus Center on Functional Engineered
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In conclusion, we have clarified the origin of the phonon wahy;',;z\éa{yf’ i%iﬁligg Ofﬁd S. Takeuchi, J. Mater. S35, 2451

peak shifts in ZnO QDs. By using nonresonant and resonant(2000.
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