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Micro-Raman investigation of optical phonons in ZnO nanocrystals
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We have measured nonresonant and resonant Raman-scattering spectra from ZnO nanocrystals with
an average diameter of 20 nm. Based on our experimental data and comparison with the recently
developed theory, we show that the observed shifts of the polar optical-phonon peaks in the resonant
Raman spectra are not related to the spatial phonon confinement. The very weak dispersion of the
polar optical phonons in ZnO nanocrystals does not lead to any noticeable redshift of the phonon
peaks for 20-nm nanocrystals. The observed phonon shifts have been attributed to the local heating
effects. We have demonstrated that even the low-power ultraviolet laser excitation, required for the
resonant Raman spectroscopy, can lead to the strong local heating of ZnO nanocrystals. The latter
causes significant (up to 14 cm™') redshift of the optical-phonon peaks compared to their position in
bulk crystals. Nonresonant Raman excitation does not produce noticeable local heating. The
obtained results can be used for identification of the phonons in the Raman spectra of ZnO
nanostructures. © 2005 American Institute of Physics. [DOI: 10.1063/1.1944222]

I. INTRODUCTION

Zinc oxide (ZnO) presents interesting material system
for investigation due to its wide band gap of 3.37 eV and
some intriguing optical properties. A prominent feature of
7ZnO is its large exciton binding energy (~60 meV) at room
temperature, which results in extreme stability of excitons.'
Recently, nanostructures made of ZnO have attracted signifi-
cant attention due to their proposed applications in the low-
voltage and short-wavelength (368 nm) electro-optical de-
vices, transparent ultraviolet (UV) protection films, gas
sensors, and even spintronic devices. Despite practical im-
portance, current knowledge of vibrational (phonon) proper-
ties of ZnO nanostructures is rather limited. Understanding
the specifics of phonon spectrum (both optical and acoustic)
of ZnO nanostructures can help in development of ZnO-
based optoelectronic devices.

Raman spectroscopy is a nondestructive characterization
method of choice for many recent studies of the vibrational
properties of ZnO nanostructures.”* Due to the Heisenberg
uncertainty principal, the fundamental g ~0 Raman selection
rule is relaxed for a finite-size domain, allowing the partici-
pation of phonons away from the Brillouin-zone center. The
phonon uncertainty goes roughly as Ag~ 1/d, where d is the
diameter of a nanocrystal or quantum dot. This spatial con-
finement inside nanocrystals gives rise to a redshift and
asymmetric broadening of the Raman peaks in nanostruc-
tures compared to bulk crystals.

ZnO is a semiconductor with wurtzite crystal structure.
Waurtzite structure belongs to the space group Cgv with two
formula units per primitive cell, where all atoms occupy Cj,
sites. The Raman active zone-center optical phonons pre-
dicted by the group theory are A;+2E,+E;. The phonons of
A, and E; symmetry are polar phonons and, hence, exhibit
different frequencies for the transverse-optical (TO) and
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longitudinal-optical (LO) phonons. Nonpolar phonon modes
with symmetry E, have two frequencies, E,(high) is associ-
ated with oxygen atoms and E,(low) is associated with Zn
sublattice. All described phonon modes have been reported
in the Raman-scattering spectra of bulk ZnO.">'® Raman fre-
quencies of both polar and nonpolar optical phonons are
shifted in the spectra obtained from ZnO nanostructures
compared to their positions in the spectra from bulk ZnO.
The origin of these phonon frequency shifts is still under
debate. In our recent letter,17 we reported considerations,
which brought us to the conclusion that the strong redshift of
phonon peaks in Raman spectra from ZnO quantum dots and
related nanostructures is related to local heating rather than
to the spatial confinement. In order to avoid misinterpretation
of the phonon properties of ZnO nanocrystals, it is important
to gain complete understanding of the origin of the phonon
frequency shifts. This paper provides details of our measure-
ments and analysis in support of the local heating argument.
It also outlines a method for distinguishing the confinement-
induced shifts from the local heating shifts.

There are three possible mechanisms for the phonon
peak shifts in Raman spectra of nanostructures. The first one
is spatial confinement within the quantum dot (nanocrystal)
boundaries. The second one is related to the phonon local-
ization by defects. Nanocrystals or quantum dots, produced
by chemical methods or by the molecular-beam epitaxy, nor-
mally have more defects than corresponding bulk crystals.
The spatial confinement of optical phonons was studied by
Richter et al.,18 who showed that the Raman spectra of nano-
crystalline semiconductors are redshifted and broadened due
to the relaxation of the g-vector selection rule in the finite-
size nanocrystals. Optical-phonon confinement in wurtzite
nanocrystals leads to somewhat different changes in Raman
spectra due to the optical anisotropy of wurtzite lattice. Re-
cently, Fonoberov and Balandin'*' derived analytically an
expression for the interface and confined polar optical-
phonon modes in spheroidal quantum dots (QDs) with
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FIG. 1. TEM image of a ZnO nanocrystal. The nanocrystal shape is nearly
spherical with the diameter of about 20 nm.

wurtzite crystal structure. Confined optical phonons in
wurtzite nanocrystals were shown to have a discrete spec-
trum of frequencies different from those of bulk phonons.

In this paper we present details of the experimental
study, which indicate that the large redshift (up to 14 cm™)
in ZnO nanocrystals with the diameter of 20 nm is related to
local heating rather than to phonon confinement. This con-
clusion is in line with several reportszzf35 of the photolumi-
nescence (PL) and Raman peak shifts in nanostructures,
which were also attributed due to the local laser heating. In
Sec. I we describe the investigated ZnO nanocrystal
samples. Section III provides details of the experimental pro-
cedure. Results and discussion are presented in Sec. IV. We
give our conclusions in Sec. V.

Il. SAMPLE DESCRIPTIONS

The samples used for the study are the powder of ZnO
nanocrystals and the bulk ZnO reference sample. The bulk
ZnO crystal (University Wafers) has wurtzite structure and

dimensions of 5X5X0.5 mm® with the a-plane (1120)
facet. The investigated ZnO nanocrystals have been pro-
duced by the wet chemistry method. The average nanocrystal
has almost spherical shape and a diameter of about 20 nm
(see Fig. 1). The nanocrystals form a loose powder of white
color. The air gaps, seen in Fig. 2, separate single nanocrys-
tals and decrease the thermal conductivity of the sample. The
chemical purity of the nanocrystal sample is 99.5%.

lll. EXPERIMENTAL PROCEDURES

A high-resolution transmission electron microscope
(TEM) FEI-PHILIPS CM 300 was used to investigate the
size and shape of ZnO nanocrystals. A Renishaw micro-
Raman spectrometer RM 2000 with visible (488 nm) and
UV (325 nm) excitation lasers was employed to measure the
nonresonant and resonant Raman spectra of ZnO samples,
correspondingly. The number of gratings in the Raman spec-
trometer was 1800 for visible laser and 3000 for UV laser.
All spectra were taken in the backscattering configuration at
room temperature.

To observe the variation in LO peak position from bulk
ZnO sample (polarized Raman), a rotation of the reference
sample was performed from 0° to 360° angles in 45° inter-
vals. To obtain the local temperature rise due to the nonreso-
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FIG. 2. TEM image of several ZnO nanocrystals. Air gaps in the loose
powder of nanocrystals lead to the high thermal resistance and strong local
laser heating.

nant laser illumination, the laser power was varied from
3 to 15 mW. The corresponding local temperature was cal-
culated from the comparison of the Stokes and anti-Stokes
peaks in the Raman-scattering spectra. The UV laser power
was varied from 0.2 to 20 mW in the resonant Raman-
scattering experiments to investigate the dependence for
optical-phonon peak position. The local temperature, in this
case, was calculated theoretically.

IV. RESULTS AND DISCUSSION

The measured nonresonant Raman spectra of ZnO bulk
and nanocrystals samples are shown in Figs. 3(a) and 3(b),
respectively. The frequencies of the Raman active phonon
modes reported previously for bulk ZnO are presented in
Table I. All spectra in Fig. 3 were taken under the laser spot
area of 1.6 um? while the excitation laser power was kept at
15 mW. Comparing with the Table I, we can conclude that in
the bulk ZnO spectrum the peak at 379 cm™! corresponds to
A,(TO), 410 cm™! corresponds to E,(TO), and 439 cm™! cor-
responds to E,(high). No LO-phonon peaks are seen in the
spectrum of bulk ZnO, because the incident light is perpen-
dicular to the ¢ axis of wurtzite ZnO. On the other hand, no
TO phonons are observed in the nonresonant Raman spec-
trum of ZnO nanocrystals. In the nanocrystals spectrum, the
peak at 436 cm™' corresponds to E,(high), which is shifted
by 3 cm™! compared to bulk. The peak at 582 cm™! is posi-
tioned between A;(LO) and E,;(LO) (see Table I), which is in
a good agreement with the theoretical calculations of
Fonoberov and Balandin.'”?' The broad peak at about
330 cm™! seen in both spectra in Fig. 3 is attributed to the
second-order Raman processes.

Since the nanocrystal size is relatively large, the ob-
served redshift of the E,(high) phonon cannot be ascribed to
the optical-phonon confinement by the nanocrystal bound-
aries. In order to investigate the factors contributing to the
E,(high) phonon peak shift, we carried out a set of experi-
ments. Under visible (488 nm) excitation, the variation in the
laser power does not produce any change in E,(high) phonon
peak position. In addition, we have estimated the local tem-
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FIG. 3. Nonresonant Raman spectra for (a) bulk ZnO a plane; (b) for ZnO
nanocrystals. Photoluminescence background is subtracted from the bulk
ZnO spectrum.

perature rise due to the laser heating using the relationship
Is/Ixs=explhw/kgT], where I and I,g are the intensities of
the Stokes and anti-Stokes peaks, respectively, and T is the
local absolute temperature. The laser power and the corre-
sponding calculated temperatures are given in Table II. Ra-
man spectrum of ZnO nanocrystals, which have been used to
measure the local temperature, is shown in Fig. 4. Since the
change of the visible laser power does not lead to any
changes in the E,(high) phonon frequency, and the local tem-
perature calculated for the maximum laser power is less than
50 °C, it is clear that local heating cannot be responsible for
E,(high) phonon peak shift in the nonresonant Raman spec-
tra. At the same time, it is known that the E,(high) phonon in
ZnO can exhibit a large variation of the frequency when
either the isotopic masses of atoms constituting ZnO are
changed or the homogeneously distributed impurities are
present.36 Therefore, the likely explanation of the E,(high)
phonon peak shift is the presence of 0.5% impurities of Cu,
Mn, or Pd in the ZnO nanocrystals sample.

The obtained resonant Raman-scattering spectra of bulk
ZnO and ZnO nanocrystals are shown in Figs. 5(a) and 5(b).
The spectrum of bulk ZnO was taken at the laser power of
20 mW and the laser spot size of 1.6 wm?. The spectrum of

TABLE 1. Raman active phonon mode frequencies (in cm™") for bulk ZnO.
Presented data are a compilation of the results different studies reported in
Ref. 15.

E(low)  A(TO)  E(TO)  E,highy A,(LO)  E,(LO)

102 379 410 439 574 591
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TABLE II. Estimated temperature at different laser power levels in the case
of visible excitation.

Power (mW) I/ 15g Temperature
3.75 7.857 304.12 K
7.5 7.383 31273 K
15 7.016 32273 K

ZnO nanocrystals was taken at the 5-mW laser power and
the laser spot size of 1.6 um>. A noticeable difference be-
tween the resonant and nonresonant Raman spectra is that a
number of LO multiphonon peaks and no TO phonons are
observed under the resonant excitation. In the bulk ZnO
spectrum, a 574-cm™! peak corresponds to A;(LO) phonon
mode (see Table I) while the other peaks are just higher-
order peaks of LO phonons. The 1LO-phonon peak of ZnO
varies'® by several cm™' because of the anisotropic short-
range forces in the uniaxial ZnO lattice. The peak varies
from 591 cm™! for polarization field £ 1 ¢ to 574 cm™' for
élle, where c is the optical axis. To clarify this, we took the
polarized Raman spectra of bulk ZnO sample while rotating
it around the z axis (corresponds to the laser light direction).
The position of the 1LO peak as a function of the angle 6 is
shown in Table III. The results are in excellent agreement
with Ref. 16.

Since the size of ZnO nanocrystals is relatively large, the
1LO-phonon frequency should be between 574 and
591 cm~!. But, in the nanocrystals Raman spectrum, the 1LO
peak appears at 564 cm™!, which indicates a redshift of more
than 10 cm™'. The observed huge redshift could hardly be
attributed to the intrinsic impurity or defects in the sample.
The only possible reason for the observed redshift is intense
local heating induced by UV laser in the powder of ZnO
nanocrystals.”’37 To verify this assumption, we varied the
UV laser power as well as the area of the illuminated laser
spot on the ZnO nanocrystal sample and recorded the corre-
sponding Raman spectra.

The obtained Raman spectra under different laser power
with the laser spot areas of 11 and 1.6 um? are shown in
Figs. 6 and 7, correspondingly. In both Figs. 6 and 7, the
1LO frequency was plotted as a function of laser power in
the insets. One can see from Fig. 6 that the redshift of the

1800 , , ,
1600 | =1573.5 -
1400 r Excitation laser

51200 [ 4

) 3 ZnO QD

> 1000 - Laser 488 nm

Z: 800 |- Power 15 mW |

£ 600 [ i

400 |- i
0o J1=224.28
200 4
0 i
T T T T T T T T
245 250 2.55 2.60 2.65
Energy {eV)

FIG. 4. Raman spectrum of ZnO nanocrystals used to measure the local
temperature. Laser power is 15 mW. Intensities of the Stokes (1573.5) and
anti-Stokes (224.28) peaks are shown in arbitrary units.
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FIG. 5. Resonant Raman spectra of (a) bulk ZnO (a plane) and (b) ZnO
QDs (20 nm). Photoluminescence background is subtracted from the bulk
ZnO spectrum.

LO-phonon peak in the ZnO nanocrystals increases almost
linearly with the laser power and reaches 10 cm™' for the
laser power of 20 mW. It is observed from Fig. 7 that at the
smaller illuminated laser spot of 1.6 ,umz, the redshift of the
LO-phonon frequency for ZnO nanocrystals increases at a
faster rate. In the latter case, the LO peak redshift reaches
about 14 cm™! for the laser power of only 10 mW. The
0.2-mW laser power was too small to detect the spectrum
when the laser spot was 11 um? and the 20-mW laser power
was too high when the laser spot was 1.6 um?. All reported
spectra were taken with the same accumulation time of 60 s.
The attempts to record the LO-phonon frequency using the
illuminated spot of area 1.6 um? and UV laser power of
20 mW resulted in the thermal destruction of ZnO nanocrys-
tals in the illuminated spot. The destruction or significant
change in the morphology of nanocrystals was confirmed by
the absence of any ZnO nanocrystals peak from the same
spot at any laser power once the 20-mW power had been
used.

It is known that bulk ZnO semiconductor sublimes at
1800 °C and melts at 2200 °C temperature. At the same

TABLE III. Polarized Raman LO peak position for ZnO bulk (a plane) as a
function of the angle 6.

6 0° 45° 90° 135°
1LO 579 cm™! 574 cm™! 580 cm™! 583 cm™!
6 180° 225° 270° 315°
1LO 579 cm™! 577 cm™! 579 cm™! 584 cm™!

J. Appl. Phys. 97, 124313 (2005)
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FIG. 6. (Color online) Raman spectra of ZnO QD at illumination spot of
11 um? and different laser powers.

time, ZnO nanocrystal powder evaporates at significantly
lower (1380 °C) temperature.3 % The density of the reference
bulk ZnO crystal is 5.6 g/cm? while the density of the nano-
crystal power is 0.3—0.45 g/cm?. The latter together with the
TEM data indicate that there is large amount of air in the
gaps between nanocrystals. As a result, the thermal conduc-
tivity of the nanocrystal sample is drastically reduced. We
argue that the reduced thermal conductivity of the ZnO nano-
crystals and correspondingly increased local heating explain
the appearance of such a large redshift in the Raman spectra
of ZnO nanocrystals. This observation can be important for
nanocrystals made of other material systems (there is a body
of literature with claims of significant redshifts for nanocrys-
tals with relatively large diameters).

The temperature dependence of the Raman scattering
has been investigated in details for different materials (e.g.,
Si, Ge, GaN, etc.).”>> The Raman shift dependence on tem-
perature can be written as a function of two additive effects:
the change in the vibration frequencies due to the thermal
expansion (volume change) and the change due to anhar-
monic coupling of phonons. Taking into account the thermal
expansion and the anharmonic coupling effects, the LO-
phonon frequency can be written as”

T T T T
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FIG. 7. (Color online) Raman spectra of ZnO QDs at illuminated spot of

1.6 um? and different laser powers.
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T
o(T) =exp| — 'yf 2a, (T") + a(T")}dT’
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3 3
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where the Griineisen parameter of the LO phonon in ZnO
y= 1.4,% the thermal expansion coefficients « | (7) and «(T)
for ZnO are taken from Ref. 41, and the anharmonicity pa-
rameters M, and M, are assumed to be equal to those of the
A,(LO) phonons from Ref. 39, i.e., M;=—4.14 cm™' and
M,=-0.08 cm™!. Fitting the experimental data shown in Fig.
7 (area=1.6 um?) with Eq. (1), we established that the ob-
served 14-cm™! redshift shown in Fig. 7, indeed, corresponds
to the ZnO temperature of about 700 °C. If we assume that
the temperature rise in ZnO nanocrystals is proportional to
the UV laser power, the observed 14-cm™' LO redshift cor-
responds to the local temperature of 700 °C when the illu-
minate spot is 1.6 um? and the laser power is 10 mW.
Therefore, the 20-mW laser power leads to the local tem-
perature rise up to about 1400 °C at the illuminated spot,
which causes the destruction or significant changes in the
morphology of ZnO nanocrystals.

V. CONCLUSION

In conclusion, intense local heating caused by the UV
laser in resonant Raman-scattering measurements strongly
affects the spectra of ZnO QDs. By varying laser power, we
observed that nonresonant Raman scattering does not cause
strong local heating, as well as no redshift is observed. We
have claimed here that intrinsic defects in QD sample can
introduce shifts of only few cm™' in E,(high) phonon peak,
but a small UV laser power can lead to strong local heating
and to a large redshift of the LO-phonon frequency. The
common laser power that is used to measure Raman spectra
of bulk ZnO, can cause the destruction of ZnO QD en-
sembles, if the illuminated spot is small. The results pre-
sented in this paper are important to take into account when
measuring Raman scattering of ZnO QDs.
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