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Abstract

We study Raman spectra of ZnO nanoparticles of 5—12 nm size in the whole range
of the first-order phonon bands. We apply the 3D phonon confinement model
(PCM) for the interpretation of the observed Raman spectra. It is found that
PCM is well applicable to the acoustic modes as well as to the optical ones,
despite the fact that PCM has been thought not to be suitable for acoustic
phonons. We show that the asymptotic behavior of PCM for the small-size limit
is more consistent with the observation than that of the elastic sphere model
(ESM). Furthermore, PCM gives detailed information on the complex size-

dependent shapes of the phonon bands.

Keyword: Materials science

1. Introduction

It is well known that phonon Raman spectra show pronounced size effect, which
makes Raman spectroscopy a highly important characterization tool for nanopar-

ticles [1, 2]. To make it practically useful, a consistent analytical interpretation of
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the spectra is required in terms of the “Raman size”, or the phonon propagation scale.
For nanoparticles, two major approaches are used currently: Phonon Confinement
Model (PCM) [1, 3, 4] and Elastic Sphere Model (ESM) [1, 5]. PCM treats the vi-
brations in nanoparticles as confined phonons of the crystalline solid, while ESM
models them as vibrations of a uniform isotropic sphere. The main objective of these
two models is to derive the size information from the Raman spectra. Of special in-
terest are the low-wavenumber Raman (LWR) modes of nanoparticles, sometimes
referred to as confined acoustic phonons [5, 6, 7, 8]. It has been shown that acoustic
phonon modes are highly sensitive to the particle size [9, 10], which make them
highly valuable for characterizing nanoscale materials. The interpretation of acoustic
phonon modes, however, is more challenging than that of optical ones. Currently,
ESM is more favorably used [1, 6, 10], or, alternatively, direct quantum-chemical
calculations are applied to all vibrations of nanoparticles as big molecules [9].
The key value calculated by ESM is the band position for a given sphere diameter;
neither the band shape nor the intensity can be estimated. Moreover, Lamb’s theory,
on which ESM is based, is strictly applicable only to isotropic homogeneous parti-
cles of spherical shape. The Lamb model for more realistic anisotropic systems re-
quires additional assumptions on sound velocity [5], making the ESM treatment
more arbitrary. Unlike ESM, PCM possesses the correct asymptotic behavior; for
the small size limit it converges to the spectrum of amorphous material, while for
the large size limit, it approaches the spectrum of the bulk crystal [4]. Moreover,

its application is not limited to particles of certain particular shape [11].

Quantum dots of wurtzite-type materials are of high practical importance for a wide
range of applications [12]. ZnO is a good model system of wurtzite structure and
several studies [6, 13, 14, 15, 16, 17, 18, 19, 20] have attempted to establish the cor-
relation between the Raman spectral pattern and crystallite size for ZnO nanopar-
ticles. In particular, it was shown by resonance Raman spectroscopy that the
E;(LO) band at 585 cm ™' shows low-wavenumber shift upon confinement [13,
14, 15, 20]. The interpretation of ZnO phonons with PCM has been attempted for
the upper optical modes within the 1D approximation without discussing the
assumed dispersion curves [18]. The localized acoustic bands were also studied
[6]; pronounced size dependence of the Raman spectra in LWR was found. The
data were interpreted within the ESM model; a good agreement between calculation
and experiment was reported [6]. However, the applicability of ESM to ZnO is ques-
tionable, because ZnO nanoparticles are anisotropic [16] and, especially for the
small size, far from being homogeneous [1]. ESM was criticized also for the failure
to reproduce the experimental data for silicon nanoparticles, which is a system
simpler than ZnO [5].

Since the pioneering work of Richter [3], the PCM approach is being constantly
developed. The original 1D description of the phonon dispersion may introduce arbi-

trariness in the model; several improvements have been proposed to address this

https://doi.org/10.1016/j.heliyon.2019.e01222
2405-8440/© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.heliyon.2019.e01222
http://creativecommons.org/licenses/by-nc-nd/4.0/

3

| Heliyon
Article No~e01222

issue [21, 22, 23, 24]. Herein, we use the recently developed 3D version of the model

with quantum-chemically calculated phonon dispersion [4].

In the present work, we study the applicability of the PCM approach for Raman
spectra of ZnO nanoparticles. Though only optical phonons have been treated by

PCM so far, we attempt to use PCM also for the description of the acoustic phonons.

2. Experimental

Four ZnO nanoparticle samples, with particle size of 4.8, 6.4, 8.6 and 12 nm, were
obtained by the hydrothermal synthesis (sol-gel) described elsewhere [25]. The par-
ticle size was estimated by the previously found correlation between the size (from
TEM and XRD data) and the emission spectra [26]. The peak positions of the emis-
sion spectra were 366, 371, 374 and 376 nm, respectively for the 4.6, 5.6, 9.0 and 12
nm samples. It was shown that for the sol-gel ZnO nanoparticles, the size distribution
is very narrow, with the standard deviation within 10% of the size. The reason for the
narrow size distribution is the Ostwald ripening kinetics, such that the growth rate
decreases with the size of the ZnO QDs [26].

The Raman measurements were carried out with a laboratory built spectroscopic sys-
tem described elsewhere [27]. Excitation wavelength was 532 nm with laser power
of 12 mW at the sample point. 8 spectra were averaged for each sample with acqui-
sition time of 30 s. The measured spectra were reduced with the Boltzmann factor

and corrected for the v° frequency dependence [27].

3. Model

In the case of polar anisotropic systems like ZnO, the Raman intensity near gamma-
point strongly depends on the scattering direction. This effect is not taken into ac-

count with the basic equation of conventional PCM [4]:

o) = Io(0)%|C(g0,9)I’ 3
= [|f (@—w(@) + (Lolo) 2 & B

where w is the wavenumber, ¢ is the confinement size, Iy is the natural linewidth,

C(qp,q) is the Fourier coefficient for a given confinement shape and size at a given
wave vector ¢ of the Brillouin zone (BZ) with g, being the wave vector of the bulk

crystal.

In the present work, this problem has been solved by considering the differential in-
tensity A(g, ¢, 0) for different scattering angle ¢, § and then integrating it over the
polar coordinates. With the Sortphon algorithm making use of the phononic k.p the-
orem [28], this approach ensures the “confined” phonon being spread only within the

same band without band index permutation. For each scattering direction, we take a
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uniform path (grid in g) and sort the phonon wavenumbers by band index according

the vibrational modes.

The intensities at the BZ center A; (q,, ¢, 0) are calculated for each scattering direc-
tion using the ab initio determined Raman tensor with the electric field vectors
orthogonal to the scattering direction with subsequent numerical averaging over
different polarizations. Note that experimental Raman spectra discussed in this study

were obtained in the non-polarized geometry.

It was shown by TEM studies that the spherical particle shape is a good description
for ZnO nanoparticles [13]. As was shown before, the Fourier coefficients C(qq,q)
for this case have a form of Bessel-like function [4] (eq. 2):

sin(gR) — gR+cos(gR)
(4R)’

where R is the radius of the sphere.

IN

C(q0,9) ) (2)

Next, intensities are integrated (numerically) over the scattering directions in polar
coordinates:

Y R

(w—wi(q

where i is the band number and g is the norm of g. The integration in Eq. (3) is done
within [0,2] range of the reduced wavevector. Since the calculated Raman inten-
sities of the acoustic modes are zero, the corresponding A; values were adjusted
to the values matching the experimental data (no direction dependence was
assumed). For the optical modes, the intensities were scaled to the observed spectra

for each band.

It is interesting to compare the PCM spectral pattern with the theory of Raman in-
tensity for amorphous solid. It was discussed previously that, in the asymptotic limit,
PCM should approach the amorphous [29]. Indeed, if all k-points contribute equally
to the spectrum (i.e. C(g(,q) becomes constant), the integral (1) reduces to DOS g(w)
convoluted with the Lorentzian profile of the width I'y. Therefore, in this limit PCM
converges to the Shuker-Gammon formulation of the Raman intensity for amor-
phous solid [30]:

l(w)=C(w)g(w)/w, (4)

where C(w) is the average light-vibration coupling coefficient [31] (Bose-Einstein
population factor is omitted in Eq. (4) because we already discuss the reduced
spectra). It has been shown that for low-wavenumber region C(w) « w [32, 33].
The ab initio Raman intensities of acoustic phonon bands for the bulk crystal are

zero. However, upon confinement this situation changes. According to the
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Shuker-Gammon formulation, the wavenumber-dependent intensity factor should
be assumed. For the spectral region where the contribution of acoustic modes is sig-
nificant (in the present calculation, below 200 cm_l), the linear wavenumber-

dependent intensity dependence was applied.

Phonon lifetime, and, as a consequence, the natural linewidth I", depends on the
confinement size [34]. To take this fact into account, the following dependence
was assumed: 'y ; = I'g j(bulk)*(1 4 4/c). For the optical phonons, the natural line-
widths for the bulk I'g;(bulk) were estimated from fitting of the experimental data;
for the acoustic modes, the data for the bulk crystal are not available, and I'g ;(bulk)

was estimated more roughly from PCM; from this, I'g oc(bulk) = 8 cm

The DFT phonon dispersion (w;(g)) as well as the Raman tensor were provided by
courtesy of Dr. Calzolari. The details of the computational procedures are described
elsewhere [35]. Briefly, the Quantum Espresso package [36, 37] was used with the
Perdew-Burke-Ernzerhof (PBE) functional; Hubbard-like potential with U = 12.0
eV and U = 6.5 eV was applied on the 3d orbitals of zinc and on the 2p orbitals
of oxygen, respectively. The phonon dispersion was shown to give an excellent

agreement with the available experimental data [35].

4. Results and discussion

Raman spectra of ZnO nanoparticles of different sizes are shown in Fig. | for the
high wavenumber region (HWR, 300—600 cm ') and for the low wavenumber re-
gion (LWR, 0—120 cm™'). The corresponding PCM simulated spectra are also
shown together. The HWR spectrum is dominated by the E, optical phonon band
at 438 cm ™! the position of which is practically independent on the size. This obser-
vation is in agreement with the previously reported data [18]. The possible reason for
this is the specifics of the E,"&" band, which shows an unusually strong anharmonic-
ity and, as a result, well-pronounced asymmetry even for the bulk ZnO crystal [38].
We need to admit that this band does not follow the typical behaviour of Raman

bands observed in other materials at nanoscale.

The E{(T) and A(T) optical phonon modes (407 and 380 cm ! for the bulk ZnO
[39]) contribute to a broad shoulder of the E, band, while the weak broad band at
around 570 cm™ ! is assigned to the E;(L) and A;(L) optical phonons (583 and
574 cm™ ! for the bulk). The peak at 330 cm™ ' belongs to the second-order spectrum
of ZnO [40] and will not be discussed in this work. The low-wavenumber optical

phonon E, mode is observed at around 100 cm™'. Broad bands below 50 cm™!

belong to the localized acoustic phonon modes [6] (the features below 10 cm ™!

belong to the artefacts of the Rayleigh line filtering).
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reduced intensity
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Raman shift / cm‘1 Raman shift / cm’1

Fig. 1. Raman spectra (reduced, background subtracted) of ZnO nanoparticles (solid curves) and the cor-
responding simulated spectra (dotted lines) for the particle size 4.6 nm (a), 5.6 nm (b), 9.0 nm (c) and 12
nm (d). Left pane: low-wavenumber region (LWR), right pane: high-wavenumber region (HWR). The
LWR spectra are scaled by a factor of 20.

The simulated spectra show a high-wavenumber shoulder of the E, band (as ex-
pected from the dispersion of this optical phonon band [35]), which is not clearly
observed in the experiment. At this point we must note that for the bulk ZnO, the
E, band also cannot be described by a symmetric Lorentzian band. Instead, it shows
distinct asymmetry that is attributed to the anharmonic interaction with acoustic pho-
nons [38]. For the bulk crystal, the spectral profile can be well fitted with an asym-
metric pseudo-Voigt function [41], however, the use of such line shape in PCM
needs a solid justification. The spectral profile of the optical phonons in ZnO nano-
particles therefore is more complex than the PCM predictions. The E;(LO) band at
585 c¢cm ! shows low-wavenumber shift upon confinement, which corroborates
experimental results for resonant Raman scattering by Cheng [20] and Yoshikawa
[14].

In contrast to the optical phonons, the acoustic phonon band in LWR shows signif-
icant size dependence, both in the band position and the shape. The peak maximum
increases with decreasing size; 11.7 em ™! (12 nm), 12.6 cm ™" (9.0 nm), 26.2 cm ™!

(5.6 nm) and 32.6 cm ™' (4.6 nm). From the lattice dynamics of ZnO, it is known that
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the acoustic phonons are significantly more dispersive than the optical ones [35],
therefore, the LWR is more sensitive to the confinement size, as is expected from
Eq. (1), where the changes with the size are related to the “steepness” of the phonon
dispersion (or, for acoustic phonons, the speed of sound). The PCM simulated

spectra reproduce well this tendency.

In order to confirm the correct asymptotic behavior of PCM, the simulated Raman
spectra of ZnO nanoparticles are shown in Fig. 2 for the particle sizes from 64
nm to 0.325 nm (one unit cell). For the large size limit, the simulated spectrum ap-
proaches that of the bulk crystal, while for the small size limit it converges to that of
the amorphous solid [4, 30]. For the large size limit, PCM intrinsically approaches to
the bulk crystal. For the small size limit, PCM also shows a good agreement with the
DOS (Fig. 2) and the available experimental data for amorphous ZnO [42, 43, 44]. In
the few-nm size range, the PCM and ESM predictions of the peak position agree well
with each other (Fig. 3). It was shown however that ESM is applicable only in the
limited range of confinement size and shape [1]. Moreover, while ESM predicts
only the band position, PCM allows to predict the band shape as well. While
ESM describes Raman pattern as two dominant modes, PCM takes into account

wide range of lattice vibrations.

~__ | DOS
pd TT—

0.33nm (1u.c.)

reduced intensity

L L R R IR R R S TR | L L L L L L
50 100 150 200 360 400 440 480 520 560 600
Raman shift / cm” Raman shift / cm”'

o

Fig. 2. PCM calculated Raman spectra for different confinement sizes (solid lines) and the Density of
States (DOS) of amorphous ZnO (dotted line). Left pane: low-wavenumber region (LWR), right pane:
high-wavenumber region (HWR). The LWR spectra are scaled by a factor of 20.
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Fig. 3. LWR peak position vs inverse size for ZnO nanoparticles. Dash red line: ESM predictions; dotted

black line: PCM; blue squares: experimental data from this work; green circles: experimental data from
the work [6].

From a thorough quantum-chemical analysis of the vibrational modes of nanopar-
ticles, the acoustic band region in the Raman spectra is a superposition of multiple
vibrations [9]. The band shape as calculated by PCM comes from superposition of
Lorentzian profiles from different g-points, and this “envelope” is close to more strict
quantum-chemical description. Therefore, in this aspect the PCM provides more

physically sound description than ESM.

It should be noted that the linewidth predicted by PCM has two contributions: (1) nat-
ural linewidth (the phonon lifetime changes upon confinement) and (2) the envelope
linewidth. The first contribution was addressed above; the second contribution comes
from Eq. (3) and is a result of superposition (integration) of many Lorentzian profiles,
each of which has the linewidth I'y ;(c). Unlike the width of the Lorentzian line, the
width of the envelope is not strictly defined. Fitting of the resulting spectral pattern
with Lorentzian or Gaussian equation allows the approximate estimation of the band-

width. The resulting linewidths and band positions are summarized in Table 1.

Table 1. Peak positions and linewidths (full width at half maximum) for the

confined acoustic phonon bands, in cm ™.

Size Experimental PCM

Position FWHM Position FWHM
12 nm 11.7 11.4 9.9 21.8
9.0 nm 12.6 16.1 13.3 26.3
5.6 nm 26.2 22.3 23.1 31.1
4.6 nm 32.6 20.8 29.5 38.2
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The experimental spectral data and basic quantum-chemical results required to

reproduce these findings are available on request from VK.

5. Conclusions

We have studied the Raman spectra of ZnO nanoparticles of 4.6, 5.6, 9.0 and 12 nm
sizes in both the optical and acoustic regions. While the optical phonon bands show
minor changes with the particle size, the acoustic bands show significant changes.
We have examined the applicability of the phonon confinement model (PCM) to
the whole range of the first-order phonon bands including the acoustic. The PCM
calculated spectra show a good agreement with the experimental data. In the case
of ZnO nanoparticle, acoustic phonons have much steeper dispersion than the optical
ones, showing much higher sensitivity to the particle size. Application of PCM to the
acoustic phonons has successfully analyzed the size dependent Raman spectra of

ZnO nanoparticles. Broad applicability of PCM has thus been demonstrated.

Declarations
Author contribution statement

Vitaly I. Korepanov: Conceived and designed the experiments; Performed the exper-

iments; Analyzed and interpreted the data; Wrote the paper.
Si-Yuan Chan: Performed the experiments; Analyzed and interpreted the data.
Hsu-Cheng Hsu: Analyzed and interpreted the data.

Hiro-o Hamaguchi: Conceived and designed the experiments; Wrote the paper.

Funding statement

This work was supported by the Ministry of Education of Taiwan (“Aim for the Top
University Plan” of National Chiao Tung University) Vitaly Korepanov was sup-
ported by the Ministry of Science and Higher Education of the Russian Federation
(075-00475-19 -00). Si-Yuan Chan and Hsu-Cheng Hsu were supported by the Min-
istry of Science and Technology of Taiwan (MOST 105-2112-M-006-004-MY 3).

Competing interest statement

The authors declare no conflict of interest.

Additional information

No additional information is available for this paper.

9 https://doi.org/10.1016/j.heliyon.2019.e01222
2405-8440/© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.heliyon.2019.e01222
http://creativecommons.org/licenses/by-nc-nd/4.0/

| Heliyon
Article No~e01222

Acknowledgements

We would like to express a deep gratitude to Dr. Arrigo Calzolari for sharing the
computational results on the phonon dispersion of ZnO; VK acknowledges Dr.
D.M. Sedlovets for providing the computational facility for this work and Chun-
Chieh Yu and Ankit Raj (NCTU) for assistance with spectral measurements.

References

[1] G. Gouadec, P. Colomban, Raman spectroscopy of nanomaterials: how spectra
relate to disorder, particle size and mechanical properties, Prog. Cryst. Growth
Charact. Mater. 53 (2007) 1-56.

[2] L.H. Campbell, P.M. Fauchet, The effects of microcrystal size and shape on the
one phonon Raman spectra of crystalline semiconductors, Solid State Com-
mun. 58 (1986) 739—741.

[3] H. Richter, Z.P. Wang, L. Ley, The one phonon Raman spectrum in micro-
crystalline silicon, Solid State Commun. 39 (1981) 625—629.

[4] V.I. Korepanov, H. Hamaguchi, Quantum-chemical perspective of nanoscale
Raman spectroscopy with the three-dimensional phonon confinement model,
J. Raman Spectrosc. 48 (2017) 842—846.

[5] M. Fujii, Y. Kanzawa, S. Hayashi, K. Yamamoto, Raman scattering from
acoustic phonons confined in Si nanocrystals, Phys. Rev. B 54 (1996)
R8373—R8376.

[6] HK. Yadav, V. Gupta, K. Sreenivas, S.P. Singh, B. Sundarakannan,
R.S. Katiyar, Low frequency Raman scattering from acoustic phonons
confined in ZnO nanoparticles, Phys. Rev. Lett. 97 (2006) 085502.

[7] S. Lee, K. Kim, K.P. Dhakal, H. Kim, W.S. Yun, J. Lee, H. Cheong, J.-
H. Ahn, Thickness-dependent phonon renormalization and enhanced Raman
scattering in ultrathin silicon nanomembranes, Nano Lett. 17 (2017)
7744—17750.

[8] N.N. Ovsyuk, E.B. Gorokhov, V.V. Grishchenko, A.P. Shebanin, Low-fre-
quency Raman scattering by small semiconductor particles, JETP Lett. 47
(1988) 248. http://adsabs.harvard.edu/abs/1988ZhPmR..47..2480. (Accessed
19 January 2019).

[9] W. Li, S. Irle, H.A. Witek, Convergence in the evolution of nanodiamond
Raman spectra with particle size: a theoretical investigation, ACS Nano 4
(2010) 4475—4486.

10

https://doi.org/10.1016/j.heliyon.2019.e01222
2405-8440/© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://refhub.elsevier.com/S2405-8440(18)38161-1/sref1
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref1
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref1
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref1
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref2
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref2
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref2
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref2
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref3
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref3
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref3
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref4
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref4
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref4
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref4
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref5
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref5
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref5
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref5
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref6
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref6
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref6
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref7
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref7
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref7
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref7
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref7
http://adsabs.harvard.edu/abs/1988ZhPmR..47..248O
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref9
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref9
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref9
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref9
https://doi.org/10.1016/j.heliyon.2019.e01222
http://creativecommons.org/licenses/by-nc-nd/4.0/

| Heliyon
Article No~e01222

[10] M. Ivanda, K. Furi¢, S. Musi¢, M. Risti¢, M. Goti¢, D. Risti¢, A.M. Tonejc,
I. Djerdj, M. Mattarelli, M. Montagna, F. Rossi, M. Ferrari, A. Chiasera,
Y. Jestin, G.C. Righini, W. Kiefer, R.R. Gon¢alves, Low wavenumber Raman
scattering of nanoparticles and nanocomposite materials, J. Raman Spectrosc.
38 (2007) 647—659.

[11] K. Roodenko, I. Goldthorpe, P. McIntyre, Y. Chabal, Modified phonon
confinement model for Raman spectroscopy of nanostructured materials,
Phys. Rev. B 82 (2010) 115210.

[12] W. Zhou, J.J. Coleman, Semiconductor quantum dots, Curr. Opin. Solid State
Mater. Sci. 20 (2016) 352—360.

[13] H.-M. Cheng, K.-F. Lin, H.-C. Hsu, W.-F. Hsieh, Size dependence of photo-
luminescence and resonant Raman scattering from ZnO quantum dots, Appl.
Phys. Lett. 88 (2006) 2619009.

[14] M. Yoshikawa, K. Inoue, T. Nakagawa, H. Ishida, N. Hasuike, H. Harima,
Characterization of ZnO nanoparticles by resonant Raman scattering and cath-

odoluminescence spectroscopies, Appl. Phys. Lett. 92 (2008) 113115.

[15] C.C. Yang, S. Li, Size-dependent Raman red shifts of semiconductor nano-
crystals, J. Phys. Chem. B 112 (2008) 14193—14197.

[16] P.-M. Chassaing, F. Demangeot, N. Combe, L. Saint-Macary, M.L. Kahn,
B. Chaudret, Raman scattering by acoustic phonons in wurtzite ZnO prismatic
nanoparticles, Phys. Rev. B 79 (2009) 155314.

[17] P.-H. Shih, S.Y. Wu, The influence of short-range correlation on the phonon
confinement of a single ZnO nanowire, Nanoscale Res. Lett. 12 (2017) 264.

[18] M. Rajalakshmi, A.K. Arora, B.S. Bendre, S. Mahamuni, Optical phonon
confinement in zinc oxide nanoparticles, J. Appl. Phys. 87 (2000) 2445.

[19] K.A. Alim, V.A. Fonoberov, M. Shamsa, A.A. Balandin, Micro-Raman inves-
tigation of optical phonons in ZnO nanocrystals, J. Appl. Phys. 97 (2005)
124313.

[20] H.-M. Cheng, K.-F. Lin, H.-C. Hsu, C.-J. Lin, L.-J. Lin, W.-F. Hsieh,
Enhanced resonant Raman scattering and electron—phonon coupling from
self-assembled secondary ZnO nanoparticles, J. Phys. Chem. B 109 (2005)
18385—18390.

[21] S. Osswald, V. Mochalin, M. Havel, G. Yushin, Y. Gogotsi, Phonon confine-
ment effects in the Raman spectrum of nanodiamond, Phys. Rev. B 80 (2009)
0754109.

11

https://doi.org/10.1016/j.heliyon.2019.e01222
2405-8440/© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://refhub.elsevier.com/S2405-8440(18)38161-1/sref10
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref10
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref10
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref10
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref10
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref10
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref10
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref10
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref10
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref10
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref10
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref11
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref11
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref11
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref12
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref12
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref12
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref13
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref13
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref13
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref14
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref14
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref14
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref15
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref15
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref15
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref16
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref16
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref16
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref17
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref17
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref18
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref18
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref19
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref19
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref19
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref20
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref20
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref20
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref20
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref20
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref20
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref21
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref21
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref21
https://doi.org/10.1016/j.heliyon.2019.e01222
http://creativecommons.org/licenses/by-nc-nd/4.0/

| Heliyon
Article No~e01222

[22] V.A. Volodin, V.A. Sachkov, Improved model of optical phonon confinement
in silicon nanocrystals, J. Exp. Theor. Phys. 116 (2013) 87—94.

[23] B.P. Falcao, J.P. Leitao, H. Aguas, R.N. Pereira, Raman spectrum of nano-
crystals: phonon dispersion splitting and anisotropy, Phys. Rev. B 98 (2018)
195406.

[24] V.I. Korepanov, H. Witek, H. Okajima, E. Osawa, H. Hamaguchi, Communi-
cation: three-dimensional model for phonon confinement in small particles:

quantitative bandshape analysis of size-dependent Raman spectra of nanodia-
monds, J. Chem. Phys. 140 (2014) 041107.

[25] H.-M. Cheng, H.-C. Hsu, S.-L. Chen, W.-T. Wu, C.-C. Kao, L.-J. Lin, W.-
F. Hsieh, Efficient UV photoluminescence from monodispersed secondary
ZnO colloidal spheres synthesized by sol—gel method, J. Cryst. Growth 277
(2005) 192—199.

[26] K.-F. Lin, H.-M. Cheng, H.-C. Hsu, L.-J. Lin, W.-F. Hsieh, Band gap varia-
tion of size-controlled ZnO quantum dots synthesized by sol—gel method,
Chem. Phys. Lett. 409 (2005) 208—211.

[27] H. Okajima, H. Hamaguchi, Accurate intensity calibration for low wavenum-
ber (—150 to 150 cm™ ') Raman spectroscopy using the pure rotational spec-
trum of N2, J. Raman Spectrosc. 46 (2015) 1140—1144.

[28] L.F. Huang, P.L. Gong, Z. Zeng, Correlation between structure, phonon
spectra, thermal expansion, and thermomechanics of single-layer MoS,,
Phys. Rev. B 90 (2014) 045409.

[29] V.I. Korepanov, H. Hamaguchi, E. Osawa, V. Ermolenkov, L.LK. Lednev,
B.J.M. Etzold, O. Levinson, B. Zousman, C.P. Epperla, H.-C. Chang, Carbon
structure in nanodiamonds elucidated from Raman spectroscopy, Carbon N.
Y. 121 (2017) 322—3209.

[30] R. Shuker, R. Gammon, Raman-scattering selection-rule breaking and the den-
sity of states in amorphous materials, Phys. Rev. Lett. 25 (1970) 222—225.

[31] M. Montagna, G. Viliani, E. Duval, Models of low-wavenumber Raman scat-
tering from glasses, J. Raman Spectrosc. 27 (1996) 707—713.

[32] M. Zanatta, G. Baldi, S. Caponi, A. Fontana, E. Gilioli, M. Krish,
C. Masciovecchio, G. Monaco, L. Orsingher, F. Rossi, G. Ruocco,
R. Verbeni, Elastic properties of permanently densified silica: a Raman, Bril-
louin light, and x-ray scattering study, Phys. Rev. B 81 (2010) 212201.

12

https://doi.org/10.1016/j.heliyon.2019.e01222
2405-8440/© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://refhub.elsevier.com/S2405-8440(18)38161-1/sref22
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref22
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref22
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref23
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref23
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref23
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref23
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref23
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref23
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref24
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref24
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref24
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref24
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref24
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref25
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref25
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref25
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref25
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref25
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref25
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref26
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref26
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref26
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref26
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref26
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref27
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref27
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref27
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref27
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref27
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref27
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref27
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref28
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref28
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref28
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref28
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref29
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref29
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref29
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref29
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref29
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref30
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref30
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref30
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref31
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref31
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref31
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref32
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref32
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref32
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref32
https://doi.org/10.1016/j.heliyon.2019.e01222
http://creativecommons.org/licenses/by-nc-nd/4.0/

| Heliyon
Article No~e01222

[33] S. Caponi, S. Corezzi, D. Fioretto, A. Fontana, G. Monaco, F. Rossi, Effect of
polymerization on the boson peak, from liquid to glass, J. Non Cryst. Solids
357 (2011) 530—533.

[34] M. Salis, P.C. Ricci, A. Anedda, Effective linewidth in Raman spectra of tita-
nium dioxide nanocrystals, Open Condens. Matter Phys. J. 2 (2009) 15—18.

[35] A. Calzolari, M.B. Nardelli, Dielectric properties and Raman spectra of ZnO
from a first principles finite-differences/finite-fields approach, Sci. Rep. 3
(2013) 2999.

[36] P. Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car, C. Cavazzoni,
D. Ceresoli, G.L. Chiarotti, M. Cococcioni, I. Dabo, A. Dal Corso, S. de Gi-
roncoli, S. Fabris, G. Fratesi, R. Gebauer, U. Gerstmann, C. Gougoussis,
A. Kokalj, M. Lazzeri, L. Martin-Samos, N. Marzari, F. Mauri,
R. Mazzarello, S. Paolini, A. Pasquarello, L. Paulatto, C. Sbraccia,
S. Scandolo, G. Sclauzero, A.P. Seitsonen, A. Smogunov, P. Umari,
R.M. Wentzcovitch, QUANTUM ESPRESSO: a modular and open-source
software project for quantum simulations of materials, J. Phys. Condens. Mat-
ter 21 (2009) 395502.

[37] P. Giannozzi, O. Andreussi, T. Brumme, O. Bunau, M. Buongiorno Nardelli,
M. Calandra, R. Car, C. Cavazzoni, D. Ceresoli, M. Cococcioni, N. Colonna,
I. Carnimeo, A. Dal Corso, S. de Gironcoli, P. Delugas, R.A. DiStasio,
A. Ferretti, A. Floris, G. Fratesi, G. Fugallo, R. Gebauer, U. Gerstmann,
F. Giustino, T. Gorni, J. Jia, M. Kawamura, H.-Y. Ko, A. Kokalj,
E. Kugtikbenli, M. Lazzeri, M. Marsili, N. Marzari, F. Mauri, N.L. Nguyen,
H.-V. Nguyen, A. Otero-de-la-Roza, L. Paulatto, S. Poncé, D. Rocca,
R. Sabatini, B. Santra, M. Schlipf, A.P. Seitsonen, A. Smogunov,
I. Timrov, T. Thonhauser, P. Umari, N. Vast, X. Wu, S. Baroni, Advanced ca-
pabilities for materials modelling with Quantum ESPRESSO, J. Phys. Con-
dens. Matter 29 (2017) 465901.

[38] R. Cusco, E. Alarcon-Lladd, J. Ibanez, L. Artds, J. Jiménez, B. Wang,
M. Callahan, Temperature dependence of Raman scattering in ZnO, Phys.
Rev. B 75 (2007) 165202.

[39] T. Damen, S. Porto, B. Tell, Raman effect in zinc oxide, Phys. Rev. 142
(1966) 570—574.

[40] J. Calleja, M. Cardona, Resonant Raman scattering in ZnO, Phys. Rev. B 16
(1977) 3753—-3761.

[41] V.I. Korepanov, D.M. Sedlovets, An asymmetric fitting function for
condensed-phase Raman spectroscopy, Analyst 143 (2018) 2674—2679.

13

https://doi.org/10.1016/j.heliyon.2019.e01222
2405-8440/© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://refhub.elsevier.com/S2405-8440(18)38161-1/sref33
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref33
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref33
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref33
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref34
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref34
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref34
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref35
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref35
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref35
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref36
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref36
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref36
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref36
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref36
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref36
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref36
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref36
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref36
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref37
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref37
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref37
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref37
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref37
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref37
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref37
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref37
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref37
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref37
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref37
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref37
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref37
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref37
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref38
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref38
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref38
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref38
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref38
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref38
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref38
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref38
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref38
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref39
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref39
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref39
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref40
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref40
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref40
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref41
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref41
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref41
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref41
https://doi.org/10.1016/j.heliyon.2019.e01222
http://creativecommons.org/licenses/by-nc-nd/4.0/

|He1iyon

[42] AL Ievtushenko, V.A. Karpyna, V.. Lazorenko, G.V. Lashkarev,
V.D. Khranovskyy, V.A. Baturin, O.Y. Karpenko, M.M. Lunika,
K.A. Avramenko, V.V. Strelchuk, O.M. Kutsay, High quality ZnO films
deposited by radio-frequency magnetron sputtering using layer by layer
growth method, Thin Solid Films 518 (2010) 4529—4532.

Article No~e01222

[43] V. Russo, M. Ghidelli, P. Gondoni, C.S. Casari, A. Li Bassi, Multi-wave-

length Raman scattering of nanostructured Al-doped zinc oxide, J. Appl.
Phys. 115 (2014) 073508.

[44] LY.Y. Bu, Rapid synthesis of ZnO nanostructures through microwave heating
process, Ceram. Int. 39 (2013) 1189—1194.

14 https://doi.org/10.1016/j.heliyon.2019.e01222

2405-8440/© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://refhub.elsevier.com/S2405-8440(18)38161-1/sref42
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref42
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref42
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref42
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref42
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref42
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref43
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref43
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref43
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref44
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref44
http://refhub.elsevier.com/S2405-8440(18)38161-1/sref44
https://doi.org/10.1016/j.heliyon.2019.e01222
http://creativecommons.org/licenses/by-nc-nd/4.0/

	Phonon confinement and size effect in Raman spectra of ZnO nanoparticles
	1. Introduction
	2. Experimental
	3. Model
	4. Results and discussion
	5. Conclusions
	Declarations
	Author contribution statement
	Funding statement
	Competing interest statement
	Additional information

	Acknowledgements
	References


