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We present here the results of the Raman study of lattice dynamics and local composi-
tional fuctuations in cubic spinel Zn, TiO4 nanostructures. The observed Raman modes
of the spinel structure are identified and attributed to local vibrational modes. Addition-
ally, the analysis of the nonpolar Eo(H) (~437 em™, 54.2meV) and A, (~716 em™,
88.7 meV} modes are made and contributed to lattice deformation associated with the
distinet coordination preferences of Zn and Ti.
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1. Introduction

Although intensive exploration of nano-Zn0O brought significant achievements, the com-
prehensive studies of their Raman scattering are still a challenge. In particular, Zhang et al.
found that the Raman frequencies of both the polar A{(LO) (~571 cm™', 70.8 meV) and
nonpolar E,(H) (~438_cm"', 54.3 meV) modes do not shift with varying particle sizes of
nearly uniform-sized ZnO nanoparticles {11. This result indicated that there is no quantum
confinement effect on the vibrational modes of both polar and nonpolar optical modes.
Obviously, it is interesting that in the same series of the crystalline ZnQO nanoparticies, the
guantum confinement effect exists in the electronic structare (the photon-electron interac-
tion), but is absent in vibrational modes (the long-range Coulomb (Frohlich) interaction)
[1-2]. As aresult, itis very likely that the observed Raman spectra of the ZnO nanoparticles
originate from the presence of the long-range (Fréhlich) electron-phonon interaction rather
than the quantum confinement effect. Additionally, a complete description of the lattice
dynamics of bulk ZnO at low temperature was recently reported via the phonon-dispersion
relations by using inelastic neutron scattering with the aid of both ab initio calculations
and Raman data [3). It is worth noticing the excellent agreement of phonen frequencies
at the T point such as the E2(H) mode at ~439 cm™' (54.4 meV) from inelastic neutron
scattering, at ~441 ecm™! (54.6 meV) from ab initio caiculation and at ~438 cm™!, (54.3
meV) from Raman scattering. Furthermore, the Raman frequency of this E;(H) mode in
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bulk ZnO recorded at 7 K was about the same as those of Ref | and 4 in nano and bulk ZnO
acquired at room temperature, respectively [1, 3, 41

Typically, as-grown ZnO has r-type conductivity; however, doping with other atoms
is an important and effective way to improve the properties of metal-oxide semiconduc-
tors, Transition metal, such as Ti and/or TiO,, doped Zn0O has become the extensively
studied materials because of their wide potential for applications to ultra sensitive gas,
dye-sensitized solar cell. DNA detection ete [5-8]. Moreover, understanding the specifics
of phonon spectra of these materials can help in their oploelectronic device performance,
So far, few reports on the evolution of additional Raman vibrational (phonon) modes within
a broader compositional range in the transition metal-doped ZaQ have been found, and re-
sults are still not fully reconciled. Within the best of our knowledge, detailed measurements
of the phonon branch by inelastic neutron scattering are still lacking. In order to elucidate
some interesting properties of ZnO-doped Ti and/or TiOy systems, it is therefore highly
important to carry out Raman scattering studies that are well suited to obtain information
about the sample quality as well as to analyze more specific aspects of lattice dynamics
properties.

2. Experimental Details

For the synthesis Zn;.xTixOQ nanostructures, a thermal oxidation method was used, as
explained in Ref. [9]. Zn powders were mixed and groond with various mole percentages
Ti0y (% = (-80%) for 2 h. Then, polyvinyl alcohol was added into the mixed powder
forming a paste and the paste was coated onto alumina substrates forming a thick films
followed by drying in air for 6 h. The thick films were heated in a tubular furnace at
600°C under normal atmosphere for 24 h, Then, the fumace was cooled down naturally to
room temperature. The formation of the Zn, ., Tiy () ehtained sample, as verified by X-Ray
diffraction {XRD), energy dispersive spectroscopy (EDS) and Raman spectroscopy (RS),
was identified as being in the cubic spinel Zny TiO4 form [9].

Micro-Raman scattering measurerments using a triple spectrometer (J¥-T64000) were
carried out in a 1800 backscattering geometry using a x50 microscope objectives to focus
the laser beam on the sample. The line of 514.5 nm (2.41 eV) of an Ar+- laser was used for
excitation, focused to a spot of 1pm in diameter. The design of the laser allows a specific
laser generation line 1o be selected. Most of our experiments were done using light of the
mosi powerful line (up to 20 mW?). The data were collected in the frequency range up to
1000 crm~! in air at room temperature.

3. Results and Discussion

The observations of Zn, TiOy sample, again verified by XRD, EDS, and RS, seem to indicate
that the formation was still incomplete and free ZnO and TiO were still present in the sample
[9]. Figure 1 shows the Raman spectra of the composition-dependent Zn;..;Ti,O thick
films (0-80% TiO,) prepared at 600°C in comparison to the nominally pure materiat (TiO;,
prepared at 800°C). The positions of phonon vibrational frequencies and their assignments
at I point are summarized in Table I for clarity.

Wurtzite ZnO belongs to the C,, or 6 mun symmetry. The zone-center opti-
cal phonons can be classified according to the following irreducible representations:
Topr = Ay + Ey + 2Ey + 2By. The Ay and E, modes are polar modes and, hence ex-
hibit different frequencies for the transverse-optical (TO) and longitudinal-optical (LO)
phonons. The A, and E| modes are both Raman and infrared active (4,(TO), A;(LO),
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Figure 1. Raman spectra recorded at room temperature for nanostructural Zn, TiO, fitms (0-80%
TiOy ) prepared at 600°C. The standard peak positions for hexagonal wurtzite ZnO phase and tetragonal
anatase TiOy phase are displayed at the bottom and on the top, respectively.

E(TO), and £{L(O)}. According to the well-known selection rules we also expect to ob-
serve the E» modes in unpolarized Raman spectra taken in backscattering geometry. The
nonpolar E; modes are Raman active only and have two frequencies, Ez(H) associated with
oxygen atoms and E.(L.) associated with Zn sublattice. The line-shape asymmetry toward
low frequency side observed at ~437 cm™! of E,(H) mode, involving mainly O motion, is
due to its anharmonic phonon-phonon interaction with transverse and longitudinal acoustic
modes rather than the lattice disorder [4]. Whereas the B, modes are silent modes. The
broad peak at about 333 cm™! is attributed to the second-order Raman processes, assigned
to overtones and combinations of acoustic and optical phonon branches [4]. The peak at
583 cm™! is positioned between A (LO)Y and E;{LO) related to local vibrational modes
associated with intrinsic impurity or defects in the sample [4].

The anatase TiO, is characterized by six Raman-active peaks (the top spectrum in
Fig. 1) at about 143 em™'(E,), 196 cm™'(E,), 394 em™"(By,), 515 em™ (A, + By,), and
637 cm™'(E,). The low wavenumber of £, mode at about 143 cm™' is very intense and
sharp. The anatase £, mode at 143 cm™' shiffs to a higher position with the decrease of
particle size [10). Furthermore, the assignment of the B, mode at 143 cm™! in Rutile is sharp
but weak [12]. Besides the £, mode at 143 cm™" the two peaks at 196 and 637 cm™’ are also
assigned as E, mode in anatase phase. The Raman peak occurring around 515 em™' at room
temperature is split into two peaks at 513 cm”’“‘(A[g) and 519 em™! {Bigiat 73 K [4, 10].

'In the bulk Zn0 spectrum, a 574-cm™' peak corresponds to A {LQ) phonon mode while the
other peaks are just higher-order peaks of LO phonons.
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The Ajg(v3), Big(vz) and E (v} modes are the Ti-O bond stretching type vibrations. The
modes of B\,(v4) and E,(vs, vs) are the O-Ti-O bending type vibrations [13].

The Raman spectra (Fig. 1) revealed vibrational modes at 265, 307, 343, 474 and
716 cm™! in additional to the host phonons of ZnO. The intensity of these additional modes
correlates linearly with the TiO, concentration and can be used as a quantitative measure
of TiO; in ZnO. These modes are interpreted as local vibrational modes of cubic spinel
Zn,TiO4 structure belonging to the space group O] (Fd3m ~ 227). According to the factor
group analysis of the spinel ZmTiOy, the vibrational modes are

Pk = 0) = A1z (R} + Eg (R) + Fig + 3Fsg (R) 4 242 + 2E, + 4F1, (IR) + 2F.

There are five Raman active modes and four infrared active modes. However, the Raman
chserved modes have very high background and broad characteristics, likely implying a
large ratio of disorder in the sample [11]. The weak Raman peaks in the spinel ZnyTiO,
at about 265, 307, 343, and 474 cm™ are assigned as Fyy, E,, Fa,, and Fy, symmetric
phonon modes, respectively, whereas the strong Raman peak at about 716 cm™ is assigned
as A, mode, in agreement with the assignment in Ref. {11]. The additional vibrational
modes located at {54.4 cm™! may be caused by a laser-induced plasma effect [10}. The
additional broad peak at 579.1 cm™' is due to the order-disordered effect of Zn and Ti ions
over octahedral and tetrahedrai site [11]. To study the possible frequency variation from
different sample size accurately, it is important to select vibrational modes of high intensity
with good signal-to-noise ratio, in addition to have samples with uniform sizes. Here, we
shall mainiy focus on the local structure of TiO; doped Zn, particularly at E;(H) and A,
modes at about 437 cm™! and 716 cm™', respectively. In order to obtain information about
the position and width of the E»(H) and A, modes, the spectra were fitted which was
approximated by Lorentzian. Figure 2 shows the profile fittings of both Ea(H) and Ay,
modes.

As shown in Fig. 2, the two modes (E,(H) andA ;) of Zn,_,Ti,O exhibit distinct
dependences of phonon energy on the composition. With increasing concentration of TiOs,
the Ep(H) mode pronounces a redshift, while the A, mode shows a blueshift. Both two
modes exhibit broadening and weakening for the doped ZnO samples, as compared to pure
ZnQ. For explaining these opposing trends, the vibrational eigenvectors of the wurtzite
E5(H) modes and the spinel A, mode need to be considered.

The nonpolar E»(H) mode is a good choice to understand the disorder-induced phenom-
ena in ZnO upon doping. It indicates that the E,(H) mode of wurtzite ZnO has anharmonic
phonon, which is related to lighter components (oxygen) motion in the ab-plane [4, 14, 15].
The existence of the Ea(H) mode in the Zn,_4Ti,O is adequately attributed to the phonon
softening caused by the in-plane lattice expansion. Therefore, the substitution of Ti for Zn
(cation, heavier components?) in the Zn;_,Ti,O should have less influence on the Ey(H)
mode energy. The Lorentzian line broadening accompanied by phonon lifetime shortening
of E,(H) mode, in Fig. 2(a), involves lattice imperfections induced by doping. This implies
that Ti-substitution increasingly populates the phonon field of Zn)_Ti,0 and the crystal
defects also increase [15].

The Ai; mode of ZnoTiO4 is determined by the octahedral oxygen motion. As shown
in Fig. 2(b), the A\, peak is gradually weaken and shifts to lower frequency with decreas-
ing Ti concentration due to the lower concentration of the octahedral/Ti** subunit, The
Zn substitution at Ti octahedral sites is expected to induce a significant disorder in the

" *The vibration of the cation is associated with the E;(L) mode.
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Figure 2. Example of Raman spectra of (a) E;(H)and (b} A, » modes of TiO; (10-30% TiO,) doped
Zn. Solid lines demonstrate guality of (he fit.

spinel crystal lattice, resulting in the asymmetry, reduction, and/or splif of the A, mode
{16]. The full results are presently being analyzed and will be reported in a subsequent

paper.

4. Conclusion

The spinel Zn,TiO4 has been clearly detected by the Raman measurements on a series of
Zn;_Ti, O nanostructures (x = 0-80%). The structural vibrational modes of E>(H) and
Ay, peak at about 437 cm™! and 716 em™}, respectively, are observed. Results indicate that
the peak shapes and line broadenings of the Raman spectra involve the defect and disorder
in the spinel crystal lattice.



Downloaded by [Chiang Mai University] at 01:06 03 July 2014

Scaitering of Internal Dynamics in Spinel ZnyTiOy [581]/43

Acknowledgment

This work was made possible by grants from Thailand Research Fund (TRF). It is a pleasure
to gratefully acknowledge A. Gardchareon, N. Hongsith, and S. Phadungdhitidhada for the
many useful discussions.

References

i

$. L. Zhang, Y. Zhang, Z. Fu, S, N. Wu, M. Gao, M. Liu, J. Chen, L. Niu, J. Z. Jiang, Y. Ling, Q.
Wang, and H. Chen, Study of the size effect on the optical mode frequencies of ZnO nanoparticles
with nearly wniforin size. Appl. Phys. Lett. 89, 243108-3 (2006).

. Z.D.Fu, Y.5.Cui, S. Y. Zhang, I. Chen, D. P. Yu, 8. L. Zhang, L. Niu, and J. Z. Jiang, Study on the

guantum confinement effect on uliraviolet photoluminescence of crystalline ZrO nanoparticies
with nearly uniform size. Appl. Phys. Leit. 90, 263113-3 (2007).

. ¥, Sersano, . J. Manjon, A. H. Romero, A. Ivanov, M. Cardona, R. Lauck, A, Bosak, and M.

Krisch, Phonon dispersion relations of zinc oxide: Inelastic neutron scattering and ab initic
calculations. Phys. Rev. B, 81, 174304-5 (2010).

. R. Cuscd, E. Alarcon-Lladg, J. Tbdfiez, L. Artds, J. Jiménez, B. Wang, and M. J. Caliaban,

Temperature dependence of Raman scattering in ZnQ. Phys, Rev. B, 75, 165202 {2007).

. B, L. Zhy, C. 8. Xie, W. Y. Wang, K. J. Huang, and J. H. Hu, Improvement in gas sensitivity of

ZnO thick film to volatile organic compounds (VOCs) by adding TiO,. Mater. Lett. 58, 624-629
{2004).

. T. Santhaveesuk, D. Wongratanaphisan, and 5. Choopun, Enhancement of ethanol sensing prop-

erties by alfoying TiQ, with ZnO tetrapods. IEEE Sensors Journal, 10(1}, 39-43 (2010).

. T. Santhaveesuk, D. Wongratanaphisan, and 8, Choopun, Enhancement of sensor response by

TiO; mixing and Au coating on ZaO tetrapod sensor. Sensors and Actuators, B: Chemical, 147,
502-507 (2010}

. W. Koonnasoot, A. Gardchareon, S, Choopun, and D. Wongratanaphisan, Iimproved photoelec-

trode of dye-sensitized solar cell nsing a ZnO/Zn,TiQy. Materials Science Forum 695, 505-508
(2011). ‘

. T. Santhaveesuk, D. Wongratanaphisan, N. Mangkorntong, and S. Choopun, Zn; TiO4 nanostruc-

tures prepared by thermal oxidation method. Adv. Mater: Res. 5557, 641644 (2008).

. K+R. Zhu, M.-8. Zhang, Q. Chen, and Z. Yin, Size and phonon confinement effects on low-

frequency Raman mode of anatase TiOy nanocrystals. Phys. Letf. A 340 220~270 (2005).

. Z. Wang, S. K. Saxena, and C. S. Zha, In situ x-ray diffraction and Raman spectroscopy of

pressure-induced phase transformation in spinel ZnyTiO,. Phys. Rev. B, 66, 024103 (2002).

. 5. P. 8. Porto, P. A, Fleury, and T. C. Damen, Raman spectra of TiO,, Mgh,, ZnF,, FeF,, and

MnFa, Phys. Rev, 1584, 522526 (1967).

. T. Ohsaka, E Izumi and Y. Fujiki, Raman spectrum of anatase, TiOy. J. Raman Spectrosc. 1,

321-324 (1578).

. K. A. Alim, V. A. Fonoberov, M. Shamsa, and A. A. Balandin, Micro-Raman investigation of

optical phonons in ZnO nanocrystals. J, Appl. Phys. 97, 124313-5 (2005).

. Y.-L. Kim, §. Cadars, R. Shayib, T. Proffen, C. S. Feigerle, B. F. Chmelka, and R. Seshadn, Local

structures of polar wurtzites Zn,. Mg, O studied by Raman and #’Zn/»Mg NMR spectroscopies
and by total neutron scattering, Phys. Rev. B, 78, 19520512 (2008).

. C. P. Windisch, G. J. Exarhos, and R. R. Owings, Vibrational spectroscopic study of the site

occupancy distribution of cations in nickel cobalt oxides. J. Appl. Phys. 95, 5435-5442 (2004).



3712557

Rard

Home

Journal Rankings

BRHET VR

S LSy

Country Rankings
Country Search
Compare

Hap Generator
Help

About Us

Show this informationin
L QR ks G

i

&

Cites 4~ ¢ & 8 0.3
per goc LA

Total FCtg e 192
cites @

Display fouraal Dee

Just copy the code below and
paste within your htmi page:
<@ href="htpi/fwww. scimagojr.y
» How to cite this website?
Follow us:

Twitter

SR i duveloped by

SCIMAGO

SCimago J
Journal & Counlry

integrated Ferroelecirics

Ty

ST MODUS IN REBUS

e 1Y il

Journal Search

Search query

Vi [Joumal Title_v ] [Search |

3 Exact phrase
fntegrated Ferroelectrics’
Country: United Kingdom

Subject Area: Engineering | Materials Science | Physics and Astronomy

Subject Category: Condensed Matler Physics m , Electrical and Electroric £ngingering @ , Electronic, Optical and Magnetic
Materials iﬁﬁ , Physies and Astronamy {miscellaneous) Fa]

Publisher: Taylor and Francis Inc.. Publication type: Journals. [SSN: 10584587
Coverage: 1993-2012

H Index: 31

Scope:

Integrated Ferroelectrics provides an international, interdisciplinary forum for electronic engineers and physicists as well as
process and systems engineers, ceramicists, {...]
Show full scope

Charts Bata '

SJR indicator vs. Cites per Doc {2y)

The SJR indicator measures the scientific influence of the average article in a journal, it
expresses how central to the glabal scientific discussion an average article of the journat i,
Cites per Doc. {2y) reeasures the scientific impaa of an average article published in the
journal, i1 s computed using the same formula that Journal impact factor ™ (Thamton
Reuters),

Citation vs, Self-Citation

hitp:fhwv seimag ojr.comijournalsearch.php?q = 1703186ip=sid&ctesn=0 13



