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Abstract

Raman scattering spectra of nanocrystalline samples of ZnO(Co) prepared by microwave-
assisted hydrothermal synthesis were obtained and surface optical phonons (SOP) where
observed in the range of 519-572 cm™. The mean crystalline size (33—300 nm) as well as
the phase composition of obtained samples (ZnO and ZnCo,0,) were determined by X-ray
diffraction measurements. These measurements allowed us to study the change of SOP
modes position with crystalline size and how the change in concentration of doping

component CoO affects the change of SOP modes intensity.
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Diluted magnetic semiconductors (DMS) have
attracted great interest recently due to their properties
combining both spin and charge transport. With these
characteristics, DMS are one of the most promising
materials for spintronics [1,2]. Increasing attention has
been devoted to nanostructures made of ZnO doped
with transition metals such as Co, Ni, Cr, Fe and V after
theoretical prediction of room temperature ferromag-
netism in such systems [3-5]. Nanoparticles induce
ferromagnetism in the host semiconductor material, if
they contain inclusions of nanoscale oxides of tran-
sition metals [6] and/or a large concentration of mag-
netic ions [7].

Among other techniques, Raman spectroscopy is a
convenient, non-destructive tool for gaining infor-
mation about vibrational properties of ZnO, because of
its ability to probe the local atomic arrangement
around foreign elements, sample quality, information
about phonon life times, isotopic effects and electron—
—phonon coupling [8,9]. For this reason, it is used with
for bulk crystals, nanocrystals and thin films, of both
the pure host material and the crystal containing impu-
rities. Besides the local atomic arrangement and dop-
ant incorporation, in ZnO and ZnO-related compounds
Raman scattering has also been used to study phonon
processes, temperature dependence of Raman active
modes, influence of annealing process, electron-pho-
non coupling, etc.[10-15].
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In samples with large surface-to-volume ratios, the
appearance of surface optical phonons (SOP) is
expected in their Raman spectra, such as in the case of
ZnO nanostructures. The existence of SOP modes has
been predicted theoretically and/or detected experi-
mentally for ZnO nanostructures [16]. When the
dimensions become extremely small, the only mode
that persists is a surface mode, which is why the state
of surface atoms plays a key role in determining their
properties. In ZnO nanostructures, one can expect loss
of long-range order and symmetry breakdown in the
Zn0 shell, which causes the appearance of forbidden
Raman modes. With this in mind we can say that those
forbidden Raman modes are SOP modes [17].

The aim of this work is to study sample characte-
ristics, position of the Co ion in the ZnO lattice, for-
mation of existing phases, presence of SOP modes and
the sample quality dependence on CoO concentration,
by applying micro-Raman spectroscopy.

SAMPLES AND CHARACTERIZATION

The nanocrystalline samples of ZnO doped with CoO
were obtained by hydrothermal synthesis. In this
method a mixture of cobalt and zinc hydroxides was
obtained by addition of an ammonia solution or 2 M
solution of KOH to the 20% solution of a proper
amount of Zn(NOs)-6H,0 and Co(NOs;)-4H,0 in water.
Next, the obtained hydroxides were put in the reactor
with microwave emission. The microwave-assisted syn-
thesis was conducted under a pressure of 3.8 MPa for
15 min. The synthesized product was filtered and dried.

This method obtained a series of nanosized ZnO
samples with nominal concentration of CoO from 5% to
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50%. The morphology of the samples was investigated
using scanning electron microscopy (SEM). In SEM
images of samples of lower CoO concentration, one can
notice particles of similar size that belong to both
registered phases, ZnO and ZnCo,0,. With increase in
CoO concentration, the particle size becomes quite
different, so we can easily distinguish two types of
particles with diverse sizes: bigger (100 nm or more)
belonging to the ZnO phase, and smaller, belonging to
the ZnCo,0, phase.

X-Ray diffraction (XRD) (Cog,, radiation, X’Pert Phi-
lips) was used to determine the phase composition of
samples. The detailed phase composition investiga-
tions, in samples prepared by hydrothermal method,
revealed the presence of crystalline phases of hexago-
nal ZnO and spinel structure ZnCo,0, (ICSD: 23-1390).
XRD data, obtained in this way, allowed us to deter-
mine a mean crystalline size, using Scherrer’s formula
[18], in these samples. Here the mean crystalline sizes d
were between 64 and 300 nm for ZnO phases and from
33 to 77 nm for ZnCo,0, phases. The obtained results
of XRD measurements, phase composition and mean
crystalline size are gathered in Table 1.

Table 1. XRD Analysis results for samples prepared by
hydrothermal method. The identified crystalline phases and
mean crystalline size, d, were determined using Scherrer’s
formula

Concentration of CoO d/nm

mass% Zn0 phase ZnCo,0, phase
5 65 48

10 64 33

20 65 37

30 100 55

40 100 77

50 300 40

The results of SEM and XRD analyses indicate that
the crystalline size of ZnO increased with increasing
CoO concentration, while the second phase ZnCo,0,4
did not have a monotonous dependence. Further, it is
obvious that the relative change of crystaline size of
the ZnCo,0, phase is smaller than the corresponding
change of the ZnO phase.

Here we present the investigation of all samples
obtained by hydrothermal method. No other crystal
phases have been observed in the samples.

Surface optical phonons

The presence of surface optical phonons (SOP) is
common for samples containing particles of nanoscale
dimensions and containing imperfections, impurity,
valence band mixing, etc. These characteristics result in
loss of long-range order and symmetry breakdown with
a rise of new, previously forbidden, vibration modes in
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Raman spectra whose phonons have/#0 [10,11,19,20].
Another important characteristic of SOP modes is that
they exist in polar crystals and that the wavelength of
the incident laser beam needs to be larger than the
particle size [17]. To understand how SOP modes
behave, their characteristics and properties, a physical
model is needed. This physical model has to describe
the macroscopic properties of a medium based on the
properties and relative fractions of its components.
This kind of model is found in effective medium theory
(EMT) [21]. In the literature, many different approxi-
mations of EMT can be found, each of them being more
or less accurate in distinct conditions [17,21]. For polar
semi-insulating semiconductors, among many approxi-
mations and mixing models for the effective dielectric
permittivity [22], it seems that the Maxwell-Garnet
approximation and mixing rule are most prominent
[23,24]. As the Maxwell-Garnet approximation is only
valid for small volume fractions of inclusions, it is not
appropriate for our samples. Another famous and pro-
minent approximation is the Bruggerman approxima-
tion and mixing rule [25-27], which is more adequate
in the case of our samples. The Bruggeman model is
more suitable for high concentrations of inclusions,
because there are no restrictions for volume fraction in
it. According to the Bruggeman mixing rule, the effec-
tive dielectric function is given by:

(1-1)

& it
geff + g(gl - geff )

82 — geff

-0 (1)
Eett +g(82 _geff)

where g is a geometric factor who depends on the
shape of the inclusions. In the case of three-dimen-
sional spherical particles g = 1/3 and in the case of two-
dimensional circles g = 1/2. The method of preparation
and derivation of our samples results in clusterized
nanoparticles, which occupy a considerably important
volume. With all this in mind it is clear that our nano-
particles, when g = 1/3 is applied, satisfy the Brug-
geman formula conditions.

In this case, it is necessary to take into account two
phonons, typical for ZnO nanoparticles, which are in
the region of SOP modes appearance, @, =577 cm™,
@y =379 cm_l, @ =410 cm'l, @ =592 cm'l,
with dielectric permittivity &, =3.7 [28-30]. Our
samples are characterized by low concentration of free
carriers and their low mobilities, which permits us to
neglect influence of plasmon-phonon interaction. Ano-
ther consequence of the preparation method in our
samples is the random distribution of nanoparticles in
space and thus to the incident light. In the obtained
Raman spectra, as will be seen later, there is no E1
symmetry phonon, while the existence of A1 symmetry
phonon has been registered. This observation can point
out the assumption that the E1 symmetry phonon par-
ticipates in SOP creation. The Raman intensities due to
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excitation of extraordinary phonons, for our sample,
are given by:

[~ Im(—&.) (2)

In the area of Bruggerman formula applicability, this
manner of calculation predicts appearance of one
asymmetric peak, with wavenumbers below @;,(LO).
This is in good agreement with the experimental spec-
tra of ZnO doped with CoO nanopowders prepared by
the hydrothermal method. Therefore, as a result of
variation in the main volume fraction and damping
rate, there great difference in the intensities and line
shapes of simulated SOP modes.

RESULTS AND DISCUSSION

The micro-Raman spectra were taken in the back-
scattering configuration and analyzed using a Jobin
Yvon T64000 spectrometer, equipped with a nitrogen
cooled charge-coupled-device detector. As an exci-
tation source, the 514.5 nm line of an Ar-iron laser was

used. The measurements were performed at 20 mW
laser power.

The obtained Raman spectra have been analyzed
using Lorentzian type lines for all phonons [31] while
for calculations of SOP lines we have used Egs. (1) and
(2) with & = 1 (air). The obtained Raman spectra for all
samples of nanocrystaline ZnO doped with CoO are
shown in Figure 1. In these samples, as mentioned
earlier, only nanoparticles of ZnO and ZnCo,0, were
registered with XRD. We will start our analysis of the
obtained Raman spectra with brief report about struc-
tural and vibration properties of all potentially present
phases in the samples, typical for bulk materials, which
is absolutely necessary for understanding the vibration
properties of nanoparticles. As a consequence of the
nano-nature (structure) of our samples, we expect that
bulk modes will be shifted and broadening.

Zn0O, the basic material in our samples, is one of the
simplest uniaxial, hexagonal crystals; a semiconductor
with wurtzite structure belonging to the Cg,’ space
group. It has four atoms per primitive cell, all occupying
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Figure 1. Fitted Raman spectra of nanocrystalline ZnO doped with CoO prepared by hydrothermal method. SOP modes are marked

with solid lines.
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Cs, sites. For a perfect ZnO crystal, only the optical
phonons at the 7 point of the Brillouin zone are
involved in first-order Raman scattering. Group theory
predicts the existence of the following optical modes:
Tope= A+ 2By + Ey + 2,

where A;, E; and 2E, modes are first-order Raman
active, while the B; modes are Raman inactive modes
[32,33]. Furthermore, the A; and E; modes are polar
and can be further split into transverse optical (TO) and
longitudinal optical (LO) phonons. The existence of
macroscopic electric fields results in that the TO and LO
phonons have different frequencies. Due to short-
range interatomic forces, caused by dominances of
electrostatic forces in this region, there is anisotropy
for which the TO-LO splitting is larger than the A,—E;
splitting. The E, mode consists of two modes of low and
high frequency phonons, assigned as Ezm(low) and
EZ(Z)(high), which are associated with vibrations of the
heavy Zn sublattice and oxygen atoms, respectively. As
a result of all of the above, in Table 2 we gather the
most typical frequencies and assignation of ZnO Raman
active modes [32,33].

Table 2. Frequencies and assignation of typical Raman active
modes in ZnO

Frequency for bulk ZnO, em™ Assignation of modes

102 £, (low)
330 Multi phonon
379 A4(TO)
410 E4(TO)
437 E,” (high)
541 A(LA)
577 A4(LO)
592 E,(LO)
660 Multi phonon
1153 Multi phonon

ZnCo,0,, which has a cubic structure, is a typical
representative of normal AB,0, spinel and belongs to
the Fd3m (0,’) space group with Z = 8. In an ideal
AB,0, spinel structure, A atoms are located on tetra-
hedral sites of T4 symmetry, while B atoms are on
octahedral sites of D3y symmetry and oxygen atom
occupy Cs, sites [34]. In ZnCo,0, the anions form a
nearly ideal close-packed pseudo-face-center-cubic
sublattice surrounded by tetrahedral and octahedral
sites where cations occupy only 1/8 of the tetrahedrally
coordinated sites and 1/2 of the octahedrally coordi-
nated sites. Theoretical analysis based on factor-group
approach predicts, for ZnCo,0,, five Raman-active
bands (A;g + E; + 3F,;) and four infrared-active bands
F1, [10,35-38]. In Table 3 we gathered frequencies and
assignation of Raman active ZnCo,0, modes, presented
in [35]. Slightly different peak positions for bulk

698

ZnCo,0, at 488.0, 525.4, 623.4, 693.0 and ~705 cm™
have been reported in [10] but quantitatively similar to
those given in [35], except some of peaks are shifted by
up to 10 cm ™.

Table 3. Frequencies and assignation of Raman active modes
of ZnCo,0, phase

Frequency for ZnCo,0, phase, em™? Assignation of modes

185 Fag
475 Eq
520 Fag
610 Fag
690 Asg

Figure 1 shows all Raman spectra of samples
obtained by hydrothermal method doped with 5 to
50% of CoO. In these spectra, there is an evident
existence of modes that belong to both phases, ZnO
and ZnCo,0,. The ZnO phase is represented with its
characteristic single phonon modes at 379 (A,(TO)), 437
(Ez(z)), 577 (A4(LO)), and multi phonons (2LO) at 330,
660 and ~1110 cm . The most typical and most obvi-
ous representative of ZnO phase, especially in smaller
concentrations of CoO, is the mode at 437cm™. This
mode at 437 cm™" behaves the same way as all other
ZnO modes; its intensity decreases with increase in CoO
concentration. In these spectra, the peak center posi-
tion is at somewhat lower frequencies than in bulk
crystals, due to the nanosized structure of the samples.
Beside modes belonging to ZnO, modes such as 185
(Fae), 475 (Eg), 520 (Fy), 610 (Fy) and 690 cm™ (Ay),
which represent the ZnCo,0, phase, can also be seen.
Our results for ZnCo,0, modes are in good agreement
with results presented in [10] for smaller concentra-
tions of dopant (Co0), while for higher concentration of
dopant they are in good agreement with results pre-
sented in literature [35]. The intensity of ZnCo,0,
modes, oppositely from ZnO modes, increased with the
increase of CoO concentration. These results of Raman
spectroscopy are in good agreement with previously
obtained XRD results. Apart from modes that belong to
ZnO and ZnCo,0,, in each and every Raman spectrum
of our samples prepared by hydrothermal method, the
existence of an additional structure is also evident. This
additional structure is the SOP mode, originating from
Zn0O nanoparticles as a consequence of the nanosize
structure of the samples, as mentioned previously.

The effect of change of CoO concentration on the
behavior of characteristic SOP modes is shown in Figure
2. It is clearly visible that the intensity of SOP modes
decreases with the increase in CoO concentration,
which is similar to the intensity behavior of ZnO modes
and opposite to intensity behavior of ZnCo,0,. This
conduction of SOP modes is an additional proof that
they originate from ZnO.
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Figure 2. Change of intensity of characteristic SOP modes with CoO concentration.

CONCLUSION

The morphology of hydrothermally obtained samp-
les was examined using SEM, showing particles of dif-
ferent sizes: smaller particles belonging to the ZnCo,0,
phase, and larger particles belonging to the ZnO phase.
The following investigation of phase composition by
X-ray diffraction revealed the existence of ZnO and
ZnCo,0, crystalline phases. In the Raman spectra of all
prepared samples, the presence of ZnO was deter-
mined by the existence of characteristic single and
multi phonons modes. The presence of ZnCo,0, was
determined by the existence of its typical phonon
modes. Besides the modes that belong to ZnCo,0,4 and
ZnO phases, there is also evidence of surface optical
phonons (SOP) modes. We have investigated the cha-
racteristics of the SOP modes and notice that their
intensity, as the intensity of ZnO modes, decreased
with the increases in CoO concentration, while the
intensity of ZnCo,0, modes showed the opposite
behavior.
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n3soa

PAMAH CNEKTPOCKOMNMJA NOBPLUMHCKMUX ONTUYKNX ®POHOHA KO HAHOYECTULIA ZnO(Co) AOBUIEHUX
XWAPOTEPMAJ/IHOM METOAOM

BpaHKa Xaumhl, Hebojwa Pomqesmhl, Maja Pomqeswhl, Izabela Kuryliszyn—KudeIskaz, Witold D. Dobrowolskiz, Ursula
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(Naucni rad)

Y3opum ZnO ponupann CoO cy pobujeHn kopuwherem xugpotepmanHe KroyuHe peyu: HaHo-matepujanu e On-
meToze. OBaKaB HaunH fobujarba y3opaka omoryhuo je HacTaHaK cepuje y3opaka TUYKe 0cobuHe e Ancopnumja n pednekx-
Ca pas/IMYMTOM KOHLUeHTpaumnjom gonaHTa oa 5 o 50% CoO. Osum y3opuuma je cnja cBeTnocTn © MMOBPLUIMHCKM ONTUYKMK
npBobUTHO UcnNuTaHa mopdonormja Kopuwherwem ckeHupajyher enekTpoHcKor $oHOHM

MWKPOCKOMA M MPU HUXUM KOHLEHTPauMnjama AoMaHTa youeHe Cy YectTuue Caunu-
HUX Be/MYMHA, AOK je ca NOpacTOM KOHLUEHTpauuje AonaHTa jaCHO YO4/bMBO
nocTojarbe ABe BPCTe YecTMua pasnnymTte BesinYmHe. PEHTreHOCTPYKTYPHOM aHa-
NN30M je yTBpHEHO MOPEKNo 0BUX YecTuua. Y HalMm y30pLMMa KOErsuctupajy
Age BpcTe Yectmua, ZnO n ZnCo,0,. Takohe, oBa BpcTa aHanuse je omoryhuna ga
Kopuwherem LllepepoBe dopmyne oapeaumo cpefiby BENUUUHY KpUCTanuTa
oBuMx 4Yectnua. ZnO yectnuye cy BennumHe og 64 po 300 nm, ok cy ZnCo,0,4
yectuue seandnHe og 33 go 77 nm. Buanmo aa senmumHa ZnO yecTmua pacre ca
NnopacToM KOHLeHTpauuje AonaHTa AOK npomeHa BenmdunHe ZnCo,0, yectnua ca
KOHLEHTPaLMjOM HUje MOHOTOHA. BubpaLuuoHe KapakTepUCTMKE y30paKa Cy UCMu-
TMBaHe Kopuwherem MUKpPO-PamaH crnekTpockonuje, 3efeHom auHujom 514,5
nm aproH-joH nacepa. PamaH cnekTpockonuja je nsabpaHa jep je naeanHa Hegec-
TPYKTMBHA MeToAa Koja omoryhyje McnMTMBare NIOKasHOr aToMcKor ypehema,
KBanuTeTa y3opaka, GOHOHa, U3OTONCKMX edeKaTa U eNneKTpoH—POHOH cnapu-
Barba. [lobmjeHn PamaH cnekTpu cy aHanusupaHu uM GuToBaHM Kopuwherbem
JlopeHuoBe niMHKje 3a cBe NMKOBe. Ha 0BMM CneKTpuMma, nopes, KapakTepmucTuny-
HUX NuKoBa 3a ZnO u ZnCo,0, YecTuue, jacHO ce yoyaBa M AoAaTHA CTPYKTYpa, 32
Kojy cMO yTBpAMAM Aa notude og ZnO, a nocneauua je rybutka ayrogomeTHe
ypeheHOCTM M npecTaHKa BaXKera MpaBuaa cumeTpuje ycnen HaHOAMMEH3MO-
Ha/sHOCTM y3opaka. Ta AofaTHa CTPYKYTpa Cy MOBPLIMHCKUA ONTUYKU (POHOHM
(MO®). UcnuTanu cmo 1 yTULAj] NPOMEHE KOHUEHTpauumje aonaHta CoO Ha noHa-
wakbe NMOP moaoBa M YyTBPAMAW A3 HUXOB MHTEH3MTET Onaja ca NopacToM KOH-
ueHTpaumje CoO, 1 To 3a KapaKkTepuctudHe NOP mopose.
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