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Results of study of Zni-.Co:O nanoparticles, which were grown by pulsed laser ablation in liquid me-
dium (PLAL), have been presented. Zn:-.CoxO nanoparticles were produced by laser ablation of ceramic
plates as targets in deionized water. The structural analysis using X-ray diffraction (XRD) of nanocrystals
reveals the formation of predominant (002) reflection corresponding to the hexagonal wurtzite structure
without any secondary phase. The performed scanning electron microscopy (SEM) analysis suggests of the
well-defined flower-like nanoparticles. In optical absorption spectra of the colloidal nanoparticles short
wavelength shift of the absorption edge due to confinement effect has been observed. With increasing of co-
balt content the optical absorption spectra shown a red shift of the band edge which are caused by to the s,
p-d exchange interactions between the band electrons and the localized spins of magnetic impurities. In
the room temperature photoluminescence spectra of Zni-xCoxO nanoparticles four main peaks were re-
vealed, which are attributed to the band - edge transitions and vacancies or defects

Keywords: Zn;-:Co.0, Nanoparticles, Nanocrystal, Pulsed laser ablation in liquids, X-ray diffraction,

Optical absorption, Photoluminescence.

1. INTRODUCTION

Semiconductor nanoparticles (NPs) doped with
transition metal (TM) ions represent an exciting class
of materials, known as diluted magnetic semiconduc-
tors (DMSs). Their key feature is the s, p-d exchange
interaction between delocalized charge carriers and the
magnetic dopants, which is responsible for unique
physical properties of this class of materials. The DMS
NPs exhibit interesting optical, magnetic and magneto-
optical properties such as large Faraday rotation, giant
Zeeman splitting, etc. with many potential practical
applications in the field of spintronics [1, 2]. Recently
the family of DMSs was increased by addition of the
semiconducting oxides [3, 4].

Zinc oxide (Zn0O), an optically transparent II-VI
semiconductor with hexagonal wurtzite structure of
C%v (P63mc) space group, wide direct band gap (Fg~
3.37 eV), excitons binding energy (~ 60 meV) has been
identified as a promising host material after theoretical
prediction of ferromagnetism above room temperature
in Mn-doped ZnO [6]. Among transition metals, cobalt
is an important dopant and has been intensively inves-
tigated. However, there are suggestions that defects or
vacancies may induce room temperature ferromag-
netism in TM doped ZnO [5, 6]. It was shown in nu-
merous experiments that exhibition of different mag-
netic behaviors depends on the fabrication conditions
and sample processing.

Several methods are available for the synthesis of
7Zn0 — based DMS nanostructures, such as a chemical
vapor deposition [7] hydrothermal process [8], sol-gel
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method [9], co-precipitation method [10], pulsed laser
deposition, etc.

In particular, pulsed laser ablation in vacuum or in
gas atmosphere, has been already applied in our previ-
ous papers [11-13] to prepare ZnO : TM thin films. On
the other hand, pulsed laser ablation in liquids (PLAL)
is comparatively new technique for the synthesis of
nanosized semiconductor materials [14-20]. PLAL
technique has many advantages compared to the other
growth routes such as a large number of available abla-
tion parameters for controlling the size and shape of
nanoparticles and ability of producing nanomaterials
with its surface free from chemical contamination. To
our knowledge, application of PLAL to fabricate un-
doped ZnO nanoparticles was reported in papers [15-
19], but similar data on doped ZnO:TM nanoparticles
are negligible [21].

Herein, we report on optical absorption and photo-
luminescence studies of Zni-xCoxO nanoparticles syn-
thesized by PLAL.

2. EXPERIMENTAL SECTION

Zn1-xCoxO nanoparticles were produced by laser
ablation of a ceramic target in deionized water (with a
resistivity of 15 MQ cm at 20 °C). The target was irra-
diated using a frequency — quadrupled @- switched Nd:
YAG pulse laser (Continuum, Powerlite-8010). This
laser was capable of producing 100 mdJ of 266 nm light
per pulse, laser fluence about 1.5 J/cm?, operating at
10 Hz with pulse width of 7 ns. However, Zni-:Co.O
(0 <x<0.06) ceramic plates as targets were applied in
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this case. The ceramic plates were prepared as follows.
Substitutional Zn-Mn-O solid solutions of different com-
positions were synthesized by a solid-state fusion meth-
od based on solid-state mixing of the corresponding ox-
ides or by using of carbonates as precursors. Commer-
cially available ZnO and CoCOs (analytical grade) were
used as starting materials without any additional purifi-
cation. The stoichiometric mixtures were obtained by
ball milling in ethanol and drying at 100 °C for 1 h, fol-
lowed by annealing in air at 700 °C for 4 h, then ball
milling in ethanol again for re-homogenization and,
finally, air-drying at 100 °C for 1 h. As a result, particle
size of 20-50 nm was achieved. Due to electrostatic forces
the synthesized powder agglomerated into cluster parti-
cles with an average size of 0.4-0.8 um. The powder was
then pressed into discs 15 mm in diameter by applying
the pressure of 100 MPa.

However, for the synthesis of nanoparticles, a tar-
get was fixed at the bottom of a glass vessel on Al foil
and covered by the deionized water (about 10 ml). The
laser beam was steered vertically by dichroic mirror
and focused by a quartz lens with focal length of 250 mm
in order to get sufficient laser intensity for ablation. The
reaction vessel was continuously rotated to avoid crater
formation and to expose the new surface of target. The
ablation process duration was typically about 40 min.
Technological experiments were carried out at room
temperature and atmospheric pressure. Experimental
setup for deposition of thin films has been in part re-
ported earlier [22]. After laser ablation the colloidal
aqueous solution with the produced nanoparticles or the
dropped layer onto Al substrate were the samples under
investigations. Additionally, polyvinylalcohol (PVA) was
used as a stabilizer of colloidal solution.

2.1 Experimental Set Up

The crystallographic studies were performed using X-
ray Diffractometer (D8 ADVANCE X-ray Diffractometgr
with DAVINCI) using Cu-Kq wavelength (1 =1.54059 A)
and scanning in 20 range from 10° to 70°.

The morphology of the samples was examined using
Quanta 3D Dual Beam SEM/FIB scanning electron
microscopy (SEM). Energy-dispersive X-ray analysis
was performed using an inbuilt EDS. Optical transmis-
sion and absorption spectra between 300 and 700 nm
were measured using a grating monochromator, a pho-
todetector system and registered computer system.
This setup has also served to register photolumines-
cence (PL) spectra. For such kind of measurements the
samples were excited using a 325 nm He-Cd laser with
an excitation intensity value of 10 mW).

3. RESULTS AND DISCUSSION

The X-ray diffraction (XRD) patterns of Zni-xCoxO
nanoparticles are shown in Fig. 1. All intense peaks
positions correspond to the standard diffraction pattern
of ZnO hexagonal wurtzite with a (002) preferred orien-
tation. With an increase in Co content (x> 0.02) addi-
tional diffraction peaks were observed, corresponding
to (100), (101), and (102) of ZnO. No peaks correspond-
ing to cobalt metal clusters or cobalt oxides are ob-
served on the patterns which indicates that Co has
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entered the ZnO lattice without changing the wurtzite
structures and systematically substituted the Zn2* ions
in the lattice.
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Fig. 1 — X-ray diffraction spectra of Co doped ZnO nanoparti-
cles with various doping level

The relative intensity of the (002) peak of the Zni-+Co.O
(0 <x <£0.06) nanostructures exhibits stronger than other
peaks, indicating that the C-axis preferred texture growth
of the Co-doped ZnO nanocrystals.

Figure 2 (a, b) shows the morphology and chemical
composition of obtained NPs investigated by SEM and
EDS analyses. The Zni-xCoxO nanostructure (Fig. 2a)
shows a flower-like morphology and small nanoparti-
cles are filled in the inner and intermediate spaces of
the nanoflowers. The observed flower-like structures
consist of nanosheets with thickness about 20 nm and
diameter about 50-90 nm. About similar flower-like
ZnO nanostructures synthesized by chemical methods
several research groups have reported recently [23-25].
The energy dispersive spectroscopy (EDS) analysis
simultaneously was carried out in order to estimate the
average concentration of elements. As shown in Fig. 2b
carbon, zinc, aluminium, iron, cobalt and oxygen were
detected. Obviously, the most intense peak is attribut-
ed to Al substrate foil as the presence of iron. The Zn,
Co and O are from the formed Zni-.Co.O particle lay-
er. In addition, C contamination was also detected. The
EDS results show that the amount of zinc oxide in-
creased when number of laser pulses is increased and
the amount of Co impurity is less than in the used
Zn1 - xCox0 targets.

UV-Vis optical measurements were carried out at
room temperature. Fig. 3 shows the optical transmis-
sion spectra of colloidal Zni-+CoxO nanoparticles dis-
persed in polyvinylalcohol (PVA) solution. It was found
that the absorption edge is blue- shifted as compared to
the bulk crystal or thin films

Zno98Co0.020 (with thickness of 1.2 pm) due to
confinement effect. The optical transmittance spectra
showed a shift in the band edge towards lower energy
side with the increase of Co content. Additional
absorption below the absorption edge can be seen for the
Zn1-+CoxO nanoparticles (Fig. 4). In particular, for Co
content of x = 0.04 two absorption bands at about 565 nm
and 654 nm have been revealed which are in agreement
with already reported absorption peaks [26, 27]. This
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Fig. 2 — SEM image (a) and EDS spectrum (b) of Zn;_.Co.O
nanoparticles with content of Co x = 0.02
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Fig. 3 — Transmittance spectra of Zni:-:Co:O nanoparticles
with different content of Co in spectral region near the absorp-
tion edge

absorption structure is associated with d-d electron
transitions of Co?" ions in a tetragonal crystal field.
According to Hund's rule and Pauli’s exclusion
principle, the electronic ground state configuration has
L =3 and S =3/2. So, the ground state spectral term is
4F and the excited state terms are 4P, 2G, 2F, 2D and 2P.
However, when the Co2* exists in the tetrahedral field,
the 4F term splits into “Ax(F), 4Te(F) and 4T1(F), with
4A2(F) being the lowest in energy and the remaining
two having higher energies. The 4P term corresponding
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Fig. 4 — Transmittance spectrum of Zno.96C00.040 nanoparticles
in spectral region corresponding d-d transitions

to the first excited state does not split, but is trans-
formed into 4T1(P). Similarly, 2G splits into 2Ai(G),
2E(G), 2T1(G) and 2T2(G). In the ground state, the atom
is in 4A2 state. When the electron has sufficient energy,
it can be excited to a higher energy state. The observed
peaks were attributed to “Ai(F) - 2A1(G) and
4A2(F) - 2E(G) transitions in Co?* ions. The observa-
tion of these transitions in transmission spectra of our
Zn1 -xCoxO nanostructures, thus, clearly reveals that
the added cobalt atoms have been substituted by
Zn?*cations and are present in 2 + state. Further, an
obvious red shift of the absorption edge can be observed
in the Co-doped ZnO nanoparticles with increased con-
tent of magnetic impurities. This low energy shift as a
function of the Co content can be explained by due to the
s, p-d spin-exchange interactions between the band elec-
trons and the localized d- electrons of the Co?* ions [29,
30]. The exchange interaction between the transition
metal ions and the band electrons give rise to a negative
and a positive correction to the conduction and valence-
band edges, leading to narrowing of the band gap [31].
Room temperature photoluminescence (PL) of
Zn1-2CoxO nanoparticles measured by exciting at
325 nm are shown in Fig. 5. The PL spectra show four
peaks occurring around 390 nm, 414 nm, 503 nm and
540 nm for all samples. The first peak is in the ultravi-
olet (UV) region, while other three peaks correspond to
violet-blue, blue and green respectively are in visible
region. The UV emission band has been frequently
observed in ZnO film, and can be attributed to the near
band edge exciton emission because the emission ener-
gy is almost equal to the band energy of ZnO [32] esti-
mated by UV-Vis measurements. With Co doping con-
tent increase, the UV emission center slowly shifts to
long wavelength. This has been attributed to the strong
exchange interactions between the d-electrons of the
doping ion and the s- and p-electrons of the host band
[33]. This red shift of near-band-edge emission confirms
that the band gap of Zni-xCo.O decreases with in-
creases of Co content and is in good agreement with
date from optical absorption study. These shifts also
are clearly reveals due to the dopant Co2* ions substi-
tuted in Zn2* ions. The violet-blue emission centered at
around 426 nm is probably due to radiative defects
related to traps existing at grain boundaries and emit-
ted from the radiative transition between this level and
the valence band [34, 35]. As Co concentration increas-
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es, the peak position of blue emission shifts slightly to
higher wavelength from 443 to 448 nm. The mecha-
nism of blue emission (~443nm) in ZnO low-
dimensional structures is still controversial. Xu, et al.
[36] synthesized single crystalline ZnO nanoplates by
hydrothermal procedure and attributed the blue emis-
sion to electron transition from the level of ionized
oxygen vacancies to the valence band. Gokulakrishnan
et al. [37] Zr doped ZnO thin films and ascribed 443 nm
centered emission band to surface defect in the ZnO
films. R. Elilarassi, G. Chandrasekaran [27] and Zeng
et al. [38] attributed this peak to the interstitial Zn
level (Zni) and valence band. F.L. Xian, et al. [39] at-
tributed the blue emission to the states of cobalt inter-
stitial transition to the valence band.

PL intensity (arb. units)

400 450 500 550 600

Wavelength (nm)

Fig. 5 — The photoluminescence spectra of Zni-.Co.O nano-
particles with different Co-content
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In the latter it indicates the red shift and change in
intensity of emission band with increase of Co content.
The green band emission centered at ~ 538 nm is relat-
ed to oxygen vacancy and it is assigned to transition
from single ionized oxygen vacancy (V0) to valence
band [40, 41].

4. CONCLUSIONS

In summary, Zni-+Co:O nanoparticles were suc-
cessfully prepared by a pulsed laser ablation in deion-
ized water. XRD analysis reveal that cobalt ions are
successfully introduced in ZnO without changing the
hexagonal wurtzite structure. The grown Co doped ZnO
nanoparticles show c-axis preferred orientation with
good crystallinity and confirms that there is no exist-
ence of a CoO or cobalt cluster peak. SEM images
showed a well-defined flower-like nanoparticles. The
optical absorption spectra of the nanoparticles demon-
strate that the energy bang gap was found to decrease
with Co content increase. Band gap narrowing effect
occurs due to strong exchange interactions between d-
electrons of doping ion and s, p- electrons of host lattice.
The room temperature PL measurements illustrate UV
emission and violet-blue, blue and green emissions in
visible region. The UV emission peak originates from the
radiative recombination of free excitons and their center
shifts to long wavelength with increasing of Co content.
Other emissions may be attributed to the radiative de-
fects related to traps existing at grain boundaries for
violet-blue emission; cobalt and zinc interstitial for blue
emission; and singly ionized oxygen vacancies for green
band emission, respectively.

OnTu4Hi BJIACTHBOCTI HAHOYACTUHOK OKCHUJY IITUHKY, JieroBaHux aromamu Co, ogepsrkanmnx

METOIOM Jia3epPHOI abaanii B piguui
AT Casuyxk!, I.JI. Cronsapuyr!2, B. Ilimer3, A. Jzemiu3, I.B. 'agzaman?, I.C. Bipr2?

1 YepHhiseupkuil HayioHabHLL yHI8epcumem, 8yJi. Koyobuncvkoeo, 2, 58012 Yepnisuyi, Yipaina
2 JIpoeobuupruii OepocasHuil nedazo2iuruil yHisepcumem im. I. @panka,
eys. Cmpuiicoka, 3, 82100 JIpoeobuu, Yrpaina
3 Ilenmp iHHOBAUIL NPUPOOHUUUX HAYK Ma IHxceHepil, Heuryscorkuil yHisepcumem,
eyn. Ilieonisn, 1, 35959 Kewys, Ionvwa

B poGoti mpescTaBieHo pe3ysIbTaTH €KCIIePUMEHTAIBHOTO JIOCIIIKeHHsI CIIeKTPIB HOTJIMHAHHSA Ta ¢o-
ToJTIOMIHecIeHITT HaHoyacThHOK ZnCoO, oTpruMaHuX MeTO/I0OM IMITyJIBCHOI JIa3ePHOI abJIsIINl TBePIOTIIIBHUX
MimreHel y pigkomy cepemoBuiti. CTPYKTYPHI JOCIPKEHHS] IIPOBOAUIINCE 13 BUKOPUCTAHHSIM PEHTTEHIBCh-
Kol nudpariiii Ta ckanywdol eslekTporHoi mikpockorii (CEM). OTpumani naui cBiyaTsh Ipo picT HAHOKPHUC-
TAJB B F€KCATOHAJIBHIN BIOPLUTHIN CTPYKTYPi 3 ImepeBaskHo0 opieHTarieio (002) 6e3 yTBOPeHHS BTOPUHHUX
das. Peaympratu CEM 1eMOHCTPYIOTH OTPUMAHHS CKJIAJHUX, KBITKO-IIOMIOHUX YTBOPEHb HAHOYACTUHOK
ZnCoO. B criexrpax moryimHaHHS KOJIOITHUX HAHOYACTUHOK BUSIBJIEHO KOPOTKOXBHUJIBOBHI 3CYB Kpam (yH-
IaMEHTAJIBbHOIO MOrJIMHAHHSA, 3yMOBJICHAN KBAHTOBO-PO3MIPHAM e(eKTOM. 3POCTAHHS KOHIIEHTPAIlil Koba-
JIBTY TIPUBOJIATH JI0 JOBIOXBUJILOBOTO 3CYBY KPalo (PYHIAMEHTAIHHOTO IOTJIMHAHHS, 10 3yMOBJIEHO IIPOSIBOM
s, p - d 0OMIHHOI B3aeMO/Ii1 30HHUX HOCIIB 13 JIOKAJII30BAHUMU CIIIHAMY MATHITHOI KOMIIOHEHTH. B crieKkTpax
doTosrromMiHecIIeHITIT, BUMIPSHNAX IPX KIMHATHIN TeMIepaTypl, CIIOCTePIraloThCsI YOTUPY CMYTH BHUIIPOMIHIO-
BAHHS, 3yMOBJIEHI €KCUTOHHUMU TI€PeX0JaMy Ha Kpai (PYHIAMEHTAJIBHOIO MOTIMHAHHS TAa HASBHUMHU J[0-
MIIIKaMU 1 JederTamu.

Kmiouori cnosa: Zni-.CoxO, Hamouacruura, Hanoxkpwucras, Immysnbcua sasepua abisiisa B piauHi,
X-npomenesa mudpakiia, [lormuaarssa, OoToIIOMIHECIICHITIA.
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Onruueckue CBOMCTBA HAHOYACTHUIL] OKCH/IA IIUHKA, JIerHPOBaHHBIX aromMmaMu Co, IOJIy4eHHBIX
METOJIOM JIa3€PHOI aA0JIAIUY B JKUIKOCTU
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AW Casuyk!, 1.J1. Cronapuyk!?, B. Ilumax3, A. Jlgemuu3, .B. N'agzaman?, N.C. Bupt?

1 Yeprosuykuii 2ocyoapecmaernbili yrnusepcumem, yau. Kouoburnckozo, 2, 58012 Yeprosupt, Ykpaurna
2 JIpoeobbiicckuli 20cyoapcmeerkbill nedazo2uyeckuil ynusepcumem um. U. Opanko,
ya. Cmpulticka, 3, 82100 Jpozobviu, Ykpaurna
3 Ilenmp urHOBQUUU NPUPOOHUUECKUX HAYK U UHMCeHepul, HKeuysckuil ynusepcumem,
ya. Ilueonus, 1, 35959 JKewrys, Ionvwa

B pabore npezcraBiieHbI pe3ysIbTATH 9KCIIEPUMEHTAIBHOTO UCCIIEI0BAHUS CIIEKTPOB IIOIJIOMIEHUS U POTO-
sromuHecteHmn Hanodactuty, ZnCoO, moJIyyeHHBIX METO0M UMITYJIBCHOM JIA3ePHOM a0JISAIMY TBEP/IOTEIBHBIX
MUIeHe! B KUAKON cpene. CTpYKTYpHBIE MCCIIE0BAHMS IIPOBOVIINCE C UCIIOJIB30BAHUEM PEHTIEHOBCKOM JIH-
dpakiym u ckanupyomei aaekTporHoi mukpockornun (COM). [TomydenHsie JaHHBIE CBUAETEILCTBYIOT O PO-
CTe HAHOKPHCTAJLIOB B T€KCATOHAJIPHOMN BIOPITUTHOM CTPYKTYPE C IPEeUMyIecTBeHHOM opueHTarmei (002) Ge3
obpazoBanus BropuuHbIX das. Pesymsrarer COM 1eMOHCTPUPYIOT MOIYYeHUs CIIOMKHBIX, IIBETOK-IIO00HBIX 00-
pasoBanmii Hamouactull, ZnCoO. B crexTpax morsomeHus KOJUIOMIHBIX HAHOYACTHUIL OOHAPYKEHO KOPOTKO-
BOJIHOBBIHM CIBUT Kpas (PyHIAMEHTAJIHLHOTO IOTJIOIIEHUs, 00YCJIOBJIEHHBIM KBAHTOBO-Pa3MepHBIM a(eKToM.
Pocr ron1eHTpamy kob6aabTa IPUBOIUT K TJIMHHOBOJHOBOMY CIBUTY Kpas (yHIAMEHTAIHLHOIO IIOJIOMIEHNUS,
00yCJIOBJIEHHOT'O IIPOSIBJIEHHUEM S, p- d 0OMEHHOT0 B3aWMOJIEHMCTBHS 30HHBIX HOCHUTEJEH C JIOKAJTM30BAHHBIMU
CHMHAMY MATHUTHOM KOMIOHEHTHI. B criekrpax ¢hoTOJFOMUHECIIEHIINH, N3MEPEeHHBIX TP KOMHATHOM TeMIie-
parype, HAOJIIOIA0TCS YEeTHIPE II0JIOCH U3JIyIeHNsI, 00yCIOBIEHHbIE IKCUTOHHBIMU IIePeX0JaMy Ha Kpawo (yH-
JIaMEHTAJIBLHOI'O [IOIJIONIEHUS ¥ UMEIOIIUMUCS [IPUMECSIMU U JTe(DeKTaAMHU.

Knrouessie cnopa: Zni_.Co.O, Hamouacruups, Hamoxkpucrasmmer, UmmysnbcHas asepHass abiasnus B
JRUIKOCTH, X-IydueBas qudpakims, [Tormomenne, GoTomoMuHECIIEHITHA.
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