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We have reported the effect of Co and Ni doping on structura and optical properties of ZnO thin films
prepared by RF reactive sputtering technique. The composite targets were formed by mixing and pressng of
Zn0O, Mnz0,, CoO and NiO powders. The thin films were deposited on sapphire, quartz and glass substrates. The
structure study confirms the formation of the hexagonal wurtzite ZnO without any secondary phase in transition
meta (Co, Ni) - doped samples. Cross-sectional TEM images of al studied samples show a denseand uniformly
textured structure composed of column-like structure aong the growth direction. The surface morphology of the
thin films was studied using atomic force microscopy (AFM). Different surface morphology (AFM) images were
obtained depending on the film composition and growth conditions. Optical absorption spectra suggest of
substitution Zn** ions in ZnO lattice by transition metal atoms. The shift of the absorption edge due to decrease
the energy band gap with increasing cobalt content and complex dependence of the energy band gap on content of
nickel was observed in optical absorption spectra of the studied films. The room temperature photoluminescence
peaks are attributed to near band gap emission and vacancy or defect states.
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I ntr oduction

Diluted magnetiic semiconductors (DMS) are
attractive materials because of exhibition of the sp—d
exchange interaction between the localized magnetic
moments and the spins of the band carriers. The
replacement of the cations of I11-V or 11-VI nonmagnetic
semiconductors by magnetic transition metals (TM) ions
leads to a number of magnetic, optical, magneto-optical
and magnetotransport phenomena. The unique spin-
dependent phenomena in these semiconductors can
introduce new functionality to spintronic devices.
Recently the family of DM Ss was increased by addition
of the semiconducting oxides[1, 2].

Zinc oxide (ZnO), an opticaly transparent 11-VI
semiconductor with hexagona wurtzite structure of
C's (PBam) Space group, wide direct band gap (E,~
3.37 eV), excitons binding energy (~ 60 meV) has been
identified as a promising host material after theoretica
studies have predicted ferromagnetism above room
temperature in Mn-doped ZnO [3]. Different growth
techniques such as chemica vapor deposition, spray
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pyrolysis, pulsed laser deposition, magnetron sputtering,
sol-gel process etc have been used for preparing of ZnO-
based DMSs thin films. Several group [4-7] have
observed ferromagnetism in ZnO:TM systems, while
other groups [8-10] have not observed such magnetic
behavior in similar samples. These controversial results
indicated that the magnetic properties are very sensitive
to the shape of the samples and to the preparation
conditions.

The present work is devoted to preparing of Co or Ni
doped ZnO thin films and study of their structural and
optical properties depending on content of transition
metals.

|. Experimental

The films of Zn;,Co,0 and Zn, 4Ni,O were prepared
by RF reactive sputtering technique. Glass, quartz and
sapphire were used as the substrates. Mixture of argon
and oxygen was used as the reactive gases. The distance
from target to substrate was taken as 35 mm. The details
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Fig. 1. Scheme of the deposition experiment.

of thetarget-substrate experimental setup are shown in
Fig. 1. The base vacuum in the chamber was 2 10™ Pa
and the working gas pressure — 0.2 Pa of oxygen and
0.8 Pa of argon. Sputtering was carried out with input RF
power 300 W and deposition rate of 10 nm/min. Post
deposition annealing (5-8) min in oxygen atmosphere at
(500 - 550)°C was performed.

Targets were prepared by pressing with using of
ZnO, MnzO,; CoO and NiO pure powders as initia
components. The temperature of substrates were 350 -
400°C during deposition process and was measured by
two chromel-copel thermocouples, which were placed on
the back side of the substrate holder.

The crystallographic studies were performed using
X-ray Diffractometer (D8 ADVANCE  X-ray
Diffractometer with DAVINCI) using Cu-K, wavelength
(. = 1.54059 A) and scanning in 20 range from 10° to
70°. A Tecna Osiris X-FEG STEM microscope was
used for recording high-resolution (HR) TEM images.
Atomic force microscopy (AFM) was used to evaluate
the surface morphology of the films. The sample of Zn,.
Mn,O was measured in Semicontact Mode with
standard NT-MDT NSGO03 (Resonance Frequency

F =90 KHz, Force Congtant K = 1.74). The samples of
Zn,.,Co,0 and Zn;4Ni,O also was measured in Dynamic
Mode (non—contact) with Force constant K ~ 40 N/m and
fo ~ 300 kHz.

Absorption spectra between 350 and 600 nm were
measured using a grating monochromator, a
photodetector system and registered computer system.
This setup has aso served to register photoluminescence
(PL) spectra. For such kind of measurements the samples
were excited using a 325nm He-Cd laser with an
excitation intensity value of 10 mW.

Il. Resultsand Discussion

The obtained XRD patterns of the pure ZnO and
Zn;,MeO (Me- Co, Ni) oxides showed that all as-grown
samples are nanostructured polycrystalline films. The
diffraction patterns of all samples can be indexed to the
hexagonal wurtzite structure of ZnO. The X-ray
diffraction (XRD) patterns of ZngygsNip¢4O films on glass
and sapphire substrates are shown in Fig. 2. All intense
peaks positions of the films correspond to the standard
diffraction pattern of ZnO hexagonal wurtzite with a
(002) preferred orientation. No peaks corresponding to
TM clusters or their oxides are observed on the patterns
which indicates that Co or Ni has entered the ZnO lattice
without changing the wurtzite dsructures and
systematically substituted the Zn®* ionsin the lattice. The
relative intensity of the (002) peak of the Zn;,Co,0 and
Zn;4NiyO (0<x<0.08) exhibits stronger than other
peaks, indicating that the C-axis preferred texture growth
of the TM-doped ZnO films. Further, the intensity of
diffraction peaks of thin films increased with increasing
TM concentration which can be attributed to a
refinement and improvement of crystalline quality of
these films as a result of Co or Ni doping. At same time,
we observed shift only in the angular peak position of
(002) plane and no angular shift was observed for any
other plane. Thisangular peak shift towards the lower 20
value from the undoped sample to doping of x =0.04
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Fig. 2. X-ray diffraction spectra of Zn,,NiO thin films on glass and sapphire substrates.
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Fig. 3. STEM HAADF (Z — kontrast) (a) and STEM BF (b) images of Zn,.,Co,O thin films.

Fig. 4. The EDX maps showing of chemical elementsin selected area.

indicates that films are in a uniform state of stress. With
a further increase in TM concentration, the peak shift
takes place in opposite direction, i.e. 20 value increased,
indicating the change in the direction of stress. The
average crystallite size, D was calculated using the full
width at the half maximum (FWHM) of the diffraction
peak and the angle of diffraction ® in Debye-Scherer’s
formula[11]:

D=2 (1)
. A® cos© .
where A is the X-ray wavelength, A® is the FWHM and

0 is the Bragg angle of the diffraction peak. Analyzing
the obtained results, a decrease of crystallite size with
increasing TM dopant concentration is observed. It
seems that the introduction of Co(Ni) atoms in ZnO
structure and increasng their concentration dlightly
reduces the average crystallite size. The same behavior
was reported for ZnO:Ni [12] and ZnO:Al thin films
[13]. The authors consider that some quantity of dopant
atoms prefers to locate in or near the grain boundary
regions, determining a decrease of crystallite size. TM-
doped dightly decreased the lattice parameters of the
ZnO films, considering that the size of Co?" (0.058 nm)
and Ni%" (0.055 nm) in tetrahedral configuration is close
to the size of Zn?" in tetrahedral coordination (0.06 nm).
Thus, the Co® or Ni* ions were systematically
substituted by Zn** ions without changing the crystal
structure.

Cross-sectional  transmission  eectron  microscopy
(TEM) images of all studied samples show a denseand
uniformly textured structure composed of column-like
structure along the growth direction (Fig.3). The
corresponding selected-area the energy dispersive X-ray

304

detection (EDX) maps are shown in Fig. 4. All the
locations contain the expected dements (Zn, Co, O) and
no other impurity eements apart from Cu and C (from
grid), clearly indicating that Co is uniformly distributed
in the film and makes solid solution with ZnO matrix.
The surface morphology of the Zn; ,MeO films and
they crystallite sizes have been studied and evaluated by
AFM. The obtained results suggest that the values
anadyzed by AFM are much higher than the ones
analyzed by XRD. As well known, with AFM the sizeis
measured by the distance between the visible grain
boundaries, which is called particle size. While with
XRD, the grain size is measured in the extent of
crystalline region that the diffract X-ray, which is more
stringent and leads to smaller size. The surface
morphology of the layers studied by AFM shows strong
dependence on oxide composition, substrate materia and
growth conditions. The root mean square of the surface
roughness is measured from the pictures over
2 umx2 um and 5umx5 pm scanning range. The AFM
micrograph shown in Fig. 5, a indicates that the increase
in the surface roughness by Co doping is caused by
closdly packed nanorod like nanocrystallites throughout
the Zng9gC00 0,0 film surface. The estimated diameter of
the observed nanorods is about 100 nm. Essentialy, there
is no obvious change in the microstructure observed in
the films grown with different Co concentrations. The
surface morphology of the Zn;,NiyO film shows a
mixture of granular and columnar microstructures (Fig.
5, b). The average roughness Rys of these films was
65.7 nm, and the average grain size was 62.5 nm. Similar
AFM images with columnar microstructures were
observed recently in Zny4NiO films prepared by DC
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Fig. 5. 2D and 3D AFM images of thin films: (a) ZNng9sC0p 020 on glass substrate, (b) ZngogNig .0
on glass substrate.
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Fig. 6. Transmittance spectra of Zn,.,Co,O thin films with different content of Co in spectral region
near the absorption edge.

magnetron sputtering [14] and sol-ge spin  coating
method [15]. It should be noted that the difference
between AFM images for Co-doped and Ni-doped ZnO
films is that nanorods in the first case are closed packed
and tilted whereas for the second case columns are
oriented perpendicularly to film substrate plane.

UV-Vis optical measurements were carried out at
room temperature to study the effect of TM (Co, Ni)
doping concentration on the band gap of ZnO thin films
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and to confirm the substitution of Co?" or Ni?* ions in
tetrahedral sites of the ZnO wurtzite structures. Fig. 6
shows the optical tranamission spectra of undoped and
cobalt doped ZnO thin films deposited on glass
substrates. The undoped ZnO film is more transparent
whereas in cobalt doped thin films the transmittance
decreases with the increase of Co-doping concentration.
The optical transmittance spectra showed a shift in the
band edge towards lower energy side with the increase of
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Fig. 7. The energy band gap of TM doped ZnO thin films as a function of Co and Ni- content.
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Fig. 8. Transmittance spectrum of ZngggNio 2O thin film in spectral region corresponding d-d transitions.

Co content in the films. Additional absorption below the
absorption edge can be seen for the Zn, ,Co,O thin films.
In particular, for Co content of x = 0.02 three absorption
bands at about 1.87, 203 and 219 €V have been
revealed, which are in agreement with aready reported
absorption peaks [16, 17]. This absorption structure is
associated with d-d electron transitions of Co? ionsin a
tetragonal crystal fidd. The observed pesks were
attributed to “A(F) ® 2A4(G), “A(F) ® *“T1(P) and *A(F)
® %E(G) transtions in Co** ions. The observation of
these trangitions in transmission spectra of our Zn; ,Co,O
films, thus, clearly reveals that the added cobalt atoms
have been substituted by Zn?" cations and are present in
2+ dtate.

The band gap E, of the Zn,.,CoO films have been
calculated using plotting of (ahn)® versus hn and by
extrapolating the linear portion of the absorption edge to
find the intercept with energy axis. The estimated of E,
values are decreased with increase of Co content (Fig. 7).
Thisresult is in contrast with the reported data [16, 18],
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where blue shift of the absorption edge was observed. On
the other side, a similar trend of decrease of band edgein
Zn;.,CoO filmsisreported by many workers [5, 17, 19].
This low energy shift of the Ey as a function of the Co
content can be explained due to the sp-d exchange
interactions between the band electrons and the localized
d dectrons of the Co?" ions substituting for Zn*" ions
[20, 21]. The sp and p-d exchange interactions give rise
to a negative and a positive correction to the conduction
and valence-band edges, leading to narrowing of the
band gap [22].

Compared with pure ZnO film, both for the Zn,.
«CoO films, the optical absorption edge of Zn;.«NiO
films is shifted depending on content of Ni. Upon Ni
doping, the absorption edge is blue shifted for x £ 0.02
and red shifted for the filmswith x > 0.02. The estimated
values of Egare increased with increase of Ni content up
to x = 0.02 and decreased for x > 0.02 (Fig. 7). This
result isin contrast with the reported data [14, 23], where
only red shift of the absorption edge was observed. Such
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Fig. 9. The PL spectra of Zn,«Ni,O filmswith different Ni-content.

akind of E¢(x) dependence might be due to the formation
of defect energy level of Ni. As a donor impurity, Zn;
produces a shallow donor levels, which can reduce the
band gap of ZnO. According to recent suggestion of
Reddy et a. [23] decrease of Eg with increase of Ni-
content for the sprayed thin films can be associated with
the structural defects such as voids and dangling bonds
that can also create the localized states in the band gap.
More complex character of absorption edge dependence,
but very similar to the our thin films was reported for
Zn;4Ni, O nanoclusters prepared by co-precipitation
method [24]. Because of the nanostructured character of
the prepared Zn,;,NiyO films according to the
demonstrated above AFM images the same mechanism
can be applied also to explain the observed dependence.

Both for the Zn;,CoO thin films, additional
absorption below the absorption edge can be seen for the
Zn;4NiO films. To observe this feature we have chosen
for measurements more thicker film as compared with
thickness of the films for anaysis of the absorption edge.
From Fig. 8 we can see in transmittance spectrum of
ZNgogNig20 film wide absorption band around 480 -
520 nm. This absorption structure is associated with d-d
electron transitions of Ni®* ions in a tetragona crystal
field. In particular, the observed peak can be attributed to
*T1(F) ® °T,(P) transitions of the Ni** ions.

The PL spectra of Zn,4Ni,O films with different Ni-
content are shown in Fig. 9. All the spectra contain a
strong emission band at 380 nm, which is due to free
excitonic recombination or eectron transitions from the
conduction band to the valence band of ZnO. The energy
position of this band is shifted to lower photon energy
with increase of Ni — content in accordance with the
reducing of the band gap. The PL peak a 460 nm is due
to different vacancies and defect states. The intensity of
this band increases with increase of Ni — content. Gao et
al. [14] discussed possible influence of six intrinsic
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defects such as antisite oxygen, antisite zinc, oxygen
vacancy, zinc vacancy, interstitial oxygen and intertitial
zinc.

Conclusions

In concluson, Zn;,CoO and Zn;4Ni,O thin films
with x £ 0.08 were deposited by RF reactive sputtering
technique on sapphire, glass and quartz substrates. XRD
andysis of the films reveal that cobalt or nickel ions are
successfully doped in ZnO without changing the
hexagonal wurtzite structure. The grown TM doped ZnO
films show c-axis preferred orientation with good
crystallinity. The Zn,,Co,O film is composed of closdy
packed nanocrystallites with nanorod shape and
Zn;Ni,O film shows a mixture of granular and
columnar microstructures.

The optica absorption spectra of the films
demonstrate: (a) the energy bang gap was found to
decrease with Co content increase, (b) the absorption
edgeisfound to be shifted in different manner depending
on Ni-content, (c) the presence of d-d transitions. These
observations conclusively prove that in studied films Co
and Ni exist in 2+ states at tetrahedral sites and
substitutes Zn*, The room temperature
photoluminescence peaks were revealed for al samples
and are attributed to near band gap emission and vacancy
or defect states.
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CTpYyKTYpHi Ta ONTHYHI BJIACTUBOCTI TOHKHUX MJIiBok ZNO, jgeroanux CO Tta
Ni, oTpMMaHUX METO0M iOHHO-TJIA3MOBOT'0 HANIUJICHHSI
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B pobGori npencraBieHO pe3ydbTaTH EKCIEPUMEHTAIbHOTO JOCHIUKCHHS CTPYKTYPHHUX Ta ONTHYHHX
BJIACTHBOCTEH TOHKHX IUTiBOK ZNnO, nerosanux Co ta Ni, oTpuMaHUX METOIOM iOHHO-IUIa3MOBOI'O HAIMJICHHS.
Kommno3uuiiiHi MilneHi oTpuMyBaiIuCh HUISXOM 3MiLyBaHHsS Ta NPECYBaHHS MOPOLIKONoaiOHux okcuai ZnO,
MnzO4, CoO Ta NiO. ToHKI IUTBKM OCa/DKYBalWCh Ha KBapLEBUX, candipoBUX Ta CKISHHUX [MiIKIaKaX.
OTpuMaHi pe3ynbTaTh CTPYKTYPHHX JOCII/DKEHb CBiTYaTh PO PICT IUIBOK B TEKCArOHAIBHIM BIOPLIUTHIN
CTPYKTYpi 3 mepeBaxkHoto opienrtauicio (002) 6e3 yrBopenHs BTopuHHUX (a3. TEM 300pakeHHs IOIEPeYHOro
nepepizy BCiX JOCHIIPKEHHX 3pa3KiB CBIIUATh NPO IIiIbHY HAHOCTEPKHEBY OyHOBY IUIIBOK B3/IOBX HAIPSAMKY
3pocTaHHs. PesynbraTu aTOMapHO-CHIOBOI MiKPOCKOIIi JE€MOHCTPYIOTh CKJIAJHY MOpP(OJIOTi0 IHOBEPXOHb
OTPHMAaHUX IUTIBOK, SIKa 3aJISKUTh BiJl KOMIIOHEHTHOI'O CKJIaay Ta YMOB iX ofepaHHs. B criekrpax mornuHaHHs
BUSIBIICHO 3MEHILICHHS IIMPUHU 3a00pOHEHOi 30HM IUIIBOK i3 3POCTaHHAM BMICTY KOOQJIbTy Ta CKIAAHY il
3aJISKHICTh TIPU 3POCTaHHI BMICTY Hikemto. Y crekrpax (oromoMiHecneHwii mpy KiMHATHIH TemnepaTypi s
BCIX JIOCHI/PKYBaHHMX IUIIBOK BUSIBJIEHO CMYIM BHUIIPOMIHIOBAaHHS, IO BiAIOBIJAIOTh €KCUTOHHUM II€pexoziam
noGun3y Kparo GyHIaMEHTaJIbHOTO HOIIMHAHHSA Ta HASSBHUM JIOMIIIKaM 1 JedexTam.

KrouoBi c10Ba: MarHiTOpo3uMHEHMI HaIliBIPOBIAHHUK, OKCHZ IIMHKY, TOHKA IUTiBKa, iOHHO - IIa3MOBE
HamwieHHs, X — INpoMeHeBa [UQPAKIis, TPAHCMICIHHA eJIEKTPOHHA MIKDOCKOIis, aTOMapHO — CHJIOBa
MIKPOCKOIIisl, MOTIMHAHHS, (DOTOIIOMIHECIICHITISI.
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