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Abstract

A series of Cr-doped ZnO micro-rod arrays wereitated by a spray pyrolysis method. X-ray diffrantpatterns
of the samples showed that the undoped and Cr-dép@&dmicrorods exhibit hexagonal crystal structiBerface
morphology analysis of the samples has revealedpin®e ZnO sample has a hexagonal microrod morglyolo
From X-ray photoelectron spectroscopy studies,Gh&p3/2 binding energy is found to be 577.34 edidating
that the electron binding energy of the Cr in ZisGiimost the same as the binding energy &f &ates in GO;.
The optical band galgy decreases slightly from 3.26 to 3.15 eV with theréase of actual Cr content from x = 0.00
to 4.63 at % in ZnO. Photoluminescence studie®a€ show that the incorporation of chromium leaaa trelative
increase of deep level band intensity. It was alsserved that Cr doped samples clearly showedfexgoetic
behavior; however, 2.49 % Cr doped ZnO showed ratmmagnetization higher than that of 1.07 % an@® 46Cr

doped samples, while 4.63 % Cr doped ZnO samplés ltaercive field higher than the other dopings.

1. Introduction

In recent years, much attention has been paidltddoi Magnetic Semiconductors (DMSs) formed by the
partial replacement of cations in a non-magnetimisenductor by magnetic transition metal ions for
spintronic applications. Spintronics as a fielddstigates the applications of carrier spin transgemwell

as charge transport in a new generation of dewdael as spin-valve transistors [1], spin light-&mot
diodes [2] and logic devices [3]. To realize the®wices it is necessary to develop semiconducting

materials that show ferromagnetic behavior at ragemperature. Among the different types of wide-

Corresponding address: Department of Physics, BagfiSciences, Karadeniz Technical University, 1,0
Trabzon, Turkey



band-gap semiconductors ZnO, with a direct banda§c37 eV and a large exciton binding energy of
60 meV, has become one of the most important fonatisemiconducting materials for electro-optical
devices like UV light emitters [4], piezoelectri@ahsducers [5] and gas sensors [6]. Doping ZnO with
transition metals has received considerable intehas to its room temperature ferromagnetism [7+9].
2000, Dietl et al [10] predicted theoretically thdh doped ZnO and GaN would be ferromagnetic at
room temperature and would therefore be suitabiefplications in spintronics. Following this iiti
work, using ab initio calculations based on thealatensity approximation, Sato et al. [11] theaadty
demonstrated that V-, Fe-, Co-, Ni- and Cr-dope® &howed ferromagnetic ordering above the room
temperatureHowever, the reported experimental results on thdies of Cr-doped ZnO have been very
conflicting. Some studies reveal that the magrigitavior of Cr-doped ZnO appears to be very seasiti
to the deposition method. For example, Ueda df7aldid not observe any ferromagnetic behaviour for
Cr-doped ZnO film grown by pulse laser depositwhereasRoberts et al. [12] prepared Cr-doped ZnO
via magnetron sputtering and obtained ferromagnatitering at a doping concentration of 9.5 at.%.
Furthermore, the results of Jin et |@I3] showed no ferromagnetic behavior for Cr-doged film at
low temperatures even down to 3 K. Lee et al. did]not find ferromagnetism in sol-gel synthesized
Zn,,Cr,O thin films, however obvious ferromagnetism appdawhen the same films were co-doped
with Li. Although there are many experimental sasdon magnetic and non-magnetic doped ZnO films
showing room temperature ferromagnetism, there@isamsensus on the origin of ferromagnetism ZnO-
based materials [7,15,16]. Early studies explathatla free carrier mediated mechanism was redpensi
for the ferromagnetic behavigt7]. However, more recent studies proposed that defi&tsoxygen
vacancies give rise to ferromagnetic ordering inl@»ased DMS [18].

In summary, ZnO in thin film form can be depositeithin a wide variety of chemical techniques
with a low cost of equipment [19,20] and lead t@dauality ZnO thin films doped with different
transition metals. In this work, our interest ig tincorporation of Cr as an active impurity in @O
lattice which is of interest to increase in the rofml stability and magnetic properties. We have

deposited Cr-doped ZnO micro-rods on glass sulestiag the spray pyrolysis method and the effects of



Cr doping on the structural, magnetic and opticapprties of the deposited ZnO microrods were

investigated.

2. Experimental procedure

Zn;,Cr,O micro-rod arrays with nominal molar fraction lues of 0.00, 0.02, 0.04 and 0.06 were
prepared by spray pyrolysis method in an air atiesp The experimental setup and other experimental
procedures are explained in more detail elsewfire The initial stock solution was prepared framc
chloride (ZnCj) at 0.1 M concentration in deionized water. Dopimgs achieved by the addition of
CrCls.6H,O (0.1 M) to the stock solution, which was therageed on the glass substrate. The growth was
performed with a spray rate of about 5 ml/min argt@wth rate of ~ 50 nm/min. Prior to growth, glass
substrates were cleaned in ethanol and then dniach¢uum. During the growth, the substrates were
rotated with a speed of 10 revolutions per minune the substrate was held at a temperature of 650 °
The average thickness of the samples measured éyshod cross-sectional images of the samples using
scanning electron microscopy (SEM) was found te-I&eum, in all cases. The X-ray diffraction (XRD)
data of the samples 1320 mode were taken using a Bruker AXS D8 advanceutexdiffractometer with
CuK, radiation over the rangef220-60° at room temperature. The surface morpholagy bulk
composition were studied with a JEOL JST-6400 SEMimped with EDS (Energy Dispersive X-ray
Spectroscopy). An acceleration voltage of 20 kV wasd in all cases for this study. The chemical
composition and bonding types in the surface arad-gerface regions of the deposits were examined by
x-ray photoelectron spectroscopy (XPS) using anSMHCS ESCA system equipped with a Mgxkay
radiation source of 1253.6 eV-energy. The kinetiergies of emitted electrons from the surface ef th
sample were analyzed by a concentric hemisphaitlyzer, which operates in the constant pass-gnerg
(CAE) mode, under high vacuum of about 1.3%1@a. The surface of the as-grown samples was
sputtered by Ar ions before XPS in order to clete surfaces and avoid contributions from
unintentionally deposited C and O contamination ttuatmospheric exposure. Due to charging effects,
the C 1s photoelectron peak at 285.0 eV was cemsigtused as a reference for the charge-correcfion

binding energies of core levels and Auger peakdic@pransmission measurements were performed at



room temperature with a Shimadzu UV-1201 UV-VIS-Nlsectrophotometer over a wavelength range
of 300-1100 nm. Photoluminescence (PL) measurenvesits performed at both 10 K and 300 K, a
SPEX 1704 monochromator, with a closed cycle cato¥inis SHI-950-5. PL spectra were excited with
the 325 nm line of a He—Cd laser at 22 mW. Magatitih measurements of the samples as a function of
magnetic field and temperature were carried outguaiQuantum Design Physical Property Measurement

System (PPMS) system with a vibration sample magneter module.

3. Results and discussion

The structural properties of undoped ZnO and CredognO miro-rod arrays produced by the spray
pyrolysis method were investigated by XRD, andrewsults for all samples are shown in figure 1(3)-(d
The XRD patterns of these samples are in good agnetewith the JCPDS standard (No. 36-1451) data
of wurtzite (hexagonal) ZnO powder. It was seen tlloped and Cr-doped ZnO samples exhibit peaks
corresponding to (100), (002), (101) and (102) gsanwith the (002) peak showing the highest intgnsi
in all cases, implying that all the samples haveegagonal crystal structure with a preferred ogagoh
with the substrate normal parallel to the normahi® ZnO (002) plane. No peaks belonging to Cr meta
Cr oxidesor other impurity phases were detected within thesiivity of our XRD measurements,
indicating that the dopant was incorporated in® libst lattice. These data indicate that Cr dogimes

not substantially alter the deposited crystal stmgcand orientation. The calculated valémsthe c-axis
lattice constantbased on the diffraction peak positions, were fbtndecrease from 5.21 A for undoped
to 5.19 A for nominally 6 % Cr doped ZnO. The deseein the lattice parameteupon Cr incorporation
indicates that the samples were in a state ofnstrad that along the c-axis this strain was congpres
[22]. The reason for the change in this latticeapaater may be due to the concentration of foreigma
and defects, and their difference of ionic radithwiespect to the substituted matrix ion ions; eitiee
radius of C¥* ions (0.63 A) is smaller than that the*Zions (0.74 A) and the Cr-O bond in,Og is
shorter than the Zn-O bond in ZnO (1.96 A compaeedl.98 A) [23, 24] this is consistent both witke th

XRD data above and also with the XPS data belove dther possible reason for the change in lattice



constant may be due to the differences in the fitteermal expansion coefficients of ZnO samplediwit
different Cr molar fractions and soda-lime glass][2

Chemical compositions of undoped and Cr doped Zn@omods were investigated by energy
dispersive X-ray spectroscopy (EDS). Table 1 indisahat all the samples are composed of Zn, Gr,or C
demonstrating that the existence of chromium withinsamples as well as the increase in conceortrati
of Cr in ZnO microrods. Table 1 also implies thatual atomic percentage ratio of Cr is less than th
nominal composition in the solution. The differermaween the actual and the nominal Cr concentratio
is probably due to the dilution of Cr ions in the@host matrix. In addition, compared to undope®Zn
it was found that the Cr doped ZnO microrods weme deficient and oxygen rich, indicating that (e
doped ZnO samples were non-stoichiometric, beybiatl éxpected for Zn replacement by Cr. Similar
results were obtained by Wang et al. [26] for CpatbZnO nanopatrticle sheets.

SEM surface micrographs for the samples are showigure 2 and reveal that undoped, 1.07,
2.49 and 4.63 % Cr-doped samples have hexagonaledhmicrorods with sub-micron diameters.
Compared to the undoped ZnO, it was observed timatmorphology of the microrods exhibits no
essential difference with the increase of Cr dopiHgwever, there is some variation in microrod
diameter within individual samples and between pedosamples and samples with different levels of Cr
doping as illustrated in figure 2. Consistent witie XRD data in figure 1, the hexagonal microrodsev
seen to be aligned with their long axis (the c-dased on the rods hexagonal cross-sectional shape)
almost perpendicular to the substrate, indicatirad tods preferentially grow with their long axisrag
the [002] crystallographic direction (c-axis) ahdttthis direction is aligned normal to the gladsstrate.

The chemical nature of the surface of undoped andofed ZnO rod was investigated in detail
by XPS measurements. Figure 3 shows the XPS sspegtrum of undoped and 4.63 % Cr-doped ZnO
microrods. Comparing our data with tabulated bigdémergy values, the survey spectrum indicates the
presence of Zn, Cr, C and O elements on the suatadeear surface region of the samples as assigned
figure 3. XPS measurements for undoped ZnO show ttiea main features located at 1022.00 and
1045.28 eV can be assigned to Zn 2p3/2 and Zn 2pdspectively. These peaks shifted to slightlydow

binding energy for 4.63 at.% Cr-doped ZnO as reackal table 2. The inset of figure 3 shows the £r 2



spectrum for 4.63 at.% Cr-doped ZnO. As can be feam the inset, the 2p level is split into a daibl
with an energy separation due to the spin—orbéradtion [27]. As shown in table 2, the Cr 2p3/28 an
2p1/2 binding energies are 577.34 and 586.22 ekesponding to Cf 2p3/2 which are different from
that of Cr metal (574.0 eV) and 576.3 eV of'Cior pure CrQ which match well with the reported
binding energy 577.0-577.2 eV of the 2p3/2 leveCof states [28-31]. It suggests that Cr dopants are
indeed incorporated into the ZnO lattice, on Zassias CY ions instead of Gf ions [32,33].

The optical transmission spectra at room tempegaifithe undoped and Cr-doped ZnO microrod
arrays are shown in figure 4. The transmittancectsperevealed that all samples had a low average
transmittance at photon energies below the band Hag maximum transmission of the undoped ZnO
microrods was around 20 %. Depending on Cr coritetiite structure, transmission values increase from
20 % to 50 % as increasing the content from x 9 @004.63 at %. It is worth notifying that the I@ub-
bandgap transmission may well be due to scattefifegts caused by the microrod microstructure ef th
deposit, which presents a very non-planar surfaibes having smoother surface morphology generally
show higher transmittance [34]. Figure 4 also iatlie that the absorption edge shifted slightlyigbdr
wavelengths as the concentration of Cr increas#giZnO microrods.

In order to determine the optical band gap enekgyfrom the absorption spectra we used a

Tauc-plot analysis of the variation of the absanptioefficient &) with photon energy, with the relation;
a(hv) = A(hv - E4)"? (1)

whereE; is the optical band gap of the samples And a constant. Figure 5 shows the plotsabhf*
versus ) for the various ZnO microrod array samples. Epxfations of the linear portions of the plots
onto the energy axis were used to estimate the gapdalues using this method and these analys&s sh
an apparent decreasefidecreases from 3.26 to 3.15 eV with an increasgr aontent fronx = 0.00 to
4.63 at %. This result is in agreement with thailtsseported on Cr doped ZnO film prepared by iothe
techniques showing a slight red shift in the baag §35]. However, an opposite trend (a band gap
increase) with increasing Cr content in ZnO samples also predicted in the literature [36]. We

comment further below on the reliability of thesmt gap estimations.



Figure 6 shows low temperature PL spectra measatrdd K of undoped and Cr-doped ZnO
microrods. The UV peaks of all the samples aretémtat 3.361 eV and are ascribed to the near band
edge (NBE) emission of excitons bound to donor$X(Dmembers of the so-called | lines) [37]. The
energies of these peaks are identical within alRomoteV for all samples, indicating that the dominant
donor bound exciton emission energy is unaffectgdthe Cr incorporation. This ™ emission is
observed at a constant energy below the bandgapttaml indicates that the band gaps at low
temperatures in all samples are identical, and énghese data are in clear disagreement with the
variations in the band gap value determined byTdugc plots presented above. The low temperature PL
data give a very precise value for the band gaptdube sharp emission lines and these data provide
clear evidence that the band gaps of all sampkesiachanged by Cr incorporation. The origin of this
disagreement is easily explained. The Tauc relati@guation (1) above assumes free carrier betavio
with no electron-hole interactions, whereas for 2h@ large excitonic binding energy of 60 meV means
that significant electron-hole correlation is praseven at room temperature and the so-called
Sommerfeld enhancement factor is clearly seen sorgtion spectra at room temperature [38-40]. Thus
the use of the Tauc plot analysis is inappropfiatenaterials such as ZnO, unless correction isenfad
such excitonic effects. Changes in the absorptitme eshape in figure 4, to which the Tauc analyst/a
is very sensitive, may actually indicate a chamgihé Sommerfeld factor in absorption due to charige
excitonic stability and consequently its spectrahdiwidth, rather than a change in band gap. Faethe
reasons we judge the conclusion from the low teatpez PL data above, i.e. that the band gaps of the
samples are unaffected by Cr doping, to be theecbane.

The undoped ZnO sample also exhibits three pealddd at 3.287 eV, 3.219 eV and 3.146 eV,
respectively, in the band edge region. These peak®spond closely to the first three longitudinal-
optical (LO) phonon replicas of the’® emission, with a spacing close to the LO phoneergy of ~ 72
meV [41]. After doping the ZnO microrods with Chetse peaks reduce dramatically, due to a reduction
in the relative intensity of the near band edgession, as shown in figure 6. In the deep levelblesi

emission region, the Cr doped samples display adbdefect-related visible luminescence band which



increased in relative intensity, compared to the p#ék, with increased Cr doping level. The PL data
thus shows evidence for an increase in opticallivadeep level defects with increased Cr dopinglle

In order to understand the magnetic behavior ofhtfeorods, the magnetization versus the field
dependence curves of the samples correspondirtng tactual compositions x = 1.07, 2.49 and 4.63 at %
were measured at 300 K and are shown in figureh@. diamagnetic contribution from the substrate is
subtracted from the total magnetization. All thremps are found to be hysteretic, indicating
ferromagnetic behavior at room temperature. Th&,12049and 4.63 % Cr-doped samples possess the
remnant magnetizations of ~ 1.56, ~ 4.86, and ¥ &@u/cm, respectively, and their coercive forces
(Ho) are ~ 251, ~ 168 and ~ 348 Oe, respectivelys Itlear that all three samples showed clear
ferromagnetic behavior, however, the 2.49 % Cr-dogrO sample showed a remnant magnetization
higher than that of 1.07 % and 4.63 % Cr doped &snwhile the 4.63 % Cr-doped sample showed the
highest coercive field.

In principle, as the Cr concentration in ZnO samplereases, a number of antiferromagnetic
phases may occur such as Cr metajOgand CgO, [42]. However these phases will not contribute to
ferromagnetism, except in the case of the {paase [43]. These phases weren’t observed inasaples
by XRD measurements. Therefore, based on the discuabove, room temperature ferromagnetism in
our Cr-doped ZnO sample is from the ferromagnetieraction between the Cr ions substituting for Zn
lattice ions rather than from the chromium oxideusions.

Several groups have found that the intrinsic defptay crucial roles in the ferromagnetism of Cr
doped ZnO. For example, Liu et al. [44] indicatlkdttpoint defects such as;Zm Vz, are responsible for
ferromagnetism in Cr:ZnO and Hong et al. [45] hpemted out that the magnetization in their Cr:ZnO
films is related to oxygen vacanciesy(VLi et al. [46] also investigated the magnetiog@rties of Cr-
doped ZnO samples prepared under a high magnetit samples prepared under a 4 T field showed
clear ferromagnetic behavior at room temperaturereas other samples prepared without magnetit fiel
showed no ferromagnetic behavior, possibly indigathat the interaction between Zn vacancies and Cr
dopants contributes to the origin of ferromagnetismCr-doped ZnO. Furthermore, Liu et al. [47]

suggested that two key factors lead to the appearahferromagnetism in transition metal(TM)-doped



ZnO nanocrystals: one is the increase of the nurabelefects and oxygen vacancies, the other is the
exchange interactions between the TM ions and thierOspin moment. Similarly, Chu et al. [48]
reported theoretical calculations showing that ¢hgin of magnetic properties of Cr:ZnO films is
induced by Cr 3d and O 2p spin moments.

With regard to the origin of the ferromagnetismerved in our samples and considering the full
range of XRD, XPS and optical measurements, owr dauld support the hypothesis that the magnetic
behavior observed is related to the presence ohéit defects. As discussed previously, PL specdra
provide information on optically active deep ledefects in the Cr doped ZnO microrods. From fidghre
the relative intensity of the deep level band foldGped ZnO samples is larger than that of und@jea,
indicating that Crdoping may increase the concentration of defeath 1 oxygen vacancies and Zn
interstitial, consistent with the hypothesis thatts defects may be the origin of the room tempegatu
ferromagnetism observed in our samples [49,50]e@tetomplexes such a&, + Cr, and \p + Cry,
may also form during the deposition Cr-doped Zn@rarods and may contribute to the ferromagnetic
behavior [51]. Electrons trapped locally by theséedts may occupy an orbital overlapping with the
shell of TM neighbors to form bound magnetic poter{62].

Magnetization versus temperature (M-T) curves Wss measured in the temperature range of 5-
300K and is plotted in figure 8. As seen from tliigure, the temperature dependence of the
magnetization of the 2.49 at % Cr-doped ZnO sampldinear at high temperatures.t Aower
temperatures it displays a steep rise with pronedmmoncave curvature but without showing any distin
magnetic phase transition. Based on these datamveanclude thahe Curie temperature for this sample
is well above room temperature, but it is hard étednine the exact value, since the value of theeCu
temperaturas rather high, exceeding the range of our measemén Quite a number of works in the
literature have shown that Cr-doped ZnO shows feagnetism at Curie temperatures above room

temperature [47,53].



4. Conclusions
Based on the XRD, SEM, XPS, optical absorption,aPd magnetic measurements of our samples the
following main points emerge: (i) the undoped samiphd a hexagonal structure with a strong (002)
preferred orientation. Cr incorporation did notrsfigantly change the texture or the morphology thiat
lead to a slight reduction in c-axis lattice constéii) XPS studies show that Cr doping alters sheface
composition of the ZnO microrods and bonds withgetyatoms in the structure. The Cr 2p3/2 and 2p1/2
binding energies are seen at 577.34 and 586.22oeMsponding to Cf indicating that the electron
binding energy of Cr in ZnO is similar to that imrp CpOs; (iii) compared to the undoped ZnO, the
number of optically active deep level defects iased for Cr doped ZnO microrod samples; (iv)
magnetic measurements indicated that the Cr-dop€d samples show ferromagnetic behavior at room
temperature.

These data allow us to further conclude that C€irdoped ZnO microrods prepared by spray
pyrolysis is incorporated in the lattice on Zn sigand as Cf ions instead of Cf ions, and that deep level
intrinsic defects and complexes may be the origithe room temperature ferromagnetism observed in

these samples, consistent with other reports ifitdrature.
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Figure Captions

Figure 1. XRD patterns of (a) undoped, (b) 1.07 #4 &) 2.49 % Cr and (d) 4.63 % Cr-doped ZnO
microrod array samples.

Figure 2. SEM images of (a) undoped, (b) 1.07 % @) 2.49 % Cr and (d) 4.63 % Cr-doped ZnO
microrod array samples.

Figure 3. XPS survey spectra of undoped and 4.63r%oped ZnO microrod array showing binding
energy spectrum of Cr 2 p and Gaussian fittingnget

Figure 4. Optical transmission spectra of undofded7 % Cr-, 2.49 % Cr and 4.63 % Cr-doped ZnO
microrod array samples

Figure 5. Plots ofahv)® versus(hv) for undoped, 1.07 % Cr-, 2.49 % Cr and 4.63 %l@ved ZnO
microrod array samples.

Figure 6. PL spectra of undoped, 1.07 % Cr-, 2.4€f@and 4.63 % Cr-doped ZnO microrod array
samples recorded at 10 K. The intensities of timeptes are normalized so that the UV peak at ~ 3.361
eV has the same value for all samples. The achedtsa showed a monotonic reduction in UV peak
intensity of about a factor of 6 from the undopedhe 4.63% Cr-doped sample.

Figure 7. Room temperature M-H curves of 1.07 % £49 % Cr- and 4.63 % Cr-doped ZnO microrod
array samples.

Figure 8. Temperature dependence of magnetizatiam® % Cr-doped ZnO microrod array sample.



Table Captions
Table 1. Actual atomic concentrations of Zn, O oirCundoped and 2 % Cr-, 4 % Cr- and 6 % Cr-doped

ZnO microrod array samples

Table 2. Binding energies of Zn and Cr in undoped| 463 % Cr-doped ZnO microrod array samples.

Table 1
at %
Sample
Cr Zn O
ZnO - 49.02 50.98

2 % Cr doped ZnO 1.07 42.64 56.29
4 % Cr doped ZnO 2.49 40.19 57.32
6 % Cr doped ZnO 4.63 38.93 56.45

Table 2

Sample Zn 2p; (eV) Zn 2py, (eV) Cr 2ps2 (V) Cr 2py2 (V)

ZnO 1022.00 1045.28 - -

4.63 % Cr-doped ZnO 1021.88 1044.98 577.34 586.22
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