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Abstract Cobalt doped zinc oxide thin films have been

deposited using spray pyrolysis method. These single

phasic films exhibited [100] preferential texture and small

decrease in the lattice parameter on cobalt substitution. The

films having different Co concentration have almost similar

surface morphology and microstructure. These Zn1-xCoxO

(x B 0.10) thin films distinctly showed ferromagnetic

character at room temperature. The optical transmission

measurements of these films clearly proved that in these

films Co substitutes for Zn2+ and exists in +2 state. Based

on the optical, structural and magnetic measurements, the

possibility of occurrence of ferromagnetic ordering due to

cobalt clustering is ruled out in these spray-pyrolyzed

films. A correlation of the observed ferromagnetic behavior

in these Zn1-xCoxO films with structural change resulting

from the addition of Co is presented in this paper.

1 Introduction

In the past few years, transition metal substituted II–VI

oxide semiconductors, namely ZnO, SnO2 etc., have

attracted a renewed research interest due to the prediction of

room temperature ferromagnetism (RTFM) in them [1, 2].

The RTFM observed in these oxide semiconductors has

opened a new window for potential application of these

materials in realization of spintronic devices. However, the

experimental findings on the room temperature ferromag-

netic ordering in transition metal doped oxide

semiconductors reported so far are at large variance and the

nature (i.e., extrinsic or intrinsic) and origin of room tem-

perature ferromagnetism is yet far from being clearly

understood [3–18]. In our earlier study on chemically syn-

thesized nanocrystalline ZnO:Co powder samples [3–5], we

have established the presence of RTFM in these samples as

an intrinsic effect. The observed RTFM is certainly not due

to cobalt clustering, and has been explained on the basis of

the bound magnetic polaron model.

Akin to the case of bulk ZnO:Co samples, the experi-

mental results regarding the presence and origin of RTFM

in case of thin films are equally divergent. In case of thin

films, though there exist many reports of RTFM in Co

doped ZnO films [6–15]. In one case, giant magnetic

moment of 6.1 lB/Co has been reported in the insulating

ZnO:Co thin films [6], whereas in some other cases, RTFM

is either claimed to be carrier mediated [7, 8] or attributed to

the presence of Co clusters [13–15]. Contrary to the above,

ZnO:Co films are reported to be paramagnetic [16–18].

In the present work, we have tracked RTFM in the Co-

substituted ZnO thin films which have been deposited by

spray pyrolysis. It may be noted here that for deposition of

the ZnO:Co thin films, we have employed same precursors,

which were used for preparation of nanocrystalline ZnO:Co

powder samples. The preliminary results of their structural,

optical, and magnetic properties are presented.

2 Experimental details

The Zn1-xCoxO (with x = 0, 0.05 and 0.10) thin films were

spray deposited on quartz and glass substrates. Zinc acetate
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dihydrate [Zn(CH3COO)2�2H2O] and cobalt acetate tetra-

hydrate [Co(CH3COO)2�4H2O] were used as precursors;

and their powders in the desired molar ratio were dissolved

in methanol. The molarity of the solution was maintained

at 0.4 M. The substrate temperature was maintained

380 �C during the deposition of films. The flow rates of the

carrier gas and the solution were maintained at 0.2 kg/cm2

and *20 mL/min, respectively. The film deposition was

carried out for 15 min in air ambient. The phase analysis of

the resulting thin films was performed by employing the

glancing angle X-ray diffractometer (Philips, X’Pert PRO).

Vibrating sample magnetometer (Model P525) option with

PPMS from Quantum design (Model QD6000) was

employed for magnetization (M) versus applied field

strength (H) investigations of these thin films. A double

beam spectrophotometer (Perkin-Elmer-900) was

employed for studying the optical properties of these

ZnO:Co films in UV–VIS range. The surface morphology

of the films was studied by Atomic Force Microscope using

Nanoscope (Model IIIa, Digital Instruments).

3 Results and discussion

Figure 1 shows the glancing angle X-ray diffractograms

(XRD) of the spray deposited Zn1-xCoxO thin films with

x = 0.0, 0.5 and 0.10. In these diffractograms, all the

observed peaks were found to correspond to wurtzite

structure of ZnO. In addition, the films were found to be

textured along [100]. No peaks corresponding to either Co

metal or any of its oxides were observed in any of the

diffractograms, which indicates that there is no additional

phase present in Zn1-xCoxO films, at least with in the limit

of X-ray detection (0.5%).

Table 1 shows the lattice parameter ‘a’, full width at

half maxima (FWHM, Br) of (100) peak, the calculated

crystallite size and lattice strain of different thin film

samples of Zn1-xCoxO. The lattice parameter ‘a’ was cal-

culated using (100)—the most intense peak. As seen from

the Table 1, the lattice parameter ‘a’ for Zn1-xCoxO sam-

ples is found to be smaller than that of pure ZnO. This

decrease in ‘a’ is indicative of substitution of Co2+ in the

ZnO lattice, since the ionic radii of Co2+ (0.58 Å) is

smaller than that of Zn2+ (0.60 Å) in the tetrahedral coor-

dination. Similar small decrease in the lattice parameter on

Co addition in ZnO was reported previously also [10]. It

may be mentioned here that if Co2+ ions were present in the

octahedral environment, it would be signaled by significant

increase in cell volume since octahedral Co2+ has an ionic

radius of either 0.65 Å (low spin) and of 0.74 Å (high spin

state) [19]. It is to be noted that Co3+ ion, though of smaller

ionic radii does not readily enter the tetrahedral coordina-

tion [19].

It is known that the peak broadening occurs due to

decrease in crystallite size and also due to increase in the

lattice strain. The FWHM, Br, of the diffraction peaks, after

subtracting the instrumental broadening effect, can be

considered as a sum of the two contributions,

Br ¼ Bcrystallite þ Bstrain

Br ¼ 0:9k / ðL cos hÞ þ g tan h

where Br
2 = Bo

2 - Bi
2, with Bo and Bi representing the

FWHM of the diffraction peak for the present film sample

and a standard Si, respectively. Further, k is the wavelength
of X-rays used, L is the crystallite size, and g is the lattice

strain. Multiplying above equation with cos h, we get

Brcos h ¼ 0.9 k /L þ g sin h

The average crystallite size and strain can, therefore, be

calculated by plotting the Brcos h versus sin h for the

observed XRD peaks. The slope of the plot gives the strain,

whereas, the intercept yields the crystallite size. The

broadening of the peak increases rapidly with the increase

in h due to both crystallite size and lattice strain, but the

difference between these two contributions is distinct at

smaller values of h. It is, therefore, desirable to use dif-

fraction peaks at smaller diffraction angles to separate the

Fig. 1 Glancing angle X-ray diffraction patterns of the Zn1-xCoxO

thin films with x = 0.0, 0.05 and 0.10

Table 1 The lattice parameter ‘a’, FWHM of (100) peak, the

calculated crystallite size and lattice strain of the various thin film

samples of Zn1-xCoxO

Sample ‘a’

(Å)

FWHM

(�)
Crystallite

size (nm)

Strain

ZnO 3.235 0.336 75 3.2 9 10-3

Zn0.95Co0.05O 3.230 0.413 54 8.6 9 10-3

Zn0.90Co0.10O 3.228 0.438 54 13.6 9 10-3
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two effects. Hence, the crystallite size and the strain were

calculated using (100), (101) and (110) peaks in the X-ray

diffraction patterns. These values are given in Table 1. It

may be noted from Table 1, that the FWHM is seen to

increase with the increase in Co concentration in the films.

This could be attributed due to both the decrease in the

crystallite-size from a value of 75 nm in pure ZnO to a

values of *50 nm in ZnO:Co (10%) film, and a decrease

in the crystallinity of the ZnO:Co film on cobalt incorpo-

ration, which is indicated by the increase in the lattice

strain. This could be associated to an increase in the

number of defects. It is thus concluded that cobalt substi-

tution definitely affects the crystalline structure of ZnO thin

films, in the present case.

To study the optical properties of Zn1-xCoxO thin films,

the transmission spectra of the thin films with x = 0.0, 0.5

and 0.10 were recorded in a wavelength range of 200–

1,200 nm, using a double-beam spectrophotometer. The

transmission spectra of these films, recorded at room

temperature, are shown in Fig. 2. It may be noticed that in

addition to the occurrence of absorption edge in the range

of 370–400 nm corresponding to the band gap of Zn1-

xCoxO films having different cobalt concentration, addi-

tional absorption peaks appear in the case of Co substituted

ZnO films. These peaks/dips in the transmission curves are

observed at 568, 616 and 660 nm. None of these absorp-

tions correspond to the band edge of cobalt oxide. To

confirm this statement, a film of cobalt oxide was spray

deposited using cobalt acetate tetrahydrate solution. The

XRD pattern of the film revealed that Co3O4 was the oxide

of cobalt that is formed. An optical transmission spectrum

of pure Co3O4 thin film was also carried out and is also

shown in Fig. 2. The spectrum of Co3O4 has an absorption

edge at *816 nm (1.6 eV) corresponding to its band gap.

Since no absorption at this wavelength is seen in any of the

transmission spectra of Zn1-xCoxO thin films, it implies

that Co3O4 phase is not present in any of the Zn1-xCoxO

films. This substantiates the XRD results of these films,

which do not show any peaks corresponding to Co3O4. The

observed characteristic absorption bands (at 568, 616 and

660 nm) are due to interatomic d–d transitions among Co+2

ions associated with the tetrahedral crystal field splitting in

ZnO lattice as explained below.

A Co+2 cation is in 3d7 configuration. 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 [20]. However, when the Co2+

exists in the tetrahedral field, the 4F term splits into 4A2(F),
4T2(F) and

4T1(F), with
4A2(F) being lowest in energy and

the remaining two having higher energies. The 4P term

corresponding to the first excited state does not split, but is

transformed into 4T1(P). Similarly, 2G splits into 2A1(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 higher energy states. The absorption peaks

observed at 568, 616 and 660 nm (see Fig. 2) correspond to

the following transitions:

4A2ðFÞ ! 2A1ðGÞ 568 nm

4A2ðFÞ ! 4T1ðPÞ 616 nm

4A2ðFÞ ! 2EðGÞ 660 nm

The observation of these transitions in the transmission

spectra of our Zn1-xCoxO films (Fig. 2) thus clearly reveals

that the added cobalt atoms have substituted Zn+2 cations

and are present in +2 state. This conclusion thus

substantiates our inference drawn from the structural

characterization about substitution of Zn+2 by Co+2 in

ZnO:Co films. It may be further noted that the intensity of

the absorption dips increases with increase of cobalt

concentration in the Zn1-xCoxO films. The area under the

Co2+ absorption peaks increases proportionally to the Co

concentration in the spray solution. This again reveals that

with increase in Co concentration in Zn1-xCoxO films,

more and more cobalt goes into the ZnO lattice.

In addition, it may also be noted from Fig. 2 that with

increase in ‘x’ the absorption edge shifts to lower energy

side. This red shift of Eg edge with more and more Co+2

going into ZnO lattice can be explained by sp-d exchange

interaction between the band electron and localized d-

electron of the Co+2 substituting for Zn+2 ions. The s-p and

p-d exchange interactions give rise to a negative and a

positive correction to conduction and valance band edges,

leading to narrowing of the band gap [21].

The surface microstructure and morphology at nano-

metric scale in these Zn1-xCoxO thin films were studied by
Fig. 2 The transmission spectra of Zn1-xCoxO thin film samples with

x = 0.0, 0.05 and 0.10, and Co3O4
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atomic force microscopy (AFM). As seen from AFM ima-

ges in Fig. 3, the films are uniform and densely packed. All

the films understandably exhibit granular structure. It

appears that the incorporation of cobalt atoms does not

significantly affect the microstructure and surface mor-

phology. The average particle size and the rms (root mean

square) values of the roughness estimated from the AFM

micrographs are given in Table 2. It may be noted that all

the films have an rms roughness in the range of 12–18 nm

and have an average particle size in the range of 80–

110 nm. The crystallite sizes, as inferred from the AFM

micrographs are bigger than that obtained from the XRD

patterns (See Table 1). This suggests that the bigger

particles seen in AFM micrographs are due to the

agglomeration of small crystallites. Since the Zn1-xCoxO

films are deposited under same growth conditions (i.e.,

identical deposition temperature and on the same substrate),

not much change in the microstructure is expected. Thus,

Co addition in ZnO films does not cause any significant

change in the surface morphology and microstructure as

revealed from the nanoscopic studies.

The magnetic properties of the Zn1-xCoxO thin films

were studied by carrying out room temperature magneti-

zation versus field (M–H) measurements. The DC-magnetic

field was applied parallel to the film plane. The M–H

measurements of the quartz substrate and pure ZnO thin

film were also carried out. The M–H plot of the quartz

substrate (as shown in Fig. 4), is found to be linear with a

negative slope, indicating a pure diamagnetic behavior. For

the Zn0.95Co0.05O and Zn0.90Co0.10O samples, a distinct

non-linearity was observed in the as recorded M–H data

(see Fig. 5). It is observed that the non-linearity increases

with the increase in cobalt concentration in the films. It is

clear from the Fig. 5 that the observed M–H behavior of the

samples is a collective result of a large diamagnetic con-

tribution, together with a small ferromagnetic component.

As mentioned above, the diamagnetic behavior is due to the

substrate (together with the sample holder) and the observed

ferromagnetic contribution results from the Zn1-xCoxO

films. The ferromagnetic fraction is extracted from the raw

data by subtracting the diamagnetic contribution calculated

from the slope of the high field linear M–H region. The

extracted M–H loop of this corresponding to the FM phase

present in the film is shown in Fig. 6. It may be mentioned

here that in all the measurements, the film-samples of

approximately same area (3 9 5 mm2) were employed so

as to have approximately the same mass of the film.

From the foregoing, it turns out that for the same film

mass, the saturation moment of the Zn1-xCoxO films

increased only slightly with increase in Co concentration. It

may be noted that the appearance of saturated hystersis

loop (see inset of Fig. 6) by a small applied field (300 mT)

precludes the presence of superparamgnetic clusters. In a

separate work, we have analyzed in detail high field M–H

data (up to 9 T) in the temperature range of 10–300 K of

these Zn1-xCoxO thin films [22]. Recall that in these thin

films, either little (undetected) or no cobalt oxide is formed

(as concluded from the XRD and optical results). Absence

of cobalt oxide is expected since the films were deposited

for a small duration of *15 min which has understandably

enhanced the solubility of Co in ZnO due to the well

known non equilibrium nature of the thin film growth

process. Since the films are deposited at fairly high tem-

perature (*380 �C) in ambient condition, presence of

clusters of cobalt is altogether ruled out (consistent with

our XRD results). Thus, the observed magnetic behavior

cannot be ascribed to the presence of cobalt-clusters. Fur-

ther, the oxides of cobalt (Co3O4 and CoO) and the known

compounds of ZnO and Co (e.g., ZnCo2O4) are paramag-

netic at room temperature and hence, cannot result in the

observed RTFM. Based on the results of our thin film

samples, it is concluded that the observed RTFM cannot be

Fig. 3 The 2D AFM pictures

(a) ZnO, (b) Zn0.95Co0.05O and

(c) Zn0.9Co0.1O

Table 2 RMS roughness and the average particle size of Zn1-xCoxO

thin films as estimated from the AFM micrographs

Sample RMS roughness (nm) Average particle size (nm)

ZnO 17 84

Zn0.95Co0.05O 12 84

Zn0.90Co0.10O 18 83
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ascribed to Co clusters and must be an intrinsic effect of

cobalt incorporation into ZnO lattice.

Since these films possess high resistivity (*107 Xm),

the observed RTFM could be associated with the formation

of bound magnetic polarons [23], similar to the case of our

nanocrystalline Zn1-xCoxO powder samples [3–5]. Coey

et al. [24] have alternatively ascribed origin of FM to

defect related magnetic ordering. It may be recalled that, in

the present case, the AFM micrographs of these films

suggest that there was no change in the microstructure due

to Co incorporation, although, an increase in the strain and

decrease in the crystallinity was evidenced. Thus, alterna-

tively, the observed increase in RTFM with increase in

cobalt concentration in the present films could be defect

mediated. Due to lack of any conclusive/definite evidence

in favor of this possibility, a firm correlation of RTFM with

either defect related magnetic ordering or bound magnetic

polarons cannot be established yet.

4 Conclusions

Thin films of Zn1-xCoxO (with x B 0.10) were deposited

by spray pyrolysis technique on quartz/glass substrates.

These films exhibit room temperature ferromagnetic

ordering. The XRD results indicate that the films have

wurtzite structure and are preferentially [100] textured. The

small change in the lattice parameter ‘a’ with x, is con-

sistent with the incorporation of Co2+ in the ZnO lattice.

No X-ray evidence of metallic cobalt or any of oxides of

cobalt is found in these thin films. The Zn1-xCoxO films

having different Co concentration have almost similar

surface morphology and microstructure. The optical

transmission spectrum of the film evidenced (i) the pres-

ence of d–d band transitions, (ii) shift of absorption edge to

lower energy values with increase in cobalt concentration,

and (iii) the systematic variation of the intensity of

absorptions of d–d band with the increase in cobalt con-

centration. These observations conclusively prove that in

these films Co exits in +2 states at tetrahedral sites and

substitutes Zn2+. In view of insulating nature of these Zn1-

xCoxO thin films, the observed magnetic ordering at room

temperature can possibly be attributed due to either bound

magnetic polaron model or defect mediated spin split

model.
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Fig. 4 The M–H plot recorded at 300 K of quartz substrate

Fig. 5 As recorded M–H plots Zn0.95Co0.05O and Zn0.9Co0.1O thin

films (T = 300 K)

Fig. 6 The magnetization versus field behavior of the ferromagnetic

phase extracted from the raw data for the Zn0.95Co0.05O and

Zn0.9Co0.1O thin films. The inset shows the enlarged view if the

hystersis loop of Zn0.95Co0.05O thin film
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