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Abstract We report synthesis and characterization of

nanoparticles and thin films of undoped and cerium doped

zinc oxide (Ce:ZnO).Samples were prepared by sol–gel

and spin coating method. The effect of cerium concentra-

tions, as a rare- earth impurity, on structural and optical

properties of ZnO is examined. X-ray diffraction (XRD)

measurements have proven that the films are polycrys-

talline with the (101) as preferential crystallographic ori-

entation. Grain size of the prepared ZnO NPs is

approximately 20 nm and for the doped samples is

*43 nm. From the differential thermal analysis crystal-

lization thermal threshold was detected to be 400 �C. As
observed by field emission scanning electron microscopy,

XRD and optical transmission, the film microstructure is

strongly dependent on the dopant concentration. Data

obtained from the UV–Visible spectroscopy shows a blue

shift in the absorption edge of cerium doped ZnO which is

confirmed by optical band gap calculation.

Keywords ZnO � Thin films � Sol–gel � Band gap �
Cerium doping

1 Introduction

Zinc oxide (ZnO) is naturally an n-type semiconductor

which has the electrical conductivity due to either oxygen

vacancy or interstitial Zn, which gives rise to a shallow

donor level just below the conduction band. ZnO thin films

exhibit a direct band-gap of 3.37 eV at room temperature

(RT) with large exciton energy of 60 meV. This strong

binding energy which is much larger than the thermal

energy at room temperature (*26 mev) can ensure an

efficient exciton emission at RT under low excitation

energy. ZnO is also one of the semiconductors having good

chemical stability against hydrogen plasma [1] and suitable

for photovoltaic applications because of its high-electrical

conductivity and optical transmittance in the visible region

of the solar spectrum [2], which is very important in Dye-

sensitized solar cell fabrication. Thin layers of these

materials, in application as transparent conductive elec-

trode, have some more requirements, which ZnO can

potentially fulfill—e.g. good contacts to the active semi-

conductors, possibility to prepare as thin layers on large

areas by deposition methods, suitable light scattering

properties for light trapping, low cost, non-toxicity, abun-

dance in earth crust [3]. ZnO has also attracted intensive

research effort for its many more applications in hydrogen

storage [4], spintronics, and surface acoustic wave devices

[5]. However, certain applications require ZnO films with

some specific structure characteristic, morphology and

optical band gaps. Doping is an important and effective

way to improve the physical properties of ZnO thin films.

Rare earth metals as dopant are good candidate for this

purpose, in many advanced technology applications espe-

cially in catalyst field. Among different rare earth metals,

the cerium doping has received much attention due to its

important properties including; (a) the redox couple Ce3?/
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Ce4? that makes cerium oxide shift between CeO2 and

Ce2O3 under oxidizing and reducing conditions and; (b) the

easy formation of labile oxygen vacancies with the rela-

tively high mobility of bulk oxygen species [6]. Therefore,

it is expected to observe a modification of photo-response

of the Ce-ZnO nanostructures. Dopant concentration

accompanied with post annealing process may have major

influences on the structure and properties of the prepared

doped ZnO films. So, we have now investigated, perhaps

for the first time these influences on the cerium doped ZnO.

There are various kinds of deposition methods for ZnO

film fabrication; however, sol–gel technique based on

solution has the advantage of producing large scale films

[7, 8]. By spin coating one can make a quite small depo-

sition region which is very useful in cheap technological

applications.

2 Experimental Details

2.1 ZnO:Ce Nanoparticles

Cerium doped ZnO nanoparticles were prepared from a sol

which we provided as follow: Zinc acetate powder

Zn(Ch3COO)2�2H2O was solved in alcohol ethanol(C2H5-

OH). Since, ZnO solubility in ethanol is low, some value of

MEA (monoethanol amine; NH2CH2OH) was added, with

the same molarities of zinc acetate, as a stabilizer. The

molar ratio of MEA to zinc acetate was maintained at 1.0

and the concentration of zinc acetate was 0.7 mol/L.

Ce(NO3)3�6H2O, as a dopant was added to the ethanol.

Cerium concentration of 3 at, 5 at and 7 at.% was exam-

ined. For example, for preparing of Zno:Ce 3 at.%, we

used 4.47 g Zn(Ac)2 and 0.27 g Ce(No3)3 and then 1.24 g

MEA, also for ZnO:Ce 5 %, we used 4.37 g Zn(Ac)2 and

0.455 g Ce(No3)3 and then 1.21 g MEA. And finally for

preparing ZnO:Ce 7 %, we used 4.28 g Zn(Ac)2 and

0.638 g Ce(No3)3 and then 1.192 g MEA. Prepared solu-

tion, after 24 h, is then stirred by a magnetic stirrer for an

hour to obtain a homogeny and transparent solution.

Solution is then put in an oven at 150 �C for 48 h. The

formed NPs were heat treated in an electric furnace for 1 h

in 550 �C in order to study changes in their composition

and morphology.

2.2 ZnO:Ce Thin Films

The same sol prepared by the above process was coated on

glass substrate of 25 9 25 9 1 mm3 by a spin coating

system. Glass substrate was initially cleaned by methanol

and deionised water then dried at 150 �C.The spinning

speed was 3000–4000 rpm (according to viscosity of

solution for coating layers we used two different speeds),

for 30 s. In order to evaporate the solvent, unwanted

impurities and any organic residues which might be in the

prepared films, they were pre-heated from 50 �C up to

oven’s temperature reaching to final temperature of 150 �C
remaining in this temperature for 15 min (not the layer to

be suddenly shocked in high temperature). The above

coating and pre-heating were repeated until desired thick-

ness of the films was achieved. After four times coatings

thickness of the films reached to 200 nm. The as-coated

films were subsequently calcined at 450 and 500 �C for 1 h

to eliminate any undesired species and to achieve the pure

ZnO thin films. Finally they were cooled to room tem-

perature still in the furnace. Successive coating was carried

out to achieve an approximate optimum thickness.

3 Results and Discussion

The chemical processes that take place during the

decomposition of the precursor sols and the formation of

Ce:ZnO was followed by thermo-gravimetric (TG). TG and

differential thermal analysis (DTA) of ZnO(and Ce:Z-

nO)NP are shown in Figs. 1, 2, respectively. Dried gels

were analyzed in DTA system containing nitrogen gas by

heating from RT to 800 �C with the rate of 10 �C/min. As

we can see from the Fig. 1, weight loss occurs in three

regions of \250 �C, between 250 and 320 �C and also

between 320 and 400 �C. There is no weight loss after

*400 �C. So, the annealing temperature in next analysis

was selected[400 �C. The first loss is due to evaporation

of either water molecules or organic residues in the solvent.

In second region; 250–320 �C weight loss is due to organic

component decomposition besides the removing of some

water which is produced during the condensation of sol–

gels. Last region can be due to the organic components

burning [9]. A relatively wide band from the DTA curve
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Fig. 1 TG curves of dried gels of ZnO and Doped ZnO
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appeared in *400 �C is due to exothermic reaction caused

by organic residue decomposition and to the beginning of

ZnO crystallization [10]. This interpretation of the results

can be confirmed by comparison of the crystallization rates

of NP and the films.

3.1 Structural Properties

3.1.1 XRD Patterns of Nanoparticles

X-ray diffraction (XRD) pattern of undoped and cerium

doped ZnO are shown in Fig. 3. Three major peaks are

appeared with 2h at 32, 34 and 36o related to the crystal

orientation of (100), (002) and (101), respectively.

All observed features in this figure are indications of a

polycrystalline hexagonal wurtzite structure for ZnO films

according to the JCPDS (34-1451) standard data. The

appearance of the same oriented peaks in the XRD diagram

of the Ce doped ZnO is a signature of the Ce incorporation

in the ZnO host. Moreover, there are some features, mainly

at 28–30� which is attributed (according to the JCPDS card

number of 75-0390) to the cubic structured CeO2 crystal-

lites which are formed at 500 �C in the Ce-doped

nanocomposite. Tetravalent cerium dioxide in this com-

posite appears with a different valence from cerium nitrate

hexahydrate. There is a shift of valency in the course of the

two-fold calcinations of the NPs, which is in agreement

with other authors [11]. There is no indication of extra

composite metallic oxide in Ce:ZnO sample. A calculation

of the particles size was made by the Debye Scherer’s

relation given by

D ¼ 0:9k=bcosh; ð1Þ

where, k is the wavelength of ka of cooper target atoms

(k = 1.54A�), ‘h’ is the Brag angle of the (101) peak

which has a relative preference in C-axis orientation. b is

the angular full width of the (101) peak at half of its

maximum intensity (FWHM).The average grain size of the

undoped and Ce-doped ZnO NPs was estimated to be

25 nm and 20 nm, respectively. It was found that by add-

ing cerium into pure ZnO NPs, the average grain size

decreased. Lattice constants ratio, c/a calculated for NP of

ZnO was 1.59 and for Ce:ZnO was 1.60.

3.1.2 XRD Patterns of ZnO Thin Films

Figure 4 shows a diffraction pattern of ZnO thin film

annealed in 550 �C.The presence of (100) (002) and (101)

peaks accompanied with some lower intense peaks is

indexed to the ZnO wurtzite structure as it was mentioned

above for NPs ZnO. These results confirm the existence of

ZnO thin films on the glass substrate. The XRD results

indicated that all calcined ZnO thin films are polycrys-

talline with random orientation because the ratio of the
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Fig. 3 XRD patterns of ZnO and ZnO:Ce NP, annealed in 550 �C
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Fig. 4 XRD pattern of a ZnO thin film annealed in 550 �C
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intensity of the (101) peaks over the total intensity of the

three diffraction peaks: (100), (002) and (101) is not very

significant.

Figure 5 shows the same patterns for the cerium doped

ZnO thin films. As it is clear from these diffractograms the

three main peaks with 2h at *32, 34 and 36� are common

for Ce:ZnO annealed at 450 and 550 �C for the three dif-

ferent cerium concentrations of 3, 5 and 7 at.%. However,

it is clear that the crystal quality in all these cases is not

good as it was for cerium doped ZnO NPs and even for

undoped ZnO thin films. Meanwhile, a lower intensity peak

related to the CeO2 impurity appeared in 2h–28� is now

more obvious. It seems that, during the deposition process,

dopants get more chance to grow up. It was found that, by

increasing the annealing temperature, crystal quality

improves, particularly for the medium concentration of 5 at

.%. In the 5 at.% one, intensity of all the three major peaks

markedly improves with annealing temperature from 450

to 550 �C. This intensity enhancement may be due to high

annealing temperature providing energy to crystallites

gaining enough energy to orient in proper equilibrium sites,

resulting in the improvement of crystallinity and degree of

Fig. 5 XRD plots of cerium doped ZnO thin films, (a), (c), (e) annealed in 450 �C and (b), (d), (f) annaled in 550 �C
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orientation of the Ce:ZnO films. It was also found that the

FWHM of the plane decreases with the increase of the

annealing temperature, which can be attributed to the

coalescences of grains at higher annealing temperatures

[12]. Average grain size for all the three doped samples

was estimated from the Eq. (1) to be about 40 to 50 nm,

Fig. 6 SEM images of (a) ZnO, (c) ZnO: Ce 5 at.%, (e) ZnO: Ce 7 at.% annealed in 450 �C and (b) ZnO, (d) ZnO: Ce 5 at.%, (f) ZnO: Ce
7 at.% annealed in 550 �C
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depending on the annealing temperature. It was found that

by adding cerium into pure ZnO films, the average crys-

tallite size decreased. This can be due to the larger ionic

radii of Ce4? and Ce3? (0.092 and 0.103 nm, respectively)

than that of Zn2? ion of 0.074 nm. Therefore it is difficult

for Ce4? and Ce3? to enter into the crystalline lattice of

ZnO to substitute Zn2?. The Ce4? and Ce3? ions seem

more likely to form a complex with the surface oxygen of

ZnO, which decreases the ratio of crystallinity [13] and

decrease the b and increase the D.

More agglomeration which occurs for a suitable amount

of cerium dopants, is in agreement with the data obtained

from the field emission scanning electron microscope

(FESEM) images (Fig. 6). Since the ionic radii of

Zn2?(0.074 nm) is smaller than that of Ce4? (0.092 nm) and

of Ce3? (0.103), which might still be present in the doped

film, Zn2? are only partially replaced by the cerium ions.

However one has to note that there are some oxygen inter-

stitial as a source of defects in doped ZnO. These defects

make more charge carrier concentration which, in turn,

increases the conductivity and decreases the band gap width

which is confirmed by optical properties investigations.

3.1.3 Surface Morphology

The surface morphologies of the ZnO:Ce films prepared by

spin coating of the provided gels was investigated by a

FESEM. In general, a crystalline structure consisting of

small grains separated by some empty spaces are observ-

able from the images (Fig. 6a–f). Particles size of about

100 nm for the pure ZnO films fired at 450 �C, and 150 nm

for that of 550 �C was calculated from the images data. By

adding the cerium dopants it is shown that the grain size

tends to decrease with the increase of the concentration of

cerium. However, in the case of smaller cerium dopant of 3

and 5 % there appears some larger irregular shape

(columnar in the case of 3 % content, shown separately in

Fig. 7) grains mounted on the fairly rounded particles. The

height of these column reach up to *250 nm. As we

mentioned above, grain growth is affected by cerium.

3.2 Optical Properties

3.2.1 Optical Transmittance

Evidence for Ce substitution in the ZnO lattice for the

prepared films can be inferred from optical absorption

measurements. Figure 8 shows the transmittance spectra in

the wavelength range of 300–800 nm for pure and cerium

doped ZnO films at two different cerium content. The

transmittance spectra show that all films exhibit a trans-

mittance of 50–90 % in the visible range. Note that the

films are relatively thicker ([250 nm) than those of more

Fig. 7 SEM image of ZnO:Ce 3 at.% thin film annealed in 450 �C
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transparent films usually reported in the literature. We have

previously reported the effect of film thickness on the

transmittance of sol–gel prepared ZnO thin films [7].

However transmittance of ZnO:Ce (5 at.%) is higher than

others in agreement with a previous work [14].Energy gap

Eg is obtained from the optical absorption coefficient a by

Eq. (2) (see ref [15]):

a ¼ 2:3031 log 1=Tð Þ=d; ð2Þ

where T is the transmittance and d is the film thickness

which was estimated from PUMA software under C??.

The relation between the absorption coefficients a and the

incident photon energy hm is given by (3)

ahmð Þ2¼ A hm�Eg

� �
; ð3Þ

where A is a constant. The optical energy gap Eg could be

obtained from the intercept of (ahm)2 versus hm for direct

allowed transitions. The (ahm)2 versus hm plots for

ZnOandcerium doped ZnO thin films, as-deposited and

annealed in air are presented in Fig. 9. As we can see the

value of energy gap (see Table 1) is a function of the

dopant concentration and becomes grater by the amount of

the dopant. This behavior of Eg can be related to the

contribution of Ce3? ions in the ZnO lattice. Carrier con-

centration increases as the impurity content (Ce ions) is

increased. This may suggest that a Ce atom doped into a

ZnO lattice effectively acts as a donor by supplying a

single free electron when it (as a Ce3?) occupies the site of

a Zn2?ion. By dopping the band gap actually increases

from 3.2 eV for undoped to 3.4 eV for 5 at.% Ce doped

ZnO thin films. This is the well known Burstein–Moss

effect [16] and is due to the Fermi level moving into the

conduction band. According to the Burstein-Moss effect,

the broadening of the optical band gap is

DEg ¼ ð�h2=2m�
vcÞ ð3p2n)3=2; ð4Þ

where DEg is the shift of the band gap in the doped

semiconductor, the mmc
* is the reduced effective mass and n

is carrier concentration.

4 Conclusion

Sol–gel is an easy, cheap and useful technique to produce

ZnO as well as doped ZnO nanostructures with a rare earth

element such as cerium. By this method, films with various

structural and optical properties, suitable for different opto-

electronic applications are available. Experimental results

suggest that the dopant concentration have a significant

influence on morphology and optical band gap of ZnO thin

films. The increase in band gap could be attributed to the

Fermi level shift, due to a higher carrier concentration, a

phenomena known as the Burstein-Moss effect. One can

control the width of band gap of ZnO by changing the

molarities of the cerium dopant. Meanwhile a suitable

annealing process has a significant role to improve crystal

quality in either ZnO or ZnO:Ce thin films.Grain size in

prepared films are considerably greater than for the Nps.

These sizes are very dependent on the dopant concentration

and the annealing temperature.
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