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Abstract Using X-ray diffraction, UV-Visible spectroscopy, XPS and photolumines-

cence (PL) measurements, the structural, optical and electronic properties of ZnO and Ce-

doped ZnO thin films were investigated; the films were deposited on glass substrates by RF

reactive-magnetron sputtering and post-annealed at 300 �C in an oxygen atmosphere.

Under similar deposition conditions, both films crystallized into hexagonal würzite lattice

structures. The pure ZnO film exhibited a c-axis preferential orientation, whereas the Ce-

doped exhibited an a-axis preferential orientation. The films display uniform textured

surfaces with columnar-like microstructures. The UV-Vis spectra showed high trans-

parencies of 90 % on average for both films. Band gaps of Eg ¼ 3:23 eV and Eg ¼ 3:27 eV

for pure and Ce-doped film, respectively, were measured. The doped film spectrum was

shifted to the blue as a result of the Burstein-Moss effect. The XPS spectra show that the

VB edge of the doped film shifts toward lower binding energy, at � 1.3 eV below EF ,

while the VB edge of the pure film is located at � 2.0 eV below EF . Additionally, Ce3þ

and Ce4þ ions coexist in the ZnO matrix in fractions of � 70 and � 30 %, respectively.

The PL spectra show that both types of ions induce extra electron states that allow multiple

emission peaks in the blue–green region.
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1 Introduction

Zinc oxide (ZnO) is a binary transparent conducting oxide (TCO) with properties of

great interest due to their basic scientific research and potential technological appli-

cations (Dondapati et al. 2013; Ammaih et al. 2014; Sachet et al. 2013; Suchea et al.

2006; Logothetidis et al. 2008; Frölich and Wegener 2011). ZnO has a würzite crys-

talline structure (lattice spacing a0 ¼ 3:24 Å and c0 ¼ 5:20 Å). ZnO also possesses a

wide ordinary optical band gap ðEgÞ of 3.3 eV, which makes it transparent in the UV-

Vis-NIR region, and a large exciton binding energy (60 meV), which enhances the

luminescence efficiency of light emission (Dondapati et al. 2013; Gayen et al. 2011; Al-

Kuhaili et al. 2012). This material has garnered much commercial and scientific interest

compared with other TCO films, such as indium tin oxide (Minami 2005). The numerous

advantages of ZnO include the tuning of its physical properties, its low cost, its abun-

dance in the earth, its non-toxicity, and its compatibility with large-scale processes and

relative easy fabrication (Logothetidis et al. 2008; Yang et al. 2006). Several techniques

have been used to grow ZnO films, such as pulsed laser deposition (Sachet et al. 2013),

DC reactive-magnetron sputtering (Suchea et al. 2006; Logothetidis et al. 2008), atomic

layer deposition (Frölich and Wegener 2011), ZnO films deposited by RF magnetron

sputtering depend on the deposition parameters involved in the growth process, such as

the RF power, sputtering gas pressure, gas flow rate, and temperature. By adjusting these

processing parameters, ZnO films with properties that are compatible with optical devices

may be obtained (Al-Kuhaili et al. 2012; Lin et al. 2004; Kim et al. 2010b; Kapustianyk

et al. 2007). Additionally, doping with selective elements can induce changes in the

structural, electrical, optical, and electronic properties of ZnO films (Morinaga et al.

1997; Kim et al. 2010a; Joshi et al. 2010).

Among elements available for doping, such as Al, Cu, and Ag, (Kulyk et al. 2009),

Ce has drawn interest in recent years due to the potential of Ce-doped ZnO films in

optoelectronic applications, such as vacuum fluorescent and electroluminescent displays

(Yang et al. 2014, 2008). It is mentioned in the literature that the emission of Ce-doped

films is in either the UV or the visible region (Sofiani et al. 2006; Luo et al. 2012).

When excited by UV light, the Ce-doped ZnO films emit violet, blue, green, and

yellow, depending on the doping and crystal quality (Morinaga et al. 1997; Kim et al.

2010a; Joshi et al. 2010).

Therefore, more precise knowledge of the fine-tuning of RF-grown ZnO film

structural and optoelectronic properties are needed due to the critical dependence of

properties on deposition conditions, doping, and post annealing and given the potential

applications of this type of films. In this work, undoped (ZnO) and cerium-doped zinc

oxide (ZnO:Ce) films were deposited by RF magnetron sputtering. After deposition, the

films were annealed in an oxygen atmosphere to minimize structural defects such as

oxygen vacancies and interstitial zinc as well as to improve crystallinity and preferred

orientation. The ZnO films were characterized using X-ray diffraction, UV-Vis spec-

troscopy, PL spectroscopy, and XPS. The effects of Ce on the structural, optical and

electronic properties of the ZnO film were investigated.
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2 Experimental

2.1 Experimental set-up for the deposition of films

Undoped and Ce-doped ZnO thin films were deposited by RF reactive-magnetron sput-

tering from 99.99 % pure metallic Zn and 99.99 % alloy Zn95Ce5 targets. The films were

deposited on glass substrates in an ultra-high purity argon-oxygen atmosphere. Before

deposition, both the substrate and the target were cleaned in an ultrasonic bath rinsed in

acetone. The deposition chamber (a bell jar) was pumped down to a base pressure of

4:0 � 10�5 Torr. The gases were introduced through individual electronic mass-flow

meters (Alborg). The target-substrate distance was kept constant at 5 cm, and a moveable

shutter was placed between target and substrate. Plasma was then generated at an argon

working pressure of 20 mTorr by applying a RF power of 30 W. The target was sputter

cleaned for 5 min with the shutter protecting the sample. Once sputter cleaning was

completed, the oxygen was introduced into the deposition chamber. The working pressure

was maintained at � 22 mTorr, while the oxygen and argon flow, during deposition, were

20 and 1 sccm, respectively. The thickness and deposition rate were monitored via a quartz

crystal oscillator, and a final coating thickness of 300 and 340 nm were achieved in

30 min.The ZnO films were subjected to thermal annealing at temperatures of 100, 200 and

300 �C under an Ar:O2 (90:10 %) mixture gas atmosphere. The annealing time was fixed in

each case to 1 h and the working pressure was 22 mTorr. Several experiments were

performed under the same conditions to ensure the reproducibility of results.

2.2 Characterization techniques

The XRD patterns were recorded with a Rigaku Miniflex II diffractometer in Bragg-

Brentano geometry using a Cu-Ka radiation in a 2h range with a step size of 0:02�. Surface

microstructure and Root mean-square roughness (Rrms) of films were obtained from

Atomic Force Microscopy analysis. Optical transmittance measurements were performed

at the wavelength range of 300 to 900 nm with a Thermo-Scientific Evolution 600 UV-Vis

spectrophotometer. Photoluminescence (PL) spectra were measured by a spec-

trofluorometer (FluoroMax-4, Jobin Yvon-SPEX) in the spectral range of 350–700 nm. The

repetition rate of the Xe flash lamp was 25 Hz, and the integration window varied between

0.1 and 0.5 s at 325 nm. All measurements were performed in air at room temperature.

XPS measurements were done with a Thermo Scientific K Alpha system which is equipped

with monochromatized Al Ka anode (1486.6 eV). Spectra were acquired after cleaning the

samples for 5 min using an argon sputtering ion gun at 10 mA and 3 KeV, on a

1 mm � 1 mm area. An argon beam charge neutralizer (flood gun) was employed to

compensate for the charge up effect. Survey and high resolution (HR) spectra were col-

lected with a resolution of 1 and 0.1 eV, respectively, with pass energies of 200 and 50 eV.

The X-ray beam spot size was 400 lm2. The binding energies were referenced to neutral

adventitious C1s peak at 285.0 eV. Measured HR spectra of the O1s, Zn2p and Ce3d

windows were analyzed after a linear background subtraction and fitted with Voight-type

peaks. Elemental concentration was calculated using sensitivity factors included in the

equipment software.
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3 Results and discussion

Figure 1 shows the XRD spectra of the prepared films after annealing at 300 �C. In general,

the XRD patterns indicate the polycrystalline nature of the ZnO and ZnO:Ce films. The

high intensity of the peaks demonstrates the high quality of the films. The peak assignment

corresponds to a würzite structure, JCPDS file 36–1451 ða0 ¼ 3:24 Å; c0 ¼ 5:20 ÅÞ. Re-

garding the ZnO film, the most intense (002) reflection indicates that the ZnO grew parallel

to the c-axis of the hexagonal structure. Because the film surface is parallel to the substrate,

the texture is the (0001) plane. Regarding this diffraction peak, the prominent (002) ori-

entation is due to the lower surface energy compared to other planes (Al-Kuhaili et al.

2012; Mahmood et al. 2010; Bouderbala et al. 2009). A similar film growth direction is

also achieved if the substrate is kept in a suitable position with respect to the target

(Bouderbala et al. 2009). In the case of the ZnO:Ce film, the most intense (100) reflection

indicates that the film has a [0002] preferential orientation parallel to the substrate.

The (002) plane has the lowest surface energy because it represents the closely packed

planes in the hexagonal structure of ZnO. Such preferred orientation occurs to minimize

the surface energy. The (100) planes are less stable than (002) planes and also exhibit a

growth inclination with respect to the substrate. Hence, the surface texturing (100) is due to

non-equilibrium growth.

The Bragg equation, 2dhklSinh¼ n, and the distance between planes for a hexagonal

lattice relation

dhkl ¼
1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4
3

h2þhkþk2

a2

� �

þ l2

c2

q ð1Þ

Fig. 1 X ray diffraction patterns of pure and Ce-doped ZnO films at 300 �C. The (002) plane is close-
packed and has the lowest surface energy
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was used to obtain the lattice parameters from the diffractograms. Afterwards, a multiple

correlation analysis was performed by using a least-squares minimization. The initial

values of a0 and c0 were taken from the JCPDS standard and introduced as fitting variables.

Furthermore, the crystallite size, L, was estimated through the well-known Scherrer for-

mula. For the ZnO film, the FWHM of the (002) peak was used for the calculations,

whereas for the ZnO:Ce film, we used the FWHM, C, of the (100) peak. The results are

presented in Table 1.

There, we can observe that the values of the lattice constants a0 and c0 for pure and

doped ZnO are equivalent to those reported in the JCPDS standards (stress-free ZnO

powder). Additionally, the 2h positions of the (002) and (100) peaks for pure and doped

ZnO, respectively, are not shifted to either higher or lower values. This fact indicates that

the films have high crystalline qualities because no remarkable tensile or compressive

stress was detected, even with the use of the dopant.

Our results regarding the changes in self-textures and crystalline quality of ZnO films

due to the effects of doping and/or post annealing closely resemble others in the literature.

For instance, Morinaga et al. (1997) report that Ce doping (1.5 % wt) improves the

crystallinity and preferred orientation for RF-grown ZnO films and ensures that film

growth remains in equilibrium. As Ce is an excellent oxidant, this metal promotes a

tetrahedral coordination in the vapor phase and improves the (0001) texture. Sofiani et al.

(2006) prepared Ce-doped ZnO films by spray pyrolysis, changing the Ce concentration

from 0.8 to 12.3 % wt. They report that when the Ce content increases to approximately

2 % wt, the 2h position of the (002) plane shifts toward to a lower angle. Conversely, for

higher Ce concentrations, the 2h peak shifts to a higher value. Thus, doping induces tensile

stress. When the highly incorporated Ce3þ ions are not only substitutional but also in-

terstitial, the crystalline qualities of the films degrade. Additionally, Zhu et al. (2011)

found that post-annealing RF grown ZnO films in an H2 atmosphere stabilizes the unstable

(100) and (101) configurations, as an appropriate amount of H2 as a sputtered gas can

increase the grain size and can act as a mineralizer or a surfactant to improve the texturing

of a growing ZnO film. Thus, different artifices can be used to stabilize apparently unstable

surface configurations. In our case, the Ce content is not small enough to influence the

(002) growth but it is large enough to stabilize the (100) growth on the ZnO:Ce film.

The sputtering conditions were near equilibrium to create a tetrahedral coordination.

The Ce ions must be incorporated into the ZnO matrix by substituting Zn2þ ions, because

no remarkable stress on film was detected. In addition, the annealing at 300 �C is also

effective in removing both the metallized species and the sub-stoichiometric species in

both films. For the ZnO film, the annealing stabilized the (002) growth, whereas for the

ZnO:Ce film, the same mechanism stabilized the (100) growth. The average grain sizes

were similar in both films; therefore, one can anticipate that the films will have a similar

crystalline quality. Figures 2a, b shows AFM micrographs of ZnO and ZnO:Ce films,

respectively. The films display uniform textured surfaces with columnar-like

Table 1 Summary of the structural parameters of the films

2h (hkl) C (nm) L (nm) a (Å) c (Å)

ZnO 34.4 (002) 0.48 17.8 3.25 5.2

ZnO:Ce 31.6 (100) 0.60 14.2 3.24 5.2
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microstructures. The textured morphology is most likely due to the preferential growth

orientation, which was confirmed by XRD measurements. The Rrms values of the pure and

doped films were approximately 7.03 and 4.98 nm, respectively. The grain size and Rrms

slightly decreased after Ce doping.

Figure 3 shows the transmittance spectra of films at 300 �C in the wavelength range of

300 to 900 nm. The optical band gap ðEgÞ were obtained by the Tauc method (inset).

At the onset of the absorption edge, the absorption coefficient a can be calculated from

the relation:

a ¼ 1

d
Ln

100

TðhmÞ

� �

ð2Þ

where T is the measured transmittance and d is the optical thickness (Youssef et al. 2009).

The optical thickness and refractive index, n are extracted from T using the envelope

method (Manifacier et al. 1976; Swanepoel 1983). By applying this method, optical

thicknesses of � 300 and � 340 nm for ZnO and ZnO:Ce films, respectively, were

obtained.

For a direct band gap semiconductor, Eg is obtained using the Tauc’s relation:

ðahmÞ2 ¼ Aðhm� EgÞ ð3Þ

where A is the edge width parameter. The optical band gap values are obtained by ex-

trapolating the linear portion of the (ah)2 versus hm to a ¼ 0 (Ammaih et al. 2014; Suchea

et al. 2006; Mahmood et al. 2010). Figure 3 shows that the average transmittance for both

Fig. 2 AFM micrographs of a ZnO and b ZnO:Ce films
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samples was approximately 90 % in the visible wavelength region (� 400–750 nm). In the

absorption region, the absorption edge was observed to shift toward shorter wavelengths

when introducing the Ce. The Ce-doped film shows a bump (shoulder) in the region of

300–360 nm. Such issues can be attributed to excitonic interactions of the extra electrons

in the ZnO matrix provided by the Ce. This phenomenon has also been reported for ZnO

films containing unreacted Zn0 species and in ZnO films doped with Ce, Al and Co

(Madhup et al. 2010; Yang et al. 2008). Band gaps of Eg ¼ 3:23eV (d = 300 nm) and

Eg ¼ 3:27eV (d = 340 nm) were obtained from Tauc curves for pure and Ce-doped films,

respectively. Band gap values of � 3.23–3.26 eV have been previously reported for RF

deposited ZnO films (Al-Kuhaili et al. 2012; Lin et al. 2004; Bouderbala et al. 2009; Zhu

et al. 2011). Optical absorption studies show that the absorption edge of the doped films

shifts towards blue region with a widening of the band gap at a higher energy. Such a

feature is related to the rising Fermi level by filling more electrons in the conduction band

(Burstein-Moss effect) (Dondapati et al. 2013; Kim et al. 2010b; Luo et al. 2012). When

Ce atoms are incorporated into ZnO, both ions ðCe3þ;Ce4þÞ, whether in substitutional or

interstitial sites, tend to increase the carrier concentration. Then, the lowest levels of the

CB are partially filled, i.e., the lowest state of the conduction band is blocked. Thus, the

energy separation between the valence band (VB) maximum and the unfilled CB minimum

is widened.

Figure 4 displays the XPS spectra of films. The HR0s of Zn2p and O1s for ZnO are

included in Fig. 4a–b. The HRs of Zn2p, O1s and Ce3d for ZnO:Ce are included in Fig.

4c–e. Figure 4f shows the HR0s valence band of both samples.

In Fig 4a, c, we can observe that the zinc core level consists of two sublevels ð2p3=2 and

2p1=2Þ due to spin-orbit splitting. The 2p3=2 peak centered at 1021.38 eV (Fig. 4a) and

1020.48 eV (Fig. 4b) are attributed to the formation of Zn2þ, corresponding to the Zn-O

bond in the ZnO lattice (Al-Kuhaili et al. 2012; Yang et al. 2008; Luo et al. 2012). The

Fig. 3 Transmittance spectra of ZnO films at 300 �C. Inset ðahmÞ2 versus ðhmÞ curves
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O1s peaks shown in Fig. 4b, d were each fitted with two components. The less intense

components (531.9, 530.48 eV) are attributed to loosely bound oxygen on the surface,

different from the lattice oxygen, as well as with photoemission from the lower oxygen

valence state, e.g., O�. The most intense components (530.08, 529.16 eV) are attributed to

the Zn-O bond, as well with the photoemission of O2� ions found in the bulk ZnO crystal

Fig. 4 XPS HR windows corresponding to a Zn2p, b O1s for un-doped ZnO; c Zn2p, d O1s, e Ce3d for Ce-
doped ZnO; f valence band for pure and Ce-doped film
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(Al-Kuhaili et al. 2012; Yang et al. 2008; Luo et al. 2012). The Ce3d spectrum was fitted

using four components (Fig. 4e). The two peaks at 884.54 and 903.07 eV correspond to the

3d5=2 and 3d3=2 sublevels, respectively. They are attributed to Ce3þ ions in the ZnO lattice.

The two peaks at 879.99 and 898.45 eV correspond to the 3d5=2 and 3d3=2 sublevels,

respectively. They are attributed to Ce4þ ions in the ZnO lattice (Yang et al. 2008; Luo

et al. 2012; Lang et al. 2010). Therefore, Ce3þ and Ce4þ ions coexist in the doped ZnO

film. From the Ce3d5=2 peak, a percentages of 71.8 and 28.1 % for Ce3þ and Ce4þ ions,

respectively, were calculated. As Ce3þ and Ce4þ ions coexist in the doped ZnO film, both

types of ions provide extra electrons to the lattice as carriers. As a result, the band gap

structure will be modulated, giving rise to the blue shift of the absorption edge (Burstein-

Moss effect).

From elemental concentration calculations, the stoichiometric proportion of the ZnO

sample was found to be Zn0:5O0:49, whereas that corresponding to doped-ZnO was

Zn0:45O0:46:Ce0:078. Therefore, although no remarkable presence of structural defects was

detected by X-ray characterization, the XPS measurements indicated that the growth of

both films were non-stoichiometric, which slightly deviates from an ideal ZnO.

Figure 4f shows the valence band spectra of pure and doped films. The most intense

transitions are attributed to the Zn3d band (Joshi et al. 2010; Calzolari and Nardelli 2013).

The 3d peak positions are located at 9.88 and 8.99 eV for pure and doped film, respec-

tively. The features detected at � 5 eV below EF (the VB edge) are attributed to the

hybridization of the O2p and Zn4s orbitals (Joshi et al. 2010). Fitting a diagonal line and

intercepting it with the horizontal axis, as sketched in the figure, can determine the shift of

the VB edge. The VB edge of the doped film is observed to shift toward a lower binding

energy, at � 1.3 eV below EF , while the VB edge of the pure film is located at � 2.0 eV

below EF .

The PL spectra of the films are displayed in Figs. 5 and 6. On the graphs, the elec-

tromagnetic spectrum is included at the top to aid viewing of the emission signals.

Fig. 5 Room temperature PL spectrum of undoped ZnO film
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Figure 5 shows the PL spectrum of the undoped ZnO film, where an intense UV peak is

observed at 382 nm. The UV emission is an intrinsic property of the wurtzite ZnO and is

attributed to the recombination of the photoexcited holes and the electrons (i.e., exciton

generation) via a radiative process (Luo et al. 2012; Han et al. 2005; Kulyk et al. 2010).

This mechanism is known as the near band edge (NBE) emission. Other less intense PL

peaks at 467 nm (BE) and 561 nm (GE) are also observed. The dominance of a high

intense PL peak at UV is related to the crystalline quality of the ZnO films, while the other

peaks originate from the existence of defects and/or impurities related to local levels in the

ZnO gap. Those effects steam from oxygen or interstitial zinc vacancies and are attributed

to the non-stoichiometry of the ZnO film (Luo et al. 2012; Wang and Reynolds 2012; Li

et al. 2000).

Figure 6 shows the PL spectrum of the Ce-doped ZnO film. The spectrum contains a

characteristic UV emission at 397. 3 nm. The UV signal is slightly redshifted by

� 15.3 nm. Furthermore, this peak appears less intense and broadened, which is related to

a more disordered structure due to the Ce inclusion. Broad emission at 544.6 nm (GE),

with two signals at 428 nm and a small one at 467 nm, are also observed in the spectrum.

When Ce ions ð3þ;4þÞ are incorporated into ZnO film, the bandgap structure of the ZnO

film is substantially modulated and new emission centers are formed. Ce ions have been

reported to introduce electron states into the band gap. These electron states are located

closer to the lower edge of the conduction band (a new LUMO of lower energy), which

results in a band gap reduction (Luo et al. 2012; Lang et al. 2010). Thus, when an electron

is excited into the CB, it drops back to the VB. This process emits a photon shifted to the

red.

In the literature, green emission is suggested to originate from electron-hole recombi-

nation at the defect sites due to electron transitions from the shallow donor level of the

intrinsic defect centers, such as interstitial zinc to the valence or conduction band (Lang

et al. 2010; Zhu et al. 2011; Bagnall et al. 1998). Additionally, the peaks at 428 nm and

467 nm are very similar in value to those reported by Luo et al. (2012) for DC sputtered

Fig. 6 Room temperature PL spectrum of Ce-doped ZnO film
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Ce-doped ZnO films. Both transitions can be ascribed to the electric-dipole allowed

transition of the Ce3þ ions. These peaks are reported to originate from the lower 5d ð2DÞ
excited state to the split 2F5=2 and 2F7=2 energy levels. In our sample, as Ce3þ and Ce4þ

ions coexist in the ZnO matrix, the band gap was modified in such a way that multi-

emission peaks are allowed in the blue-green region.

4 Conclusions

In summary, the structural, optical and electronic properties of RF sputter-deposited ZnO

and Ce-doped ZnO films were examined after post annealing. Both films crystalized in

würzite structure with lattice parameters very similar in value to the stress-free standard.

The undoped film grew preferentially oriented at the [0002] direction, while the doped one

grew preferentially oriented at the ½1010� direction. Both films possessed a similar crys-

talline quality, with a homogeneously textured surface. Transmittance of both films was

high, approximately 90 % at the visible wavelength region ( � 400–750 nm), with a band

gap of Eg ¼ 3:23 eV and Eg ¼ 3:27 eV for pure and Ce-doped films respectively. The

absorption edge of the doped film was blue-shifted due to the Burstein-Moss effect. The

XPS spectra showed the coexistence of Ce3þ and Ce4þ ions in a proportions of ap-

proximately 70:30 % in the host ZnO lattice. Both types of ions induce extra electron states

that allows multi emission peaks in the blue–green region and a red-shift of the UV

emission.
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