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Abstract
The present work focuses on the deposition of Europium  (Eu3+) incorporated zinc oxide (ZnO) film by a cost effective 
chemical solution deposition method. ZnO film with varying concentration of  Eu3+ ions (2, 3 and 4 atomic percent) were 
deposited and characterized using different techniques like X-ray diffractogram (XRD), scanning electron microscopy. 
XRD studies revealed that highly c-axis oriented ZnO films without showing any segregation of europium oxide were 
obtained at 650 °C. The optical properties were determined using UV–visible spectrophotometry and photoluminescence 
measurements. UB-visible spectroscopy revealed that  Eu3+ doping shifted optical band gap with increase in transparency 
of the films. The  Eu3+ doped film showed intense emission at 614 nm which was attributed to the defect emission from 
ZnO that gets trapped by  Eu3+ ions ultimately leading to 7F2 to 5D0 transition in  Eu3+.
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1 Introduction

ZnO, because of its direct wide band gap of 3.37 eV, a large 
exciton binding energy (60 meV) [1], superior chemical 
stability [2] and unique optical properties, has triggered 
a vast research area for both fundamental and techno-
logical reasons [3–7]. Doping in ZnO with selective ele-
ment as well as intrinsic lattice defects greatly influence its 
electronic, optical and magnetic properties either in film 
or powder form [8–13]. Doped ZnO films have attracted 
much attention because of their wide applications such 
as photoactive material for short wavelength light emit-
ting devices, piezoelectric transducers, optoelectronic 
devices and transparent conducting electrodes [14–17]. 
Under proper excitation conditions, ZnO exhibits two 
kinds of emissions, one is an ultraviolet (UV) near band 
edge emission at 380 nm and other is a visible deep level 
emission with a peak in range from 450–730 nm [18, 19]. 
By doping ZnO with luminescence centre such as trivalent 
rare earth elements it is possible to enlarge the palette of 

colors emitted by it and also to tune its emission proper-
ties, which would be greatly beneficial for light emitting 
device applications such as plasma display panels, multi 
color emission in light emitting devices [20–23]. To achieve 
efficient luminescence of ZnO–RE3+ enhance energy trans-
fer from semiconductor host to  RE3+ is required, but due to 
large ionic radii difference between two and also charge 
mismatching results are often disappointing.

ZnO based films have been prepared by number of dif-
ferent techniques like spray pyrolysis [24], electrodepo-
sition [8], pulsed laser deposition [25], sputtering [26], 
sol–gel [11, 13, 27, 28] and metal organic chemical vapor 
deposition method [29]. Among them, sol–gel method 
has distinct potential advantage over the other due to 
its ability to control micro structure by sol gel chemistry, 
highly economical and its room temperature approach. 
By controlling parameters like solvent nature, precursor 
nature and concentration, preheating temperature and 
time, post annealing temperature it is possible to obtain 
good quality thin films with good control over chemical 
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composition, morphology and microstructure [13]. Peter-
son and group reported the Eu-doped ZnO film deposi-
tion on silicon substrate using sol–gel process, though the 
films deposited do not possess a good structural quality, 
with the accumulation of europium at the film surface. 
Raji et al. synthesized the ZnO–Eu3+ nanostructure pow-
der using coprecipitation method [30]. They reported that 
 Eu3+ incorporation changed the morphology of the nano-
structure from rod to flower. The energy transfer between 
the ZnO and  Eu3+ was attributed to the defect mediated 
process. Zhang and group reported the  Eu3+ doped ZnO 
nanospheres by wet chemical method [31]. They observed 
white emission by doping  Eu3+ in ZnO nanospheres and 
showed detailed energy transfer process from ZnO to  Eu3+. 
Yu et al. synthesized ZnO-Eu3+ nanoflowers at a low tem-
perature by hydrothermal method [32]. They reported that 
on excitation of  Eu3+, emission showed presence of  Eu3+ 
at different sites one of which is similar to  Eu3+ in C-type 
 Eu2O3. ZnO–Eu3+ doped nanostructure were prepared by 
combustion method. However they reported very weak 
visible emission intensity of  Eu3+ [33].

This present work demonstrates the polymer assisted 
deposition of Eu-doped ZnO films using chemical solution 
deposition method on quartz substrate. The structural and 
the optical properties of the films were studied using XRD, 
scanning electron microscopy (SEM) and PL spectroscopy. 
Our results show that the deposited films possess homo-
geneous and uniform structure with efficient energy trans-
fer between ZnO and  Eu3+

2  Experimental

Eu3+ doped and undoped ZnO films were prepared on 
chemically cleaned quartz substrate. Biodegradable poly-
mer polyvinyl alcohol (PVA) and zinc acetate dihydrate 
(Zn–(CH3COO)2·2H2O) were used for sol solution. To pre-
pare a sol 1.65 g of Zinc acetate dehydrate (SD Fine Chemi-
cals) and 1.65 g of PVA (mol. wt. 125,000, SD Fine) were 
added to 60 ml of deionised water, which was then heated 
to 45 °C for 1 h with constant stirring. For rare earth doped 
samples three different  Eu3+ concentrations (2, 3 and 4 
at%) were selected. Europium III nitrate (Aldrich chemi-
cals) was used as  Eu3+ source. The mixed sol was stirred 
continuously until all reagents were dissolved completely. 
The sol was then spin coated on cleaned quartz substrate 
at 3500 rpm for 30 s and films were then dried at 120 °C 
on hot plate after each coating. The above process was 
repeated for six times to get film of desired thickness. 
Finally ZnO films were annealed at 450, 550 and 650 °C 
for 1 h in air.

Films were subjected to X-Ray diffraction studies with 
Cu-Kα radiation (1.54 Å). The diffractometer (FRL XTRA, 

Thermoelectron) was operated at 40 kV and 35 mA with 
a glancing angle of 1°. Optical absorption study was car-
ried out in wavelength range of 300–700 nm using Perkin 
elmer spectrometer. PL spectra were measured at room 
temperature with an excitation source of 325 and 465 nm 
using Fluorolog@-3, JOBIN YVON HORIBA group instru-
ment. SEM images of samples were obtained using FEI 
Quanta 200, The Netherlands SEM.

3  Result and discussion

3.1  Structural properties

Structural evolution of the ZnO films as a function of 
annealing temperature was investigated by XRD analysis 
is shown in Fig. 1. All the patterns indicate the formation 
of wurtzite type ZnO phase with strong c-axis orientation. 
With the increase in annealing temperature crystallinity 
and orientation of films along c-axis increases. Relatively 
higher XRD peak intensity has been observed for samples 
annealed at 650 °C. The full width at half maxima (FWHM) 
of films also decreased with increasing temperature, 
which indicates that crystallinity of the films have been 
improved on annealing. The c-axis orientation in film can 
be explained by “survival of the fittest model” [30]; nuclea-
tion with various orientation can be formed at the initial 
stage of deposition and each nucleus competes to grow, 
but only having the fastest growth rate can survive. The 
small surface free energy for (002) planes [34] of ZnO 
accounts for its fastest growth at higher temperature. 
Therefore as annealing temperature increases films pref-
erably grow along (002) direction.
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Fig. 1  X-ray diffraction pattern of pure ZnO films annealed at 
650 °C (a), 550 °C (b) and 450 °C (c)
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Figure 2A shows the XRD pattern of films as a function 
of  Eu3+ concentration (2, 3 and 4 at%) annealed at 650 °C. 
All films show hexagonal wurtzite structure and preferred 
growth along 002 plane. However preferred orientation 
along (002) plane decreases with increase of  Eu3+ con-
centration. Lines due to different crystalline phases such 
as europium oxides or hydroxides were not detected in 
diffraction pattern of samples annealed at this tempera-
ture, thus suggesting homogenous dispersion of dopant 
in ZnO matrix. Higher thermal treatment of 850 °C did 
not induce any change in wurtzite phase of these films 
however a weak peak at 2 theta = 28.4° (shown in Fig. 2B) 
appeared. This peak was indexed as the (222) reflection 
of bcc structure of  Eu2O3, similar result has also been 
observed in  Eu3+ doped ZnO nanopowders [9]. This shows 
that high annealing condition promotes the aggregation 
of  Eu3+ centers and crystallization of  Eu2O3 clusters. The 
large lattice energy difference between ZnO (412 kJ/mol 
and  Eu2O3 (12,945 kJ/mol) may cause phase separation in 
sample at higher temperature. Tendency of rare earth ele-
ment to segregate at ZnO grain boundary in lanthanum 
(La) doped ZnO system has already been reported [35, 36]. 
Further characterizations have been carried out on films 
annealed at 650 °C. Inset of Fig. 2A shows the XRD pattern 
of doped ZnO films in range of 33°–35.5°. The diffraction 
pattern shows shift in 002 peaks to smaller angle with 
increase in  Eu3+ concentration. It indicates incorporation 
of some of the  Eu3+ ions in ZnO lattice although there is 
large ionic radii difference between  Zn2+ (60 pm) and  Eu3+ 
(94.7 pm) [9].

The lattice constants and volume of unit cell shows lin-
ear increase with increase in dopant concentration which 
is attributed to  Eu3+ dopant (Fig. 3A).  Eu3+incorporation 

will result in expansion of ZnO lattice. Figure  3B dis-
plays variation of FWHM of 002 diffraction peak along 
with mean grain size normal to 002 plane estimated by 
scherrer’s formula. FWHM of 002 peaks become broad 
and increase monotonically with dopant concentration 
which indicates that film crystallization has deteriorated. 
The grain size also decreases (85 nm) from undoped to 
(49.11 nm) for 4% doped samples (Table 1). It has been 
reported that dopant with smaller ionic radii have good 
diffusivity and they prefer oriented growth and good crys-
tallization but difference in ionic radii makes diffusivity of 
ions difficult and leads to the formation of stress in lattice 
[37]. In our system also due to large difference in ionic size 
and charge between  Eu3+ (r = 94.7 pm, CN = 6) and  Zn2+ 
(r = 60 pm, CN = 4) the doping of  Eu3+ deteriorates crystal-
lization of films Also segregation of  Eu2O3 in grain bound-
ary may inhibit the combination of ZnO grains and thereby 
decrease grain size.

Effect of doping on preferential orientation of the films 
was studied by calculating texture coefficient  TC(h k l) for all 
the planes using following equation [38, 39].

where  TC(h k l) is the texture coefficient of (h k l) plane, I the 
measured diffraction intensity, Io the standard intensities 
measured from randomly oriented powder samples and 
N is the number of reflections observed in the X-ray dif-
fraction pattern. The deviation of texture coefficient from 
unity indicates preferred orientation of the growth. Fig-
ure 3C shows the  TC(h k l) values for typical planes of doped 
and undoped films which clearly imply formation of c-axis 

(1)TChkl =
Ihkl

I0hkl

[

1

N

∑ Ihkl

I0hkl

]

Fig. 2  a X-ray diffraction pattern of Zno films deposited using vari-
ous doping concentration (at%) of Eu annealed at 650  °C inset of 
shows, XRD pattern of undoped ZnO and Eu-doped ZnO films 

between 2θ value of 33.5°–35.5°. b XRD pattern obtained for ZnO 
(a) and 3 at % Eu-doped Zno film annealed at 850 °C



Vol:.(1234567890)

Research Article SN Applied Sciences (2020) 2:870 | https://doi.org/10.1007/s42452-020-2670-y

oriented films. However with the increase in  Eu3+ concen-
tration  TC(002) value slightly decreases but after 3% doping 
 TC(002) value sharply decreases that shows deviation from 
preferred (002) direction. Growth mechanism of the film 
can be studied by calculating standard deviation (σ) using 
the equation [37].

where I stands for relative intensity of a (h k l) plane.
From Fig. 3D it can be seen that there is small change 

in sigma values up to 3% which shows onset of homog-
enous nucleation up to this doping level while a relatively 
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N

N

higher value for 4% which is attributed to deviation from 
preferred orientation. This may be because beyond cer-
tain doping level further heavy doping makes it difficult 
to form a critical nucleus to develop along a particular 
direction and random orientation seems to be preferred 
(Table 1).

Figure  4a, b, c and d shows surface morphology of 
undoped and  Eu+3 doped (2, 3, 4%) ZnO thin films. Sam-
ples show compact, smooth and polycrystalline morphol-
ogy. It can be seen that there are no cracks or peels in the 
films. Grain boundaries can be clearly seen. The grain size 
of undoped film is larger than those of  Eu3+ doped films, 
which indicates that  Eu3+ suppresses the growth of grains. 
Pure ZnO film shows a loose structure containing large 

Fig. 3  a Lattice parameter (a and c) and cell volume of pure and cell 
volume of pure and Eu-doped Zno films. b FWHM value of (002) 
peak and grain size of ZnO films as a function of Eu-dop out con-
centration. c TC (002), TC (001) and TC (101) plotted against dop-

ing concentration of  Eu3+ for films anneat at 650 °C. d Variation of 
standard deviation in intensity of XRD peaks wrt doping concentra-
tion of  Eu3+ for the films deposited at 650 °C

Table 1  Lattice parameters and 
unit cell volumes for pure and 
Eu incorporated ZnO systems

Eu (at %) a (Å) c (Å) V (Å)3 Grain size(nm) TC002 TC101 TC100 σ

0 3.256 5.216 47.887 85.00 3.062 0.404 0.516 27.76
2 3.262 5.225 48.147 70.40 2.958 0.470 0.602 28.61
3 3.266 5.227 48.284 59.10 2.725 0.433 0.722 28.10
4 3.270 5.234 48.467 49.11 1.939 0.712 0.839 32.99
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grains whereas doped ZnO possess small grains. Small 
pores can also be seen in undoped film that may be due to 
evaporation of water while doped film shows denser and 
tightly packed structure. These results are consistent with 
XRD pattern were obtained. These SEM images imply that 
the surface morphology of the films is strongly dependent 
on the concentration of dopant.

3.2  Optical properties

Optical transmission spectra for undoped and doped films 
are shown in Fig. 5. Films are highly transparent in visible 
region.  Eu3+ doping increased the transparency of films 
due to broadening of optical band gap. For optical band 
gap, optical absorption coefficient (α) of direct band gap 
semiconductor ZnO can be obtained by following equa-
tion [10],

where A is the proportionality constant, h is photon energy 
and Eg is optical band gap. The transmittance T, near the 
absorption edge, is given by

where d is thickness of films. Also α is proportional to (lnT) 
[2, 40, 41]

Thus plotting (lnT)2 as a function of the photon energy 
and drawing a tangential line near the absorption edge, 
one can determine the optical band gap. Figure  5b 
shows (lnT)2 vs h plots for undoped and doped films. The 
undoped ZnO films exhibit  Eg values of 3.226 eV while  Eg 
values for the 2, 3 and 4% doped ZnO films were found to 

(3)a = A(hn − Eg)1∕2

(4)T ≅ exp(−ad)

(5)(ln T )
2
�a2d2 = A2d2((hn − Eg)

Fig. 4  SEM images f pore Zn and Eu-doped ZnO films with different Eu concentration; a (0%), b (2 at%), c (3 at%), d (4 at%)
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be 3.248, 3.261 and 3.266 eV. It is clear that optical band 
gap increases with increase of  Eu3+ concentration. The 
blue shift of the band gap is caused by  Eu3+ ion incorpo-
rated in the ZnO lattice. This is consistent with XRD results.

The photoluminescence (PL) of ZnO film was stud-
ied under an excitation of 325 nm (Fig. 6a). First peak is 
observed at 390 nm which is attributed to recombina-
tion of bound excitons in ZnO. The second broad band 

Fig. 5  a Optical transmittance of pure ZnO, b square of ln T (T = transmittance) vs photon energy for undoped and doped ZnO films

Fig. 6  a PL of ZnO film recorded at excitation of 325 nm. b PL spectra of 2% and 3% Eu-doped ZnO films at the excitation wavelength of 
464 nm, c figure shows the PL of the 3% Eu-doped ZnO film annealed at 650 °C at excitation wavelength of 614 nm
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is observed at 510 nm which can be assigned to oxygen 
vacancies. Eu-doped films were studied by exciting in 5D2 
multiplet at 464 nm. Figure 6b shows the PL spectra of 2 
and 3% doped films. Emission peaks were observed at 576, 
591, 614, 649 and 699 nm, which can be assigned to the 
transitions from the 5D0  (Eu3+) excited state to the 7FJ (with 
J = 0, 1, 2, 3, 4) multiplets, respectively. With the increase in 
concentration of  Eu3+ intensities of peak increased [42, 43].

On absorption of excitation energy ZnO electrons get 
promoted to the conduction band from the valence band. 
The excited electrons get trapped by various defect sites 
via process of radiative decay. Now UV emission results 
due to the recombination of holes in the valence band 
with the electrons in defect states. In presence of  Eu3+ in 
the ZnO lattice, a segment of recombination energy is 
captured by the  Eu3+ ion that excites electron from the 
ground state of  Eu3+ ion to excited state. These electron 
results in  Eu3+ emission by radiative relaxation. This has 
been reported in the literature that the intensity of the 
 Eu3+ emission depends on the charge carrier and energy 
transfer process. In present work, we propose that defect 
emission from the ZnO is trapped by  Eu3+ ions which 
excite 7FJ to 5D0 transition in  Eu3+. These electrons get 
transfer from 5Dj state to 7FJ state of  Eu3+ leading to light 
emission (Fig. 7).

Appearance of forbidden transition i.e. 5D0 to 7F0 
implies that there is reduction of local symmetry around 
 Eu3+ ions. This may be because  Eu3+ ions occupy the grain 
boundaries of ZnO. Now the grain boundaries have broken 
bonds in Zn–O or Eu–O and it has less M–O coordination 
number. Due to this local symmetry on  Eu3+ ion is reduced. 
Figure 6b also shows that intensity of forbidden transition 
peak increased on increasing dopant concentration which 
shows further decrease of symmetric environment. Also 
5D0 to 7F2 transition peak get broadened for the 4% doped 

films that is attributed to decreased crystal quality of films 
on increasing dopant concentration which is in accord-
ance with XRD results. The excitation spectra of 3%  Eu3+ 
doped film for λexc 614 nm shown in Fig. 6C. As can be seen 
that two prominent peak at 465 nm for  excitation7F0–5D2 
and a strong peak at 395 nm of direct 7F0–5D6 excitation 
was obtained. This peak at 395 nm overlaps with the emis-
sion due to ZnO only which is observed around 390 nm. 
Similar observation was also reported for the ZnO-Eu3+ 
nanoparticles where efficient energy transfer was reported 
between ZnO and  Eu3+ [43].

Y2O3–Eu3+ and  YVO4–Eu3+ materials are well known red 
emitting phosphors [44–47].  YVO4–Eu3+ shows a strong 
5D0 to 7F2 transition because of efficient energy transfer 
from  VO4

3− to  Eu3+ [45]. Similarly  Y2O3–Eu3+ shows a strong 
red emission from  Eu3+ via  Eu3+–O2− charge transfer and 
 Y3+–O2− excitonic electron transfer mechanism. These 
oxides and systems shows f–f transitions as well [46]. In 
ZnO–Eu3+, after excitation the carriers get relaxed and are 
caught by defects or results in radiative emission. However 
the red emission from the composite involving cheap and 
abundant metal oxides like ZnO is desirable.

4  Conclusion

Eu3+ doped and undoped ZnO thin films are prepared by 
metal- organic decomposition method. Doping of  Eu3+ 
does not change the wurtzite structure of ZnO films, how-
ever it deteriorates crystallinity of ZnO films and also it 
reduces the orientation of film along c-axis orientation. 
Grain size decreases as the  Eu3+ content increases in film. 
Doping of  Eu3+ increased the transparency of films in visi-
ble region and also increase energy band gap from 3.20 eV 
for undoped film to 3.23 eV for 4% doped film, it is because 
of incorporation of some of the  Eu3+ ion in ZnO film. Emis-
sion spectrum at the excitation wavelength of 464 nm for 
doped films also confirms the incorporation of  Eu3+ ions in 
ZnO films. Excitation spectrum shows the efficient energy 
transfer between ZnO and  Eu3+.
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