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Abstract: Mn & Fe doped ZnO thin films were prepared by low-
cost spray pyrolysis method and the influence of co-dopants on
the structural, morphological and optical properties has been
studied. The X-ray diffraction analysis reveals that Mn & Fe co-
doping has a significant effect on crystalline quality, grain size,
strain in thin films. SEM and XRD study showed that 3% Mn &
Fe co-doped has the best crystalline quality. Also, the XRD study
showed that deposited thin film has a polycrystalline wurtzite
structure with a minor amount of impurity. The effect of the
impurity phase on morphological and optical properties has also
been studied. Other optical parameters like absorption
coefficient, transmittance, absorbance, and optical bandgap have
also been determined. Obtained photoluminescence results
showed that higher percent doping increases defects. Obtained
results indicate that the thin films of Mn & Fe doped ZnO are a
potential candidate for use in optical limiters and optical
switching devices.

Keywords: ZnO thin films; Microstructure; Band gap;
Transmittance

1. INTRODUCTION
Nano crystalline semiconductor materials have a great
significance due to their extraordinary structural stability as
well as wide bandgap property. Zinc oxide is one of the most
important and versatile oxide materials due to its high
transparency in the visible range, direct bandgap (3.37ev),
absence of toxicity, high electrochemical stability, abundance
in nature, etc [1]. Zinc oxide (ZnO) is one of the most attractive
materials which has been developing recently to use in
microelectronic application [2]. It is also used in developing
new optoelectronic devices

such as solar cell windows, piezoelectric transducers, gas
sensors, ultraviolet (UV) lasers, short-wavelength light-
emitting diodes, photodetectors, etc [3]. Zinc oxide (ZnO),
having a wide bandgap has a stable hexagonal wurtzite
structure and is composed of alternating planes with
tetrahedrally coordinated O and Zn?* ions [4]. ZnO thin films
can be prepared by different deposition techniques. The
various deposition techniques are spray pyrolysis [5],
chemical vapor deposition [6], electron beam evaporation [7],
molecular beam epitaxy [8], and pulsed laser deposition [9].
Among them in the present study, we have performed a simple
and cost-effective spray pyrolysis method.

ZnO is one of the oxide materials in which Mn?* (0.66 A)
dopant having similar radius replace Zn*(0.60 A)

without any phase segregation and assumed to be a deep donor
with energy levels as 0.45, 0.7 or 2.0ev below the conduction
band edge at room temperature [14, 10]. Besides doping with
transition metal could affect the electronic band structure of
ZnO and may change its applications [11, 12, 13]. Besides
various transition elements such as Ni, Cr, Cu, Co, Ti, V, etc.
are also tried as dopants into the ZnO matrix to further improve
its optical and electrical behavior. Among various dopants, Fe
dopant into ZnO matrix has less explored by spray pyrolysis
technique. Moreover, it has also a similar radius compared to
Zn? which also can substitute the Zn?* into ZnO. Adding 3d
transition metal into ZnO matrix may change the fermi energy
state by raising valence band to maximum and lowering
conduction band to minimum, thus lowering the bandgap.
Thus, it is expected form the study that the bandgap would be
lowered due to co-doping of 3d transition element Mn & Fe.
Moreover, Salaken et. al explored that lower or higher Fe
dopants degrade the optical and crystalline quality [15]. So, it
will be interesting to see the mixed effect of Mn & Fe co-
dopants into the ZnO matrix. Another challenge of the study
was single phase formation. However, possible impurities and
their effects on optical properties has also been described.

2. MATERIALS AND METHOD
ZnO thin film was prepared by spraying of zinc acetate (Zn
(CH3C00)..2H.0, analytical grade) in a mixture of deionized
water and isopropyl alcohol (2:3 by volume) onto heated glass
substrates. The glass substrate was placed on a soldered tin
bath. In our experiment, we use (CH3COQ),Zn.2H,0), Mn
(NOs)2-4H,0, FeCls, (Merck India), HCI, Sigma Aldrich as
primary raw material. To prepare a solution, appropriate
amount of each element was calculated and mixed with 200ml
water. For complete dissolution, few drops of HCI were added.
Similarly, for DZO-3, DZ0O-5, DZO-7 (DZO referred to Mn &
Fe doped ZnO thin films) films with required ingredients were
weighed and solution concentration was kept in 0.12 M level.
After that, the prepared solution was filtered with a filter paper
with the help of a funnel. Several parameters were controlled
such as temperature, airflow, solution flow rate during the
deposition process. At first, all the parameters were adjusted
and then the mild steel mask was set upon the glass substrate.
After that, the substrate was taken over a steel plate. Then the
plate was placed over the heater. Subsequently, the current
supply was switched on and the heating rate was changed by
varying the voltage. Then the prepared solution was pouring
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into the measuring cylinder that was attached to buerrete stand
with the clamp. The solution was taken out through the tube of
commercial saline set and passed it to the inlet of the nozzle.
During film deposition, the temperature of the substrate was
raised to 350 °C by varying voltage. The rate of flow of
solution was controlled manually in our desired level. As
around 5 ml solution was sprayed to the substrate within 10
minutes, the supply of heat, air, and solution were stopped then
and the film was kept untouched for cooling 5-10 minutes.
After that, the deposited film samples were wrapped in tracing
paper and stored for XRD, SEM, UV-Vis. Characterization.

3. RESULT AND DISCUSSION

STRUCTURAL ANALYSIS

X-ray diffraction analysis (XRD) was done to acquire
structural information. The room temperature XRD curve is
shown in Fig. 1. All the XRD peaks of each pattern could be
indexed to monophasic zinc oxide hexagonal wurtzite
structure according to JCPDS card number 36-1451. The XRD
patterns of both doped and undoped samples along (100),
(002) and (101) planes exhibited strong orientation. The
calculated lattice parameters are found tobe a=b=3.25A, ¢
=5.2 A, V=47.567 A% which is a complete agreement to the
previous standard study [16]. It may be mentioned that the
lattice parameters have changed due to the co-doping.
Moreover, Rietveld refinement was done to analyze the XRD
patterns. This was done using Fullprof software. It was found
that the hexagonal wurtzite type structure was best suited for
both undoped and doped samples. The calculated data are
tabulated in Table 1.
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Fig. 1: (a) Room temperature XRD patterns of DZO-(0, 3, 5, 7) thin films;
(b) Magnified patterns in the range of (33-37) °

Increasing volume indicates the perfect doping of elements
into the ZnO matrix. Furthermore, the intensities along
different diffraction peaks are different, which indicates that
the growth of ZnO in

Table 1: Structural parameters of DZO-(0, 3, 5, 7) thin films obtained by
Reitveld refinement.

Parameters Sample
DzZO- | DZO- | DZO- | DZO-7
0 3 5
a(A) 3.2414 | 3.255 3.214 3.142
cA) 5211 | 52175 | 5.191 5.11
daoo (A) 2.771 2.819 2.783 2.760
ACS) 4741 | 47.889 | 46.44 | 45.323
Density g/cm?® 6.051 5.644 5.82 6.06
Dislocation density (8) *10% 11.79 13.09 15.96 19.37
lines/m?
Strain (¢) *10° 3.26 3.39 3.74 4.2
Chi? 2.01 25 2.23 2.65
Rexp 17 12.79 13 10.6

various planes are different and the growth is anisotropic. The
observed Rietveld XRD patterns inFig. 2indicate a
differential crystallinity with a minor amount of impurity
phase, ZnFe;0s.
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Fig. 2: Reitveld refined XRD pattern of DZO-(0, 3, 5, 7) thin films.
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It has been found from Fig. 3that the average grain size
reduces due to doping which may support the reduction of
intensity along (002) planes due to doping.
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Fig. 3: SEM micrographs of DZO-(0, 3, 5, 7) thin films.
Average grain size values are tabulated in Table 2.

From the recorded X-ray diffraction data, the grain size of

crystallites was calculated using Scherer's equation [18]:
094

b= LcosO (1)

Where D is the grain size of the crystallites, A is the wavelength

of X-rays, g is the full width half maxima and @ is the angle of

diffraction. The calculated crystallite size values are tabulated

in Table 2. Reduction of average grain size indicates merging

from good crystallinity [19].

Table 2: Crystallite size and Average grain size of DZO-(0, 3, 5, 7) thin films.

Name of the element Crystallite Size (nm) Average grain size
(nm)
DZ0-0 29.12 58.83
DZ0-3 27.63 51.52
DZ0O-5 25.03 46.61
DZ0O-7 22.72 44.88

As with higher doping of 5 and 7%, peaks intensity falls down
with high background noise which indicates reducing
crystallinity and inducing stress. Annealed stress released
samples may show improved crystallinity [20].

From the present study, dislocation density (8) and lattice
strain of estimated samples are calculated using following
equation [21]:
6=n/D? 2
Where n =1, indicates the minimum dislocation density of the
film and D is the calculated crystallite size. The dislocation
density of any material provides the quality of films and its
defect structure of the material. The dislocation density usually
is defined as the number of dislocations per unit length or per
unit area of desired samples [22]. In the present study,
incorporation of Mn and Fe doping in The ZnO matrix, the
dislocation density gradually increases which indicates its
defect structure. The lattice strain was calculated using the
following equation [21] and shows similar trend with exactly
to the dislocation density.

B cos@

€=

3)

The lattice strain data are tabulated in Table 1.

3.1 MORPHOLOGICAL ANALYSIS

Surface morphological studies of the DZO-0, DZ0O-3, DZ0O-5
& DZO-7 films were carried out by scanning electron
micrographs (SEM). Fig. 3 (a-d) shows the SEM images of all
the undoped and doped ZnO thin films. The microstructure of
DZ0-0 thin-film clearly shows that grains are round in shape.
Careful observation indicates the roughness of the surface and
the presence of a significant amount of porosity. It is seen from
the SEM Fig. 3 that porosity content and surface roughness
increase with increasing Mn and Fe doping concentration. But
for DZO-3 thin film, the roughness was minimal compared to
the other two dopant concentrations.

Another lucid visualization from the SEM graph indicates
increasing the doping percentage causes a gradual decrease in
average grain size. The average grain size was calculated using
the linear intercept formula [23]. The calculated average grain
size was tabulated in Table 2. In our present study, increasing
doping percentages cause a decrease in interstitial Zinc due to
the dopant’s concentration. Therefore, the grin growth of ZnO
was inhibited due to the decreasing of diffusivity [24].
Besides, difference of ionic radius between Fe** (x = +2 or +3),
Zn?* as well as between Mn?* and Zn?*, where both Fe*™ &
Mn?* replaces Zn?* in ZnO matrix causes lattice distortion,
resulting in larger strain and subsequently hinder the grain
growth [15, 17]. However, in our case, we have used FeCls as
our source for the experiment. So, lattice distortion occurred
due to the replacement of Fe3* to Zn?* in the ZnO matrix,
which is another source for grain growth inhibitor [24]. The
grain size distribution of DZO thin films was depicted by
histogram graph as in Fig. 4. Also, the lucid visualization of
histogram data is a good agreement with SEM data. Therefore,
the study reveals that increasing the co-doping percentage
causes a gradual decrease in grain size.

D70-0 3 D70-3

DZO-5

Fig. 4: Grain size distribution of DZO-(0, 3, 5, 7) thin films.

3.2 OPTICAL PROPERTY ANALYSIS

The optical transmission spectra of both Mn & Fe doped and
undoped ZnO thin films of 0.69 pm are showed in Fig. 5. The
optical transmission is found to be maximum for 7% Mn & Fe
doped ZnO in the range between 400-750 nm. At higher
wavelengths from visible to IR region of all films, there are
high transmittance, low absorbance, and reflectance which
indicates that present samples have large transmittance
windows for optical applications [19]. Therefore, DZO-3
shows the highest transmittance performance
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Fig. 5: Transmittance spectra of DZO-(0, 3, 5, 7) thin films.

among other Mn & Fe doped thin films due to less light
scattering and thus it can be exclusively used in solar cells
[25]. In the present study, defect structure may contribute to
the less transmittance of DZO-5 & DZO-7 thin films. Some
researchers found that defect structure may hinder the
transmittance of thin films [26]. The absorbance spectra of
both doped and undoped ZnO thin films are showed in Fig. 6.
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Fig. 6: Absorbance spectra of DZO-(0, 3, 5, 7) thin films.

The absorbance spectra showed that absorbance increased in
the visible range with slightly increasing the doping
percentage. This may be attributed to the introduction of defect
states within the forbidden band in the case of DZO-5 and
Dz0-7 films, which may lead to the absorption of incident
photons [14].

The optical band gap (Eg) for the deposited films was
calculated on the basis of spectral absorption for ZnO. The
direct band gap of material is calculated using the Tauc’s
relation,

1

ahv = A(hv — E,)? 4)

where Ao is the incident photon energy, A is constant of energy
for a material within the measured optical material frequency
range, Eg is the energy gap between the valance and
conduction band. The band gap has been calculated by
extrapolating the linear region of the plots (ahv)? versus hv on
the energy axis as shown in Fig. 7.
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Fig. 7: Band gap of DZO-(0, 3, 5, 7) thin films.

3.12 3.16

The optical band gap of material depends on many properties
such as defects, type of materials, absorption coefficient [27].
Those materials which have a high bandgap is very useful for
solar cell application as well as optoelectronic application
[28]. From Fig. 7 we found that increasing dopant percent
decreases the bandgap slightly. Such a widening of the optical
band gap with co-doping where an enhancement of n-type
carrier concentration occurred in ZnO structure due to (Fe®*
doping) can be well described by Burstein—Moss effect [29].
By enhancement of n-type carrier concentration with doping;
absorption edge forms at much shorter wavelengths than
intrinsic samples and lowers the Fermi level down into the
conduction band which widens the bandgap. This is well-
known as the Burstein—Moss effect [29]. The decreasing trend
of bandgap with increasing Fe & Mn concentration may be
attributed that, 3d transition metal ions into ZnO layers may
change the Fermi energy state by lifting the valence band to a
maximum and lowering the conduction band minimum
leading to bandgap reduction. Moreover, it is also attributed
that, narrowing of bandgap may be attributed to the strong s-d
and p-d spin-exchange interactions between the band electrons
and the localized d electrons of Fe®* & Mn?* ions substituting
Zn?" ions as mentioned by Srinivasulu et al. [30] for FZO thin
films prepared by chemical spray pyrolysis. Bandgap values
are tabulated in Table 3.

Table 3: Band gap of DZO-(0, 3, 5, 7) thin films.

Name of the element Band gap (eV)
DZ0-0 3.30
DZ0-3 3.29
DZ0-5 3.275
DzZ0O-7 3.265

The refractive index and absorption coefficient of these films
were determined using transmittance and reflectance
measurements. The refractive index, (n) has been calculated
using the relation [31], showed in Fig. 8,
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Fig. 8: Refractive index of DZO-(0, 3, 5, 7) thin films.
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As well as, refractive index is found to increase with the
addition of Mn & Fe dopants. This may be due to the change
in crystallite size, stoichiometry and internal strain with the
addition of various sizes dopants to the Zn-O network [32,33].
It has been observed that an overall decreasing trend for the
refractive index with the photon energy shifting to the higher
value that is towards the lower value of wave length. It has
been found for all the samples that an overall increase in the
refractive index towards the larger wavelength in the visible
region.

n

The absorption coefficients (k) of the samples were calculated
from the following relation [34],
k al
=i (6)
Fig. 9 shows the plots of absorption coefficients (k) versus
wavelength of pure and doped thin films.

In the present study, the absorption coefficients (k) values are
varying between ~ 0.34 to 0.38. Which shows the influence of
co-doping on ZnO thin films. Further, the value indicates that
the material has defects which are also confirmed by
dislocation density and Rietveld analysis already. In the visible
range at the higher wavelength, the absorption coefficient(k)
remains constant upon doping. Lower values of k indicate that
it can be suitable for various optical applications [35].
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=
]
T
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Fig. 9: Absorption co-efficient of DZO-(0, 3, 5, 7) thin films.

Fig. 10 shows the photoluminescence spectra of undoped and
Mn & Fe doped ZnO thin films at room temperature under the
excitation of 325 nm.

From the Fig. 10, it is found that the strongest ultraviolet
emission peak centered at 373 nm corresponds to near band
emission (NBE). There are three peaks observed nearly at 398
nm, 467 nm and 477 nm which are attributed to various
intrinsic defects such as Zinc interstitials and doubly ionized
oxygen or both effects. We have identified that the intensity of
the NBE peak is high for the sample obtained with 3% Mn &
Fe doped ZnO thin films. This can be explained by the fact that
it has very a smaller number of defects and higher crystallinity
compared to DZO-7 and DZO-0 thin films. The NBE peak of
DZO-7 has very lower intensity due to the presence of a larger
number of defects which is already proved in the Reitveld
refinement [36].
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Fig. 10: Photoluminescent spectra of DZO-(0, 3, 5, 7) thin films.

4. CONCLUSION

Undoped ZnO and doped ZnO thin films with different doping
concentrations (3, 5 and 7 at%) of Mn & Fe have been
successfully deposited on glass substrate using spray pyrolysis
technique. All the thin films exhibit hexagonal wurtzite type
with additional ZnFe;O4 as a secondary (impurity) phase for
3%, 5%, and 7% doping. A minor amount of impurity has a
significant effect on the properties of the ZnO thin film. The
values of crystallite and grain size both are found to be
decreased with increasing doping concentrations. The UV-vis
spectroscopy was done to confirm the high transparency. For
3% doping, the transmittance was higher. The optical band gap
was calculated for all films and found a gradually decreasing
trend for higher percent doping which can be useful for solar
cell applications. Photoluminescence spectra showed that it
has a very smaller number of defects at DZO-3. From the
optical data, we have also calculated the absorption index,
refractive index. In the visible range, at the higher wavelength,
the absorption index (k) remains constant upon co-doping
which indicates it can be suitable for various optical and
optoelectronic applications.
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