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Structural, microstructural, and optical properties of the undoped and Fe-doped zinc oxide (ZnO) thin
films grown by spray pyrolysis technique using zinc nitrate as a host precursor have been reported here.
X-ray diffraction spectra confirm that all the films have stable wurtzite structure and the effects of Fe
dopants on the diffraction patterns have been found to be in agreement with the Vegard�s law. Scanning
electron microscopy results show good uniformity and dense surface having spherical-shaped grains.
Energy dispersive x-ray analyses with elemental mapping of the Fe-doped films show that the Fe dopants
are incorporated homogeneously into the ZnO film matrix. The x-ray photoelectron spectroscopy spectra
confirm the presence of 3+ oxidation state of Fe in the doped films. Atomic force microscopy analyses
clearly show that the average surface roughness and the grain size decrease with the addition of Fe
dopants. Optical studies reveal that the optical band gap value decreases on Fe doping. The 1 at.% Fe-
doped film shows normal dispersion for the wavelength range 450-700 nm. The PL spectra of the films
show a strong ultraviolet emission centered at ~388 nm in the case of 1 at.% Fe-doped film. A slow photo
current response in the films has been observed in the transient photoconductivity measurement.

Keywords Fe-doping, optical properties, surface morphol-
ogy, ZnO nanoparticle thin films

1. Introduction

Zinc oxide (ZnO), a wide band gap (3.36 eV at 300 K)
compound semiconductor, has a stable wurtzite structure
and high exciton binding energy of 60 meV (Ref 1). It has
drawn the attention of many researchers because of its
unique properties such as high thermal stability, non-tox-
icity in nature, high transparency in visible region, good
phosphor material, etc. Because of its multifunctional
properties (semiconducting, magnetic, piezoelectric, etc.),
this material has got wide applications in various elec-
tronic and optoelectronic devices such as in transparent
electrodes, solar cell windows, thin film transistor, chem-
ical sensors, etc. (Ref 2-6). ZnO has been exploited in
various forms such as single crystal, sintered pellets, thick
films, thin films, and hetero-junctions (Ref 7-11). How-
ever, thin films are more suitable for the chemical gas
sensors because the gas sensing properties are related to

the material surface, where the gases are adsorbed and the
chemical reactions occur. More recently, this material has
received a growing attention as a nanostructured material
because of its excellent properties arising out of large sur-
face-to-volume ratio, quantum confinement effect, etc. (Ref
12-15). As grown ZnO is an n-type semiconductor and its n-
type conductivity can be controlled by doping. Various
dopants like Al, In, Cu, Sn, etc., have been used to modify
the microstructure and defect chemistry of the ZnO matrix.
When the doped 3d transition metal (TM) ions have a
valence state of 2+, equal to that of Zn, the difference be-
tween the ionic radii of Zn and the 3d ions is minimized and
thus the defect formation for holding the charge neutrality is
suppressed. This has motivated us to investigate the influ-
ence of Fe (3d TM) ions on the structural, microstructural,
and optical properties of ZnO nanoparticle thin films.

In the present study we have investigated the compositional
homogeneity of the Fe-doped ZnO films. Energy dispersive
x-ray (EDX) analyses in the scanning electron microscopy
(SEM) as well as energy dispersive x-ray spectroscopy map-
ping have been used to assess the low scale composition and
local distribution of elements in the prepared films.

In most of the research work on structural and optical
properties of the Fe-doped ZnO thin films, zinc acetate
has been used as a host precursor in the film preparation
(Ref 16-18). However, very few reports are available on
the structural and optical properties of the spray-depos-
ited Fe-doped ZnO thin films using zinc nitrate as a host
precursor. So in the present investigation, we have used
zinc nitrate as a host precursor in the film preparation.
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Baek et al. (Ref 19) and Mishra and Das (Ref 20) have
studied the optical properties of the Fe-doped ZnO
nanostructures prepared by hydrothermal and co-precipi-
tation method, respectively. Further, ZnCl2 precursor has
been used for synthesis of the Fe-doped films by spray
pyrolysis technique by Soumahoro et al. (Ref 21). The gas
sensing properties of nanocrystalline Fe-doped ZnO films
prepared using spin coating have been investigated by
Rambu et al. (Ref 22).

2. Experimental Details

The films were deposited on clean glass substrates
(microscope slides) by chemical spray pyrolysis technique.
The dopant concentration (Fe/Zn at.%) was varied from 0
to 2 at.%. A homogeneous solution was prepared by dis-
solving requisite amounts of zinc nitrate [0.1 M
Zn(NO3)2Æ6H2O; Merck, India] and ferric chloride
[FeCl3Æ6H2O; Merck, India] in distilled water at room
temperature (300 K). The schematic representation of the
spray system of the film deposition has been described
elsewhere (Ref 23). The various process parameters used
in the film deposition are listed in Table 1. During the
course of spray, the substrate temperature was monitored
using a chromel-alumel thermocouple with the help of a
Motwane digital multimeter (Model: 454). Prior to further
investigation, the deposited films were annealed at 500 �C
for 1 h. For phase identification and crystallite size
determination, the films were examined using a Bruker
AXS C-8 advanced diffractometer with CuKa radiation
(k = 1.5406 Å) as the x-ray source. The surface morphol-
ogy of the films was investigated with JEOL SEM and
EDX analyses with elemental mapping, operated at
15 kV, and NTEGRA atomic force microscopy (AFM).
High resolution x-ray photoelectron spectroscopy (XPS)
was carried for the chemical composition and electronic
structure analyses of the Fe-doped ZnO films. The optical
studies of the films were carried out with the help of
Perkin Elmer Lambda 35 UV-Vis spectrometer (UK) in
the spectral range 350-700 nm. Photoluminescence spec-
tra were done using VARIAN CARY eclipse fluores-
cence spectrophotometer. The excitation source was a
Xenon-lamp (290 nm), and the sample temperature was
kept at room temperature. Keithley 2602 dual channel
current voltage source meter has been utilized to measure

the photoconductivity properties. A UV lamp with
365 nm centered wavelength and 10 mW total power has
been used to excite the sample for photocurrent mea-
surement.

3. Results and Discussion

3.1 ZnO Film Formation

When aerosol droplets of required solution arrive close
to the hot substrates, endothermic decomposition of the
fine droplets takes place at the substrate surface, resulting
in the formation of ZnO thin films. The substrate tem-
perature and solution flow rate play an important role in
the film formation. Possible reaction mechanisms in ZnO
film formation are as follow (Ref 23):

Zn NO3ð Þ2�6H2OþH2O! ZnOþHNO3: ðEq 1Þ

The films thus prepared have been found to be well
adherent with the glass substrate and almost transparent
in physical appearance and were subjected to further
analysis.

3.2 Structural and Microstructural Analyses

The x-ray diffraction (XRD) spectra of the undoped
and Fe-doped ZnO thin films is shown in Fig. 1. The
observed diffraction peaks have been found to match with
the standard JCPDS file of ZnO, 80-0074, which indicates
the formation of wurtzite phase in all the samples. It has
been observed that the intensity of the (002) peak de-
creases and the full width at half maximum (FWHM) in-
creases with increasing Fe-doping concentration, revealing
that the crystallinity of the Fe-doped films deteriorates.
Similar observations have been found by other researchers
(Ref 24, 25). Apart from the intensity and broadness
(FWHM) change, the (002) peak position has been found
to shift toward the higher angle side. This shift in peak
position may be attributed to the replacement of Zn2+
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Fig. 1 XRD spectra of the undoped and Fe-doped ZnO thin
films

Table 1 Spray process parameters used in the film
deposition

Spray parameters Optimum value/item

Nozzle Glass
Nozzle-substrate distance 25 cm
Zinc nitrate solution concentration 0.1 M
Solvent Distilled water
Solution flow rate ~2 mL/min
Carrier gas Compressed air
Gas pressure 3.2 kg/cm2

Substrate temperature 410 ± 10 �C
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[0.74 Å] ions by Fe3+ [0.64 Å] ions (Ref 26). As a result, a
decrease in lattice parameters ‘‘a’’ and ‘‘c’’ is observed.
Similar results have been reported by other workers (Ref
16, 25, 27). On the other hand, Oh et al. (Ref 28),
Panigrahy et al. (Ref 29), and Chen et al. (Ref 30) have
found that the peak position of (002) gradually shifts
toward the smaller angle on increasing the Fe-doping
amount. This contradiction in the already published re-
sults may be due to existence of different ionic radii of Fe
ions (because of different valence states) in a ZnO host
matrix. The valence state of Fe ion can be present in Fe2+

or Fe3+ or both. The presence of Fe2+ valence state in the
Fe-doped ZnO thin films grown by magnetron sputtering
has been confirmed by XPS analysis by Wang et al.
(Ref 24), Kim and Park (Ref 26), and Chen et al. (Ref 31).
The presence of Fe3+ ions in the ZnO nanostructure has
been suggested by Baek et al. (Ref 19) in the result of XPS
analysis of the Fe-doped ZnO nanorods. From these re-
sults mentioned above, it may be concluded that the
existence of different valence states of Fe ions depends on
synthesis technique as well as the precursors used for
synthesis. In the present investigation, the diffraction peak
shifts toward the higher angle direction with the addition
of Fe ions. This implies that atoms of smaller ionic radii
are substituted by replacing the host atoms, according to
Vegard�s law (Ref 32). Thus, shifting toward higher dif-
fraction angle side (shown in Table 1) suggests that in the
present investigation the valence state of Fe ions is Fe3+ in
the ZnO film structure.

In order to study the preferential orientation of the
films, the texture coefficient (TC) along different peak
directions has been calculated. It has been found that the
undoped film has best texture along the (002) direction.
The crystalline nature of the Fe-doped ZnO films declines
on increasing the Fe dopant concentration. The average
crystallite size of the doped films has been found to
decrease as compared to that of the undoped film. The TC,
crystallite size, and lattice parameters have been deter-
mined using the required formulae (Ref 23) and are listed
in Table 2.

The SEM micrograph of the undoped ZnO thin film is
shown in Fig. 2 while the SEM micrographs of the
Fe-doped films with elemental mapping are shown in
Fig. 3[i(a-d), ii(a-d), iii(a-d)]. The films show good uni-
formity and dense surface having spherical- shaped grains
without visible holes or faulty zones on the film surface.
To determine the film thickness, the cross-sectional SEM
view of the film (shown in inset of Fig. 2) was taken. The
average thickness of all the films was found to be in the
range of 800-850 nm.

EDX analyses of the Fe-doped films show that the Fe
dopants are incorporated into the ZnO film matrix, and no
other elements are present in the system, as shown in
Fig. 4(a) to (c). It can be noted that on increasing Fe dopant
concentration, the O/Zn ratio in the film moves toward
unity (1), implying that ZnO system shifts from non-stoi-
chiometry to stoichiometry. Elemental mapping of the
Fe-doped films, shown in Fig. 3[i(a-d), ii(a-d), iii(a-d)],
confirm that the films have homogeneous distribution of Zn,
O, and Fe for all concentration of Fe dopants. This also

leads to the conclusion that Fe dopants are effectively
incorporated into the ZnO film matrix.

The XPS spectra of the 1 at.% Fe-doped ZnO film are
shown in Fig. 5(a) to (c). The Fig. 5(a) shows the Zn2p
peaks located at 1022.28 and 1045.4 eV, suggesting that
the chemical valence state of Zn is 2+ (Ref 33). In
Fig. 5(b), the peaks of O1s are found at 530.8 and
532.07 eV which correspond to the lattice oxygen and the
adsorbed oxygen on the film surface, respectively (Ref 34).
As shown in Fig. 5(c), the peaks located at 711.3 and
718.4 eV correspond to the binding energies of Fe2P3/2

and Fe2P3/2, sat., respectively (Ref 33, 35) whereas the
peak at 724.1 eV corresponds to the binding energy of Fe
2P1/2 (Ref 36), suggesting that the added Fe in the films
are in the form of Fe3+.

Figures 6(a) to (d) and 7(a) to (d) present the two
dimensional (2D) and three dimensional (3D) AFM
images of the films as deposited on the glass substrate. The
surface morphology of the films reveals that the grains
have columnar shapes, which grow preferentially along
the c-axis orientation perpendicular to the substrate sur-
face. This film growth may be due to increased lattice
strain in the film network, which occurs at the time of film
deposition. It may also be due to increased density of
nucleation centers with the increasing Fe-doping amount
(Ref 37), which in turn, reduces the crystallite size as
confirmed by XRD analysis. Similar results have been
reported by Xu and Li (Ref 16) and Chen et al. (Ref 30).
The average surface roughness and the grain size of the
films as function of Fe-doping concentration are listed in
Table 2. The average surface roughness and the grain size
of the films decrease with the increase of doping concen-
tration, which is in agreement with those reported by
Wang et al. (Ref 24) and Bhuvana et al. (Ref 38). Here, Fe
dopants act as activators to increase the density of the
nucleation centers in the case of doped films, and the film
surface becomes more compact as well as smooth with
doping.

Fig. 2 SEM micrograph of the undoped ZnO film (inset shows
cross-sectional view)

Journal of Thermal Spray Technology Volume 22(7) October 2013—1233

P
e
e
r

R
e
v
ie

w
e
d



3.3 Optical Properties

Figure 8 shows the optical transmission and absorp-
tion spectra of the undoped and Fe-doped films. It has
been found that the undoped and 1.0 at.% Fe-doped
films show good transparency about 80% while the 1.5
and 2.0 at.% Fe-doped films show transparency approx-
imately 70% in visible region. This continuous decrease
in transparency may be due to lattice defects which arise
due to Fe ions incorporation into the ZnO host lattice.
The decrease in the crystallite size and average surface
roughness of the films is also responsible for decreased
transmission in the doped films. Similar decrease in
transmittance has been observed by Chen et al. (Ref 30)
in the study of Fe-doped ZnO thin films prepared by the

radio-frequency magnetron sputtering technique. From
Fig. 8, it is also clear that the absorption edge shifts
toward the higher wavelength with the increase of Fe
doping, suggesting a decrease in the optical band gap.
The band gap value, Eg, has been determined by the
extrapolation of the linear part of the (Aht)2 versus ht
variation to Aht = 0. Figure 9 describes the plots of
(Aht)2 as a function of ht. It is noticed that when the Fe
content increases from 0 to 2.0 at.%, the band gap value
decreases from 3.30 to 3.17 eV. Similar pattern in the
band gap decrement has been reported earlier also
(Ref 33). This band gap decrease is due to increase in the
band tail (Urbach tail) width which is related to the lat-
tice disorder in the film network.

Fig. 3 [i(a-d), ii(a-d), iii(a-d)]: SEM micrographs of the Fe-doped films with elemental mapping
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The absorption coefficient a near the fundamental
absorption edge is found to be exponentially dependent
on the incident photon energy and obeys the well-known
Urbach relation expressed as (Ref 39):

a ¼ ao exp
hm
Eo

� �
ðEq 2Þ

where ao is a constant and Eo is a parameter describing the
width of the tail of localized states in the band gap.

In terms of absorption, the Eq 2 can be written as

A ¼ Ao exp
hm
Eo

� �
ðEq 3Þ

where Ao is another constant. Eo is estimated from the
slope of the linear relationship lnA against ht, shown in
Fig. 10. These values of Eo have been found to be in
agreement with the band gap decrement.

Fig. 4 (a) to (c) EDX analyses of the Fe-doped ZnO thin films
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The refractive index dispersion behavior of the films
has also been studied since the dispersion being a signifi-
cant factor in optical communication devices, plays an
important role in the research for optical materials. The
refractive index, n, has been determined from reflectance
data using the relation (Ref 40):

R ¼ ðn� 1Þ2

ðnþ 1Þ2
: ðEq 4Þ

Figure 11 depicts the variation of reflectance spectra of
the films with wavelength in the range 350-700 nm. The
dispersion of the refractive index is fitted to the Cauchy
relation:

n ¼ aþ b

k2

� �
ðEq 5Þ

where a and b are the Cauchy�s constants and k is the
wavelength of the light used. It is observed that the
refractive index of the undoped film satisfy the rela-
tion 1.5682 + 0.94 9 105/k2 while those of 1.0, 1.5, and
2.0 at.% Fe-doped film satisfies the relation 1.9519 +
0.97 9 105/k2, 2.2505 + 1.06 9 105/k2, and 2.45 + 0.72 9
105/k2, respectively. Figure 12 indicates that the undoped
and 1.5 at.% Fe-doped films have normal dispersion for
the wavelength range 550-700 nm while the 1 at.%
Fe-doped film has normal dispersion for the wavelength
range 450-700 nm. The solid curve in Fig. 12 represents
the Cauchy fit. The discrepancy in Cauchy�s fit is due to
limitations of this relation and it is highly dependent on
material properties. The refractive index of the Fe-doped
films in the visible region (at 575 nm wavelength) has been
determined in the range 2.27-2.68.

Transient photocurrent measurements (shown in
Fig. 13) have been carried out to analyze the UV light
photosensitivity of the undoped and Fe-doped ZnO thin
films. Dark and photo currents measured as a function of
applied voltage are shown in Fig. 14(a) and (b). It has
been observed that the UV light luminescence increases
film conductivity. ZnO films adsorb atmospheric oxygen
on the surface by capturing free electrons from the
conduction band [O2(air) M O2(ads); O2(ads) + e� fi
O2
�(ads)], which creates a depletion layer near the film

surface, resulting in low dark current. Upon exposure to
illumination on film surface, electron-hole pairs are
generated, which cause increase in photocurrent. During
this process, holes recombine with the O2

� trapped
electrons and release O2 from the surface [O2

�(ads) +
h+ fi O2(gas)]. The unpaired electrons in the system
contribute gradually to increase the photocurrent during
illumination until an equilibrium state is reached (Ref
41), which is governed by desorption and re-adsorption
of O2 molecules on the film surface. As the light is
turned on/off, the slow response and recovery in con-
ductance is observed which may be attributed to the
oxygen adsorption and desorption process (Ref 42, 43).
The holes density is much less than that of electrons. As
a result, upon turning off light, holes combine quicklyFig. 5 (a) to (c) XPS spectra of the 1 at.% Fe-doped ZnO film
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with the electrons but due to higher density of electrons,
still some electrons are left to recombine, resulting in
slow decay of current. Films having small grains show
higher resistance, resulting in slow increase in photo-
current (Ref 44).

ZnO is one of the good fluorescence materials, which
generates emissions such as ultraviolet emission
(~380 nm), blue emission (~460 nm), green emission
(~540 nm), and red emission (~630 nm) (Ref 45). Dop-
ing in ZnO influences the band to band as well as the
visible emission spectra to a great extent. Bin et al.
(Ref 34) have studied the photoluminescence property
of the Fe-doped ZnO nanocantilever arrays synthesized
by thermal evaporating method and found the red shift
at ~536 nm for the doped film as well as a quenched
intensity compared to the undoped film. Effects of Fe
doping on the luminescence spectra have also been
studied by Inamdar et al. (Ref 27) where it has been
reported that the undoped ZnO nanocrystals show

maxima at ~385 nm along with blue and green lumi-
nescence, and a red shift is observed from the undoped
to the Fe-doped nanocrystals with quenching in emission
intensity. Oh et al. (Ref 28) have synthesized ZnO
nanorods via a sonochemical route and found enhanced
deep level PL intensity on Fe doping. Green-orange
emission and near band emission (NBE) has been
reported by Panigrahy et al. (Ref 29) in the study of
Fe-doped ZnO nanorods synthesized by low tempera-
ture method. These results indicate that luminescence in
ZnO nanostructures depends on fabrication conditions
of the sample and also the method used in the growth
process.

In the present investigation, to study the influence of Fe
doping on the luminescence of the ZnO films, the PL
spectra (shown in Fig. 15) of the ZnO films with different
Fe-doping concentration at room temperature were taken,
under the excitation of 290 nm Xe-lamp light source. The
ultraviolet emission centered at ~390 nm for the undoped

Fig. 6 (a) to (d) 2D AFM images of (a) 0 at.%, (b) 1.0 at.%, (c) 1.5 at.%, and (d) 2.0 at.% Fe-doped ZnO thin films
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Fig. 7 (a) to (d) 3D AFM images of (a) 0 at.%, (b) 1.0 at.%, (c) 1.5 at.%, and (d) 2.0 at.% Fe-doped ZnO thin films
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film is observed in the spectra. Generally, ZnO shows PL
emission in two parts: the NBE (near band edge) spectra
and DL (deep level) emission spectra (Ref 46). But in the
present investigation, only the NBE spectra have been
observed in all the films, which arise due to free exciton
recombination through an exciton-exciton collision pro-
cess (Ref 47). With the increase of Fe-doping concentra-
tion up to 1 at.%, an enhancement in the intensity of
ultraviolet emission centered at ~388 nm has been
observed, and on further doping, the intensity reduces.
Similar variation in intensity has been observed by Xu and
Li (Ref 16) in the study of 1 at.% Fe-doped ZnO thin films
prepared by sol-gel technique, where it has been reported

that emission intensity of peak centered at 381 nm reduces
due to decline in the crystal quality of 3 and 5 at.% Fe-
doped ZnO films, as the poor crystal quality reduces the
free exciton density. A small blue shift in the PL spectra
has been observed on Fe doping (inset of Fig. 15). This
blue shift may be attributed to the substitution of Fe3+

ions in place of Zn2+ ions in ZnO host lattice, leading to
lattice disorder resulting in band structure deformation.
Similar blue shift in PL spectra has been observed by
Mishra and Das (Ref 20). Wang et al. (Ref 48) have
reported the significant blue shift for the higher Fe-doping
concentration in the study of ZnO nanocrystals obtained
by thermolysis method.
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4. Conclusion

All the spray-deposited ZnO thin films are found to be
in hexagonal wurtzite structure. Fe-doping incorporation
into ZnO lattice has been confirmed by XRD measure-
ments. The SEM images of the undoped and Fe-doped
ZnO films reveal that the films have spherical-shaped
grains with continuous smooth surface. EDX analyses of
the Fe-doped films show that the Fe dopants are incor-
porated into the ZnO film matrix. High resolution XPS
studies confirm the presence of 3+ oxidation state of Fe in
the doped films. AFM images show that the average sur-
face roughness of the films decreases from the undoped to
the doped films.

After Fe doping, due to reduction in the surface
roughness, the optical reflectance of the films has been
found to increase. The optical absorption edge shifts
toward the higher wavelength and the band gap value
decreases from 3.30 to 3.17 eV on Fe doping. The films
have been found to be photosensitive. Dark current has
been found to increase from the undoped to the 1 at.%
Fe-doped film. Photoluminescence spectra of the Fe-
doped films reveal that the 1 at.% Fe-doped film shows a
strong ultraviolet emission centered at ~388 nm.
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