
G
l

R
a

b

a

A
R
R
A

K
S
F
T
P

1

l
m
d
t
f
n
a
t
d
i
n
t
f
c

a
s
c
T
s
o
a

0
d

Materials Chemistry and Physics 116 (2009) 638–644

Contents lists available at ScienceDirect

Materials Chemistry and Physics

journa l homepage: www.e lsev ier .com/ locate /matchemphys

rowth and characterization of iron oxide nanocrystalline thin films via
ow-cost ultrasonic spray pyrolysis

ajendra N. Goyala,∗, Davinder Kaurb, Ashish K. Pandeya

Department of Chemistry, Indian Institute of Technology Roorkee, Roorkee 247667, India
Department of Physics & Center of Nanotechnology, Indian Institute of Technology Roorkee, Roorkee 247667, India

r t i c l e i n f o

rticle history:
eceived 31 January 2009
eceived in revised form 18 April 2009

a b s t r a c t

The preparation and characterization of iron oxide nanocrystalline thin films by ultrasonic spray pyrolysis
technique is reported. Iron oxide films were grown on quartz substrate at different deposition tempera-
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tures varying from 400 C to 700 C. Both orientation and the size of the crystallites were found to depend
on the substrate temperature. The XRD results of nanocrystalline thin films revealed the magnetite to
hematite phase transformation with increase in substrate temperature. The morphological characteriza-
tion of these films by Field emission scanning electron microscopy and Atomic force microscopy showed
a grain growth from needle to plate like shape and size distribution in the range of 50–100 nm. The
deposited thin films exhibited the estimated direct band gap (Eg) in the range 2–2.2 eV. A comparison of

thin fi
hase transformation the various properties of

. Introduction

Thin films of iron oxide have attracted considerable attention in
ast few years due to their interesting magnetic properties. The half-

etallic magnetite Fe3O4 is highly spin polarized in nature and is
esirable for tunneling magneto-resistance based device applica-
ions [1]. Materials in nanometer range are found to exhibit new
unctional properties for a wide range of applications. Magnetic
anoparticles of iron oxide due to its biocompatibility, catalytic
ctivity and low toxicity have dragged significant attention for
heir applications in various fields of medical care such as drug
elivery system, cancer therapy, and magnetic resonance imag-

ng [2–4]. Apart from the biomedical applications, these iron oxide
anoparticles are of technological importance due to their applica-
ion in many fields including high density magnetic storage devices,
erro-fluids, magnetic refrigeration systems, catalysis and chemi-
al/biological sensors [5,6].

Several type of crystal structures and compositions are found to
ssociated with Iron oxides, like wustite (FeO), which has a rock
alt phase, magnetite (Fe3O4) and maghemite (�-Fe2O3), having
ubic spinel structure [7]. Hematite is isostructural with corundum.

he unit cell is hexagonal with a = 0.5034 nm and c = 1.375 nm. The
tructure of hematite can be described as consisting of hcp arrays of
xygen ions stacked along the [0 0 1] direction, i.e. planes of anions
re parallel to the (0 0 1) plane. Two third of the sites are filled with
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lm and nanopowder of iron oxide are also presented.
© 2009 Elsevier B.V. All rights reserved.

FeIII ions which are arranged regularly with two filled sites being
followed by one vacant site in the (0 0 1) plane thereby forming six-
fold rings. The oxygen and Fe arrangement forming Fe–O3–Fe triplet
structure influences the magnetic properties of the oxide. Struc-
tural relationships exist between certain planes in the hematite
structure and those in other iron oxides, namely magnetite and
goethite. There is, for example, a relationship between the (1 1 1)
plane of magnetite and (0 0 1) plane of hematite, hence nucleation
and growth of the magnetite on the (0 0 1) plane of hematite is
sometimes observed. Stoichiometric hematite is a n-type semi-
conductor and the bandgap is commonly considered to be 2.2 eV.
Certain properties of hematite—its ability against dissolution at pH
>4 and the fact that a reasonable amount (29%) of visible light has
energies greater than the hematite band gap (2.2 eV) have prompted
investigation into use of this oxide as an anode for photo assisted
electrolysis of water for hydrogen production [8].

Out of these Magnetite (Fe3O4) is known for having highest
Curie temperature (∼860 K). In the cubic inverse spinel structure
of Fe3O4, iron cations occupy interstices of a face-centered-cubic
closed packed array of oxygen ions (lattice parameter ∼8.396 Å)
[9]. The eight tetrahedral sites of the cube are occupied by Fe3+ ions
whereas the sixteen octahedral sites are equally shared by Fe3+ and
Fe2+ ions. The rapid hopping of electrons between Fe2+ and Fe3+

ions in the octahedral sites results in good room temperature con-

ductivity to Fe3O4 [10], specifically � ∼35,000 �� cm (�: resistivity,
polycrystalline film) [11].

A variety of techniques have been used to fabricate iron oxide
thin films such as pulsed laser deposition (PLD) [12], sol–gel [13],
sputtering [14,15], and molecular beam epitaxy (MBE) [16]. Com-

http://www.sciencedirect.com/science/journal/02540584
http://www.elsevier.com/locate/matchemphys
mailto:rngcyfcy@iitr.ernet.in
mailto:rngcyfcy@rediffmail.com
dx.doi.org/10.1016/j.matchemphys.2009.05.002


istry and Physics 116 (2009) 638–644 639

p
t
i
n
s
r
n
i
o
i
c
t
Z

s
t
a
n

2

(
c
t
t
v
C
t
p
u
h
t
r
a
d
f
t
t
fi
s
h
t
p
t
c
u

p
o
d
a
A
m
M
5
fi

Table 1
Optimized spray parameters used for the preparation of Iron oxide thin films.

Spray mode Ultrasonic nebulizer
Air blast Atomizer
Ultrasonic frequency (MHz) 1.67
Droplet size (�m) 2.89
Solution flow rate (ml h−1) 10
Distance from heater to substrate (cm) 5
Solvent Distilled water and methanol
Precursor Ferric chloride hexa hydrate

−1
R.N. Goyal et al. / Materials Chem

ared to other vacuum deposition techniques, spray pyrolysis offers
he possibility of preparing small as well as large area coating of
ron oxide thin films and nanopowder at low cost for various tech-
ological applications. Unlike physical vapour deposition methods,
pray pyrolysis does not require high quality target and nor does it
equire vacuum at any stage, which is a great advantage if the tech-
ique is to be scaled up for the industrial applications. Moreover,

n spray pyrolysis technique, the deposition rate and the thickness
f the films can be easily controlled over a wide range by chang-
ng the spray parameters, thus eliminating the major drawbacks of
hemical methods such as sol–gel, which produces films of limited
hickness [17]. Earlier the successful preparation of nanocrystalline
nO thin films by the same technique have been reported [18].

In the present study, we have used the simple and low cost ultra-
onic spray pyrolysis technique to grow iron oxide nanocrystalline
hin films. Further, we have also tried to correlate the structural
nd optical properties of iron oxide nanocrystalline thin films with
anopowder.

. Experimental details

Iron oxide thin films were prepared from aqueous solution of Ferric Chloride
FeCl3·6H2O) (purity 99%, Sigma–Aldrich, USA) by dissolving it in distilled water to a
oncentration of 0.1 M. The substrates were first ultrasonically degreased with ace-
one, ethanol and deionised water. The designed setup for ultrasonic spray pyrolysis
echnique is shown in Fig. 1. Ferric Chloride precursor solution was poured in to the
essel from inlet side. The ultrasonic nebulizer (Model NE-U17, Omron Matsusaka
o. Ltd., Japan), which contains 1.67 MHz transducer, atomizes the chemical solu-
ion into the stream of fine droplets. The vibration of the transducer converts the
recursor solution into the aerosol. The nebulized spray, which goes up in the col-
mn, was deposited on a hot substrate, which was further heat treated to get the
igh quality films. Specially designed digital substrate heater with temperature con-
roller from Excel instruments, Mumbai, India was used to heat the substrate. The
ate of deposition was controlled by the carrier gas flow rate, substrate temperature
s well as precursor concentration. To make precursor solution, ferric chloride was
issolved in double distilled water. The choice of solution concentration is crucial
or the successful deposition of iron oxide thin films. Methanol was added to adjust
he concentration of the final solution and to enhance the rate of evaporation. Solu-
ions of various concentrations were tried to optimize the right stoichiometry of the
lms. It is observed that when spray solution is of high concentration, the cracks
tart appearing over the films and surface of the films becomes rough. On the other
and, with very dilute spray solution, the films are porous and have voids. Finally,
he solution of concentration 0.10 M was found to give good quality films. For the
reparation of good quality films, various parameters such as nozzle to substrate dis-
ance, deposition rate and flow rate of air (carrier gas), deposition temperature and
oncentration were optimized to get good quality films. The optimized parameters
sed are presented in Table 1.

The substrate temperature was calibrated by placing a thermocouple tem-
orarily at the substrate position and simultaneously measuring the temperature
f the control thermocouple inside the heater plate. After the spraying proce-
ure, the hotplate was switched off and the samples were subsequently cooled in

ir. The orientation and crystallinity of the thin films were studied using Bruker
XS C-8 advanced diffractrometer in �–2� geometry. The surface topography and
icrostructure were studied using scanning probe microscope (NT-MDT: NTEGRA
odel) and field emission scanning electron microscopy (FE-SEM). Varian Cary-

000 UV–vis–NIR spectrometer was used to study the optical properties of thin
lms.

Fig. 1. Schematic diagram of ultra
Concentration (mol l ) 0.1
Deposition temperature (◦C) 400, 500, 600, and 700 ◦C
Substrate Quartz

To check the conductivity of the prepared thin films for voltammetric purposes,
the electrode of the thin films deposited on quartz at different temperatures were
made by making a contact of the film with a copper strip and then the whole assem-
bly was wrapped with a good quality scotch tape keeping a hole of 3 mm dia in
the tape just above the film to expose that particular area of the film to be in con-
tact with the electrolyte solution. The electrochemical experiments were carried
out using computerized BAS (Bioanalytical Systems, West Lafayette, USA) CV-50 W
voltammetric analyzer. Electrochemical studies were performed using a conven-
tional three electrode glass cell with a platinum wire as an auxillary electrode and
Ag/AgCl electrode as reference (model MF- 2052 RB-5B). The thin film electrode was
used as the working electrode. Phosphate buffer of pH 7.2 (� = 0.1 M) was used for
recording voltammograms. All potentials were measured at room temperature with
reference to Ag/AgCl electrode.

3. Results and discussion

3.1. Fe2O3 nanocrystalline thin films

Fe2O3 thin films were deposited using ultrasonic spray pyrolysis
on quartz substrate at various deposition temperature in the range
400–700 ◦C. The chemical solution was atomized into the stream
of the fine droplets via ultrasonic nebulizer operated to an atomiz-
ing frequency of 1.67 MHz. Chloride precursor solution was poured
into the vessel from inlet side. The aerosol was generated from the
vibration of the transducer. The nebulized spray, which goes up in
the column, was deposited on a hot substrate. The average diame-
ter of the misted droplet can be approximately calculated from an
expression given by Lang [19]:

Dd = 0.34

(
8��

�f 2

)

Where Dd is the droplet diameter, � is the solution surface tension
(72.9 × 10−3 N m−1; surface tension of pure water), � is the solu-

tion density (1027 kg m−3), and f is the applied ultrasonic frequency
(1.7 MHz). The diameter of the misted droplets was calculated using
the above parameters and was about 2.89 �m. The mean diameter
of the particles (Dp) formed from the misted droplet was theoreti-

sonic spray pyrolysis setup.
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ally calculated using the following equation [20]:

p = Dd

(
CprMcomp

�compMpr

)

here Dp is the mean diameter of the particles (Fe-oxide) fabri-
ated through pyrolysis reaction, Cpr is the precursor concentration
0.1 mol l−1), Mcomp is the molecular mass of the compound, �comp

s the theoretical density of the compound and Mpr is the molecu-
ar mass of the precursor. Substituting the Dd value (the diameter
f the misted droplet) and the constants into above equation the
heoretical mean diameter of Fe-oxide powder was found to be
pproximately 403 nm.

Fig. 2(A) shows the XRD patterns of iron oxide thin films grown
y ultrasonic spray pyrolysis on quartz substrate at various depo-
ition temperatures. The film deposited on quartz at the substrate
emperature (Ts) of 400 ◦C was found to be amorphous whereas the
lm deposited at Ts = 500 ◦C was crystalline in nature. The results
how that the increase of substrate temperature is in favour to the

iffusion of atoms absorbed on the substrate and accelerates the
igration of atoms to the energy favorable positions, resulting in

he enhancement of the crystallinity [18]. The film deposited at
s = 500 ◦C showed the (3 1 1) reflection of magnetite phase whereas
he films deposited at Ts = 600 ◦C were found to be of mixed phase

ig. 2. (A) Room temperature XRD spectra of the Fe2O3 nano thin films at various depos
nd (C) high temperature XRD spectra at various temperatures.
nd Physics 116 (2009) 638–644

with both the orientations, i.e. (3 1 1) of magnetite phase and (1 0 4)
of hematite phase. The only (1 0 4) reflection of pure hematite phase
was observed as the substrate temperature was increased to 700 ◦C.
The reason behind this may be due to the fact that at lower substrate
temperatures the energy supplied was not sufficient to convert all
the Fe atoms to its +3 oxidation state, some Fe atoms get oxidized
to its +2 state only and results in FeO·Fe2O3, i.e. magnetite phase.
While at higher substrate temperatures, due to sufficient supplied
energy, all the Fe atoms get oxidized to its +3 oxidation state which
leads to formation of pure hematite phase (Fe2O3).

In contrast to the thin films, the room temperature XRD pat-
tern of Fe2O3 nanopowder (Fig. 2B) was found to exhibit hematite
phase because during synthesis, the temperature of heating zone
was kept at 1000 ◦C in the presence of air as a carrier gas which
fully oxidizes the chemical mist of ferric chloride precursor solu-
tion. The XRD results indicated that the synthesized Fe2O3 powders
had the pure hematite structure with lattice parameter a = 1.418 Å
and c = 5.363 Å at room temperature. The in-situ high temperature
X-ray diffraction of �-Fe2O3 nanopowder at increasing temperature

from room temperature to 1100 ◦C showed a clear phase change due
to vacuum annealing of the powder (Fig. 2C). The hematite phase
changes to magnetite phase above 300 ◦C which could be due to the
fact that with increase in temperature, the oxygen partial pressure
decreases, which creates reducing atmosphere and results in the

itions temperatures, (B) room temperature XRD spectra of the Fe2O3 nanopowder
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Fig. 3. FE-SEM image of iron oxide nano thin films at (A) 400 ◦C (B) 500 ◦C (C) 600 ◦C and (D) 700 ◦C.

Fig. 4. (A) FE-SEM image of Fe2O3 nanopowder, (B) TEM image and (C) corresponding diffraction pattern of prepared nanopowder.
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Fig. 5. AFM image of iron oxide nano thin film

eduction of Fe3+ to Fe2+ and hence the magnetite phase appeared
ith increasing temperature [21,22].

Fig. 3(A–D) shows the FESEM images of iron oxide thin film
rown on quartz at different deposition temperatures. The micro-
raph of the film deposit at substrate temperature of 500 ◦C shows
eedle type grain growth while shape of the grains were found to
e changed from granular to plate like with change in substrate
emperature from 600 ◦C to 700 ◦C. Also, it is clearly visible that the
article size increases with increase in deposition temperature. The
article size shown by FESEM was much higher as compared with
hat calculated from the XRD results. This was because of the fact
hat the XRD gave the average mean crystallite size while FESEM
howed agglomeration of the particles. The XRD and FESEM data
an be reconciled by the fact that smaller primary particles have a
arge surface free energy and would, therefore, tend to agglomerate
aster and grow into larger grains.

The morphology of Fe2O3 nanopowder as revealed by FE-SEM
Fig. 4A) showed spherical nanoparticles of size approx. 50–100 nm.
he morphology and structure of powder was also investigated by
EM. Bright field TEM images and the corresponding diffraction pat-
ern for Fe2O3 nanopowder are shown in Fig. 4(B and C). It can be
een that the powder consists of several nanometer spherical parti-
les, which is consistent with the XRD and FE-SEM results. However,

art of small particles aggregated into secondary particles because
f their extremely small sizes and high surface energies. Therefore
t is difficult to precisely determine the size and size distribution of
he nanoparticles by simply viewing the TEM image. From the elec-
ron diffraction (ED) pattern of the sample, the hexagonal structure
) 400 ◦C (B) 500 ◦C (C) 600 ◦C and (D) 700 ◦C.

of hematite is identified and the reflection planes (1 0 4) and (1 1 0)
are clearly seen.

The surface morphology of the thin films was also studied
using atomic force microscope (NT-MDT: NTEGRA Model) over
3 mm × 3 mm area in semi-contact mode. Fig. 5(A–D) shows the
AFM images of the films deposited on the quartz substrate that
supported the FESEM results. The AFM images also support the
change in microstructure with change in temperature along with
agglomeration of the particles. The average surface roughness was
also calculated using AFM micrographs and found to be 16.52 nm,
23.22 nm, 31.8 nm and 36.27 nm for the film deposited at substrate
temperature of 400 ◦C, 500 ◦C, 600 ◦C and 700 ◦C, respectively.

Fig. 6 (A and B) shows the energy band gap and the optical
transmittance spectra of Fe2O3 thin films, respectively. In order to
calculate the direct band gap, we used the Tauc’s relationship was
used as follows:

˛h� = A(h� − Eg)n

where ˛ is the absorption coefficient, A is a constant, h is Planck’s
constant, � is the photon frequency, Eg is the optical band gap
energy, and n is the 1/2 and 2 for the transition being direct and
indirect respectively [23,24]. An extrapolation of the linear region

of a plot of (˛h�)2 on the y-axis versus photon energy (h�) on the
x-axis gives the value of the optical band gap Eg. Since Eg = h� when
(˛h�)2 = 0.The film deposited at substrate temperature of 400 ◦C
exhibited higher band gap as compared to the film deposited at
500 ◦C, which could be due the enhancement in crystallinity with
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Fig. 6. (A) Energy band gap, (B) optical transmittance spectra of thin films at various
deposition temperatures and (C) optical transmittance spectra (Energy band gap in
inset) of nanopowder.
nd Physics 116 (2009) 638–644 643

increase in substrate temperature that leads to lesser defects and
better crystal structure. The films deposited at 600 ◦C and 700 ◦C
show slightly higher band gap than that of the film deposited at
500 ◦C. The reason could be attributed to the presence of hematite
phase in case of the films deposited at 600 ◦C and 700 ◦C, which
exhibit higher band gap as compared to magnetite phase. The cal-
culated band gap for the Fe2O3 nanopowder was found to be near
2.5 eV as reported earlier [17].

Fig. 6(C) shows the transmittance spectra of the thin films
in the wavelength range 200–1100 nm. Transmittance of the film
deposited at 500 ◦C was found to be higher as compared to the film
deposited at 600 ◦C and 700 ◦C. The transmittance is expected to
depend on several factors, such as oxygen deficiency, surface rough-
ness, and impurity centers. The average value of transmittance in
the transmittance spectra of �-Fe2O3 nanopowder was also found
to be about 55% in the visible range of electromagnetic radiation.
The lower value of transmittance could be due to light scattering
from rough surface and defect states.

3.2. Low conductivity of thin films

To monitor the conductivity voltammetric response of thin film
electrode was recorded for dopamine, a well known compound
exists in human system,. It was found that the electrodes made from
thin films prepared at 400 ◦C and 500 ◦C exhibited low current (of
the order of nanoampere) even for millimole solution of dopamine
and, therefore suggested that the conductivity of these films is low.
Such a low current is not useful for determination purposes. Also
the peak was not clear for electrodes prepared from thin films. The
thin films prepared at 600 ◦C and 700 ◦C had almost negligible cur-
rent with no contact at many points. Thus, the value of current was
found to decrease with increase in substrate temperature at which
film was deposited. One of the reasons for such a behaviour may
be due to the presence of magnetite phase at low deposition tem-
perature, which conducts the current due to electron hopping and
hence more conducting as compared to hematite phase which is
formed at higher temperature.

4. Conclusion

In summary a comparative study of structural, optical and elec-
trochemical properties of Fe2O3 thin films and nanopowder has
been presented. In case of Fe2O3 thin films, magnetite to hematite
phase transformation was observed with increase in deposition
temperature from 500 ◦C to 700 ◦C while in-situ high temperature
XRD results of nanopowder revealed the hematite to magnetite
phase transformation. AFM and FESEM micrographs showed the
needle type grains in case of the film deposited at 500 ◦C while
granular to plate like structure was observed with further increase
in temperature from 600 ◦C to 700 ◦C. The band gap in case of
the nanopowder was found to be higher as compared to the thin
films. The thin films deposited on quartz substrate at different
temperatures had low conductivity and thus are not suitable for
electrochemical sensing.
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