Effect of Co Doping on Structural Properties of Hematite Thin Films
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ABSTRACT
Amongst various phases of iron oxide, hematite (α-Fe2O3) is the most stable and
has found wide applications in spintronic and data storage devices and as a catalyst.
Undoped and doped thin films are prepared by sol-gel and spin coating method. Films
are characterized structurally using Bruker D8 Advance X-ray diffractometer. The
presence of diffraction peaks corresponding to to (012), (104), (110), (006), (113), (202),
(024), (214) and (217) confirms the formation of pure hematite phase at 300 oC. XRD
results indicate that peak positions shift to higher angles due to the difference in ionic
radius of cobalt and iron. Crystallite size increases from 28nm to 38nm with increase in
dopant concentration to 5%. Increase in dopant concentration to 7% results in
decrease in crystallite size indicating the possibility that some of the dopant atoms
occupy the interstitial sites or are sitting on the grain boundaries thus resulting in
decrease in crystallite size. In addition, the strain induced in films as the result of high
dopant concentration also leads to reduction in crystallite size. Dislocation density
calculated using XRD results indicate that number of dislocation lines increases as the
dopant concentration is increased from 7-9% resulting in destruction of crystalline
structure. Increase in x-ray density (5.0-5.1g/cm3) and reduction in porosity (0.120.100%) of the films indicates increased packing density of the films with replacement
of cobalt with iron.
1. INTRODUCTION
Functional metal oxides have been of interest in scientific community in the last
decade due to their unique properties. Among these, iron oxide is of particular interest
due to their catalytic, spintronic and biomedical applications (Riaz 2014(a,b), Lian 2012,
Akbar 2014(a)). Iron oxide exists in three forms i.e. FeO, Fe2O3 and Fe3O4 (Riaz 2013).
Fe2O3 is further categorized as α-Fe2O3, γ-Fe2O3, ε-Fe2O3 and β-Fe2O3. α-Fe2O3 is the
most stable form of iron oxide (Garcia 2013, Glasscock 2008).
Hematite (α-Fe2O3) crystallizes in rhombohedral structure belonging to R3c space
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group or in hexagonal system with D3d6 (Yogi 2013, Zachary 2011, Rivera 2012). In
orthorhombic system, the lattice parameters of α-Fe2O3 are a=5.427Å and α=55.3˚. In
hexagonal system the lattice parameters of α-Fe2O3 are a=5.034Å and c=13.75Å.
Oxygen anions are arranged in hexagonal close pack arrangement. 2/3 of the
octahedral sites are occupied by Fe3+ cations. The structure is composed of layers of
oxygen and iron normal to three-fold axes. (Yogi 2013)
Magnetic properties of α-Fe2O3 are of considerable attention. It is antiferromagnetic
with Neel temperature of 950K. In the temperature range of 950-260 K rhombohedral
(111) planes are arranged in the form layers of Fe3+ cations (Zachary 2011). Oxygen
anions separate consecutive planes. Ferromagnetic coupling arises between the spins
in (111) plane below 300K. Antiferromagnetic coupling arises between the adjacent
planes. This results in spin canting between (111) planes. Due to this, uncompensated
Fe3+ spins are present between the two neighboring planes (Yogi 2013). This induces
weak or canted ferromagnetic behavior in antiferromagnetic α-Fe2O3. Below 260K,
direction of spin changes. This temperature of 260K is known as Morin temperature.
The spins are completely perpendicular to (111) plane. This results in antiferromagnetic
behavior of α-Fe2O3 (Yogi 2013, Akbar 2014(b))
In order to enhance the properties of α-Fe2O3, we here report the structural
properties of cobalt doped hematite thin films using sol-gel method. The dopant
concentration is varied as 1%, 3%, 5%, 7% and 9%. The films are annealed at 300˚C
for 60mins. Changes in structural properties are correlated with variation in dopant
concentration.
2. EXPERIMENTAL DETAILS
Cobalt doped iron oxide sols were prepared using sol-gel method. Fe(NO3)3.9H2O
was dissolved in deionized (DI) water. The solution was stirred at room temperature.
Ethylene glycol was added to the above solution. The solution was then heated on hot
plate at 60˚C. Details of sol-gel synthesis are reported earlier (Akbar 2014(b)). For
cobalt doping, cobalt nitrate was dissolved in DI water and added to iron oxide sol. the
dopant concentration was varied as 1-9%. The sol was spin coated on copper substrate.
Before spin coating, copper was firstly etched using diluted HCl and the then rinsed
repeatedly in DI water. The substrates were then place in ultrasonic vibrator in acetone
and isopropyl alcohol for 10 and 15mins, respectively (Asghar 2006(a), (b)). After spin
coating the films were annealed at 300˚C for 60mins.
Films were characterized structurally using Bruker D8 Advance X-ray Diffractometer
with Cukα=1.5406Å.
2. EXPERIMENTAL DETAILS
Fig. 1 show XRD patterns for undoped and cobalt doped iron oxide thin films.
Presence of diffraction peaks corresponding to (012), (104), (110), (006), (113), (202),
(024), (214) and (217) indicate the formation of α-Fe2O3 phase of iron oxide. No peaks
corresponding to aluminum and/or aluminum oxide were observed even at dopant
concentration of 9% (Fig. 1(c)). Slight shift of peaks positions is observed with increase
in dopant concentration due to slight difference in ionic radius of cobalt as compared to

iron. The shift in peak positions indicates that the dopant has been successfully
incorporated in the host lattice.

Fig. 1 XRD patterns for cobalt doped iron oxide thin films with dopant concentration (a)
1% (b) 5% (c) 9%
Crystallite size (t), strain (Δd/d) and dislocation density (δ) (Cullity 1956) of aluminum
doped iron oxide thin films is calculated using Eq. (1)-(4)
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Where, λ is the wavelength (1.5406Å), B is the full width at half maximum, dexp is the
d-spacing calculated from XRD pattern and dpdf is the d-spacing taken from JCPDS
card no. 87-1165, θ is the diffraction angle.
Crystallite size and crystallinity of cobalt doped iron oxide thin films are plotted as a
function of dopant concentration in Fig. 2(a). Crystallite size increases from 28.8nm to
37.9nm as the dopant concentration is increased to 5%. With further increase in dopant
concentration, crystallite size decreased to 27nm. It can be predicted that at low dopant
concentration the atoms occupy the substitutional positions. At high dopant
concentration, the probability of dopant atoms residing on grain boundaries increases
(Akbar 2014(b)). This leads to destruction in crystallite size. In addition, strain in thin
films also affects the crystallite size (Riaz 2007). Decrease in strain with increase in
dopant concentration to 5% (Fig. 2(b)) also resulted in increase in crystallite size. The

increased crystallite size thus resulted in few number of grain boundaries. The reduced
number of grain boundaries at low dopant concentration thus resulted in decreased
dislocations in thin films (Fig. 2(b)).

Fig. 2 (a) Crystallite size and crystallinity (b) strain and dislocation density plotted as a
function of dopant concentration for Co doped iron oxide thin films
Lattice parameters (a,c), x-ray density (ρ) and porosity of aluminum doped Fe2O3 thin
films is calculated using Eq. (4)-(6).
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Where, (hkl) represent the miller indices, ΣA is the sum of atomic weights of the
atoms in the unit cell, V is the volume of unit cell (V=0.866a2c), ρexp is the experimental
density calculated using Eq. (5), ρstd is bulk density of iron oxide.

Fig. 3 (a) Lattice parameters (b) volume of unit cell (c) x-ray density and porosity of
cobalt doped iron oxide thin films plotted as a function of dopant concentration

Fig. 3(a) show lattice parameters plotted as a function of dopant concentration. The
lattice parameters decreased as the dopant concentration was increased to 5% thus
leading to reduction in unit cell volume. This decrease in unit cell volume from 303Å to
286Å is due to smaller ionic radius of cobalt as compared to that of iron. This reduced
unit cell volume leads to increased density of the films (Fig. 3(b)) indicating more
compact structure of cobalt doped iron oxide thin films.
Although no peaks corresponding to aluminum or aluminum oxide were observed in
XRD pattern (Fig. 1) even with high dopant concentration of 9% but variation in
crystallite size (Fig. 2(a)) and lattice parameters (Fig. 3(b)) strongly indicated that the
dopant has been successfully incorporated in the α-Fe2O3 lattice.
3. CONCLUSIONS
Cobalt doped iron oxide thin films were prepared using sol-gel and spin coating method.
The dopant concentration is varied as 1-9%. No peaks corresponding to dopant atom
or its oxide were observed even at high dopant concentrations. The crystallite size
decreased from 28.8nm to 38nm with increase in dopant concentration to 5%. Further
increasing the dopant concentration resulted in decreased crystallite size and increased
dislocation density. Variation in lattice parameters and unit cell volume strongly indicate
the incorporation of dopant atoms on the substitutional sites in α-Fe2O3 lattice.
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