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1.  Introduction

Thin film deposition has been the subject of intensive study for almost a century. A variety of different techniques 
can be used to deposit the films, including chemical solution routes like sol–gel [1], spin coating, dip coating 
[2] and spray pyrolysis [3]. The formation of a thin film takes place via nucleation and growth processes on the 
surface of the substrate. The thin film is usually strained up to a certain critical film thickness, beyond which misfit 
dislocations are introduced [4]. Stress is generated in the film due to the lattice mismatch between the substrate 
and deposited material, which subsequently affects the properties of the thin film. The thin film properties are 
also affected significantly by the formation of crystalline defects, hillocks and whiskers during the deposition of 
the film [5, 6].

Iron oxide thin film has extensive and significant applications in semiconductor devices, magneto-optic memo-
ries, audio–video systems, computer chips and in memory storage devices [7]. Iron oxide exists in three phases: 
α-Fe2O3, β-Fe2O3, γ-Fe2O3, and the various phases of iron oxide can be changed into other forms by varying 
the temperature and oxygen pressure, etc. Bulk α-Fe2O3 is useful in water splitting processes to produce hydro-
gen fuel. It is also very useful in photocatalysis (band gap 2.2 eV) and has high photostability. However, in spite  
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Abstract
α-Fe2O3 films are deposited on fluorine-doped tin oxide (FTO) and indium-doped tin oxide (ITO) 
substrates for 1, 4 and 6 min using a spray pyrolysis technique. We also deposited α-Fe2−xCrxO3 
(x  =  0.0, 0.1, 0.2, 0.3, 0.4, 0.7 and 0.9) films on the FTO substrate for a deposition time of 35 s. 
The structural and optical properties of these films were then studied. The x-ray diffraction 
(XRD) patterns show that all the films are crystalline in nature with a hexagonal crystal structure. 
The average grain size and unit cell volume were calculated using XRD data. It is found that the 
average grain size and unit cell volume increase with an increasing film thickness and Cr-doping 
concentration. The value of strain decreases with an increasing film thickness and Cr-doping 
content. It is also found that films with the same deposition time on the ITO substrate are more 
crystalline than on the FTO substrate. Furthermore, the average grain size is obtained from field 
emission scanning electron microscopy (FESEM) images. FESEM analysis confirms that the average 
grain size increases with the film thickness and Cr-doping concentration. The optical absorption 
spectra of the films show that the absorbance increases with an increasing deposition time and Cr 
concentration. The energy band gap (Eg) of all the films has been calculated using Tauc’s relation.  
A narrowing of the band gap was observed with an increase in film thickness and Cr-doping content. 
The reduction of the band gap with the increase in film thickness of the films deposited on the 
ITO substrate is larger than for the film deposited on the FTO substrate. The refractive index is 

also obtained from the absorption spectra of the films using the Moss relation: n  =   ( / )k Eg4 , where 
k  =108 eV. The refractive index decreases with an increase in the optical band gap. The band gaps of 
the films are also calculated from the FTIR spectra. This is in good agreement with the UV data. The 
correlation between the structural and optical properties of the deposited films has been discussed.
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of these qualities it suffers from a low hole diffusion length, a short exciton lifetime (~10 ps), poor minority charge 
carrier mobility, and limited light penetration depth. The maximum reported efficiency of the water splitting of α-
Fe2O3 is 12.9% [8]. It has been reported by many researchers that the doping of different metal cations (Mg2+, Ca2+, 
Ti4+, and Zn2+ etc) in iron oxide decreases the formation of defects and enhances the photoconversion efficiency 
[9–13]. The nano-scaling of bulk α-Fe2O3 also increases the photoconversion efficiency. The α-Fe2O3 (hematite) 
has a corundum rhombohedral/hexagonal-type structure [13]. It has been reported by many researchers that the 
film thickness affects the optical and structural properties of the α-Fe2O3 films. It is also reported that the energy 
gap (Eg) of the films decreases with increasing film thickness [14]. The doping of transition elements such as Cr, Zn, 
Ni, Mg and Pt enhances the photoconversion efficiency of nanocrystalline thin films of α-  Fe O2 3 [15–18]. The band 
gap decreases and absorbance increases with increasing Cr-doping in α-Fe2O3 film [8, 19–21]. There are various 
techniques used for the thin film deposition of α-Fe2O3 such as electrodeposition [19], molecular beam epitaxy 
(MBE) [21], microemulsion-based methods [22], spray pyrolysis [10], hydrothermal and sol–gel [23].

In the present paper, we have studied the effect of thickness, the nature of the substrates, and the Cr-doping 
concentration on the structural and optical properties of α-Fe2−xCrxO3 (x  =  0.0, 0.1, 0.2, 0.3, 0.4, 0.7 and 0.9) thin 
films deposited on fluorine-doped tin oxide (FTO) and indium-doped tin oxide (ITO) glass substrates.

2.  Experimental procedure

The α-Fe2O3 thin films were deposited onto the FTO and ITO glass substrates by the spray pyrolysis method 
(Holmarc spray pyrolysis set-up). 0.3 M solution of ferric chloride (FeCl3) was prepared in distilled water. The 
prepared solution was continually stirred with a magnetic stirrer for 1 h 30 min at 50 °C. A few drops of methanol 
(15–18) were added to the solution for proper evaporation of the solvent during the deposition process. The films 
were deposited under the following conditions: (i) substrate temperature: 450 °C, (ii) distance between the nozzle 
and substrate: 22 cm, (iii) pressure of carrier gas: 0.6 bar, (iv) liquid flow rate: 0.5 ml min−1. We deposited films 
on the heated ITO and FTO substrates for 1, 4 and 6 min. The deposited films were heated at 300 °C for 5 h in a 
vacuum. Further, the films were annealed at 650 °C for 1 h 30 min.

Polycrystalline films with the composition α-Fe2−xCrxO3 (x  =  0, 0.1, 0.2, 0.3, 0.4, 0.7 and 0.9) were also pre-
pared using this technique. 0.3 M ferric nitrate (Fe2(NO3)3.9H2O) and 0.3 M chromium nitrate (Cr2(NO3).9H2O) 
were mixed. The solution was placed under magnetic stirring at 50 °C for 1 h 30 min. All other conditions were kept 
the same as in the deposition of the undoped films. The structural properties of the prepared films were character-
ized using x-ray diffraction (PAN-analytical XPERT-PRO). The surface morphology and elemental composition 
of the thin films were studied using field emission scanning electron microscopy (FESEM) and energy dispersive 
x-ray spectroscopy (EDX) (Carl Zeiss, Merlin Compact) respectively. The absorbance spectra of the films were 
recorded in the wavelength range 200–800 nm using a UV-2450 spectrophotometer (Shimadzu). Ultraviolet–
visible Fourier transform infrared spectroscopy (UV–Vis-FTIR) spectra were recorded in the wavenumber range 
400–4000 cm−1 using a Brucker Tensor-27 Spectrophotometer.

3.  Results and discussions

3.1.  X-ray diffraction (XRD) analysis
Figure 1(a) shows the XRD patterns of α-Fe2O3 films that are deposited for 1 and 6 min on FTO and ITO substrates. 
Figure 1(b) shows the XRD patterns of α-Fe2−xCrxO3 films with x  =  0.4 and 0.7, which were deposited on FTO 
substrates for a deposition time of 35 s. The sharp peaks indexed at (1 0 4), (1 1 0), (1 1 3) and (1 1 6) clearly indicate 
single phase α-Fe2O3 with a hexagonal structure as well as the well crystalline nature of the film [24–26]. This is 
due to the films being annealed at 650 °C for 1 h 30 min, resulting in single-phase crystalline films of α-Fe2O3; the 
color of the film also changed from yellow to red after annealing. This confirms the successful conversion of 
FeOOH to α-Fe2O3. Fe atoms are oxidized to their  +3 oxidation state at higher temperatures, which leads to the 
formation of a pure α-Fe2O3 phase [27, 28]. The diffraction peak intensities are enhanced as the deposition time 
increases, which is attributed to the observed increase in the film thickness. Furthermore, no additional peaks 
corresponding to any secondary phases were observed in the XRD patterns. Moreover, the intensity of the FTO 
substrate peaks in α-Fe2−xCrxO3 films with Cr concentrations x  =  0.4 and 0.7 are suppressed (see figure 1(b)). 
This generally occurs in solvothermal methods as reported by Mu et al [29]. It is reported in the literature that the 
full removal of hydroxyls from α-Fe2O3 generally requires annealing over 800 °C [30]. The suppression of FTO 
peaks in the Cr-doped films deposited on the FTO substrate clearly indicates the presence of water in these samples, 
as reported by others [30]. The suppression of FTO peaks in the Cr-doped samples also suggests that the Cr3+ 
dopant strongly interacts with the hydroxyl groups present in the water. However, all the ITO and FTO peaks are 
indexed in the case of undoped films deposited on ITO and FTO substrates, indicating the maximum removal of 
water, although the intensity of the ITO peaks is found to be more than the FTO peaks, signifying more removal 
of water in the case of films deposited on the ITO substrate. This also confirms the small amount of amorphization 
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attributed to the film deposited on the FTO substrate. The lattice parameters are calculated by using the equation, 

( )= + + +h k hk
d a

l

c

1 4

3
2 2

2 2

2

2; here, (h k l) represent the Miller indices and d represents the inter-planer spacing 

between the crystal planes [31]. The values of the lattice parameters for all the samples are given in table 1, and they 
agree well with the published values [17, 19, 25]. The unit cell volume of the films is calculated using the formula 
volume (V)  =  0.866  ×  a2  ×  c, where a and c are the crystallographic axis [32]. The unit cell volumes of the films 
on the FTO and ITO substrates with a deposition time of 6 min are found to be larger than the films with a 
deposition time of 1 min (see table 1). This result can be explained on the basis of variation in the strain of the film 

with the deposition time. Therefore, the values of strain are calculated using ɛ  =  β θcos

4
; here, β is the full width at 

half maxima and θ is the diffraction angle [33–38] (see table 2). It is also observed that the film with a deposition 

time of 1 min has a larger strain than the film that is deposited for 6 min (see table 2) [33]. The reduction in strain 
with the increase in film thickness is well reported [34–36]. This leads to an increase in the unit cell volume for the 
films deposited for 6 min over the films deposited for 1 min (see table 2) [34, 35]. Besides this, the decrease in strain 
with the increase in deposition time is larger for the films that are deposited on the ITO substrate than the films on 
the FTO substrates. The reaction of Fe3+ with the hydroxyl ions present in the films deposited on the FTO substrate 
hinders the growth of the film, indicating less reduction in strain in the case of films deposited on FTO substrates 
[39]. Moreover, the reaction of Fe3+ with OH− leads to more values of strain for the films on the FTO substrates 
than the films on the ITO substrates for an equal deposition time (see table 2). All these results indicate that the 

Figure 1.  (a) X-ray diffraction patterns of α-Fe2O3 films on the FTO substrate for times of 1 min and 6 min; (b) x-ray diffraction 
patterns of doped α-Fe2−xCrxO3 films for x  =  0.4 and x  =  0.7.
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Table 1.  Structural parameters of α-Fe2O3 and Cr-doped α-Fe2O3 films calculated from x-ray diffraction pattern.

S. no. Sample a (nm) c (nm)

Average grain size  

(nm)

Volume  

(nm3)

1. FTO-1 min 0.504 18 1.363 35 62 0.300 12

2. FTO-6 min 0.504 19 1.374 83 72 0.302 66

3. ITO-1 min 0.503 43 1.371 34 89 0.300 98

4. ITO-6 min 0.503 39 1.371 98 111 0.301 07

5. x  =  0.4, FTO-35 s 0.503 26 1.367 56 48 0.299 95

6. x  =  0.7, FTO-35 s 0.503 49 1.369 86 57 0.300 72

Table 2.  The values of c/a ratio, bond length (l) and micro-strain (ɛ) of α-Fe2O3 and Cr-doped α-Fe2O3 films.

S. no. Samples c/a ratio Bond length, l (Å) Micro-strain (ɛ) 10−3

1. FTO-1 min 2.7040 4.029 76 0.5023

2. FTO-6 min 2.7268 4.053 41 0.4342

3. ITO-1 min 2.7246 4.044 41 0.4703

4. ITO-6 min 2.7254 4.045 83 0.3492

5. x  =  0.4 2.7174 4.036 23 0.7367

6. x  =  0.7 2.7207 4.04 151 0.6297

Figure 2.  (a)–(c) FE-SEM images of undoped α-Fe2O3 films on the FTO substrate for 1 min, 4 min and 6 min; (d)–(f) FE-SEM 
images of α-Fe2O3 films on the ITO substrate for 1 min, 4 min and 6 min. Insets show the histogram plotted between the grain size 
(nm) and the frequency of occurrence of the grains in the FESEM micrograph.

Table 3.  The values of the average grain size of α-Fe2O3 film on the FTO and ITO substrates calculated from FESEM micrographs.

S. no. Deposition time

Average grain size 

(nm)

1. FTO-1 min 24

2. FTO-4 min 31

3. FTO-6 min 34

4. ITO-1 min 22

5. ITO-4 min 28

6. ITO-6 min 29

Mater. Res. Express 4 (2017) 075003
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ITO substrate is more suitable for the deposition of α-Fe2O3 films at a low annealing temperature, indicating that 
it is a suitable candidate for technological applications in optoelectronic devices. It is also found that the unit cell 
volume increases with an increase in the Cr-doping. However, this result cannot be explained on the basis of the 
ionic radii mismatch, since the ionic radii of Fe3+ (0.0645 nm) is more than the Cr3+ (0.064 nm) [40]. Therefore, 
this suggests that the expansion of unit cell volume with an increase in the Cr-doping content is due to an increase 
in the interaction between the Cr3+ and OH− groups. Hence, the amount of water attached to the Cr3+ during 
spray pyrolysis increases with an increase in Cr-doping content, which leads to an expansion of the unit cell 
volume. In addition to this, an increase in the intensity of the diffraction peaks ((1 1 0), (1 1 3), etc) is observed with 
an increase in the thickness of the film and doping content. This indicates the increase in the crystalline nature of 
the α-Fe2O3 films with the thickness of the film and doping content. The increase in peak intensity with Cr-doping 
also confirms the enhancement of the relaxation of the residual stress in the Cr-doped films over the undoped 
films [21]. It may also be noted that the XRD patterns of the Cr-doped films have fewer XRD peaks, unlike that of 
the undoped films. This confirms that the undoped films have a lower crystal symmetry [41]. We have also 

Table 4.  The values of the average grain size of α-Fe2−xCrxO3 (where x  =  0.0, 0.1, 0.2, 0.3, 0.4, 0.7 and 0.9) films on the FTO substrate 
calculated from FESEM micrographs.

S. no. Cr content

Average grain size 

(nm)

1. 0 20

2. 0.1 22

3. 0.2 23

4. 0.3 25

5. 0.4 26

6. 0.7 30

7. 0.9 36

Figure 3.  UV–visible spectra of α-Fe2O3 films (a) for 1 min on the FTO substrate (inset shows the band edges), (b) for 1 min, 4 min 
and 6 min on the FTO substrate, (c) for 1 min, 4 min and 6 min on the ITO substrate, (d) α-Fe2−xCrxO3 (where x  =  0, 0.1, 0.2, 0.3, 
0.4, 0.7 and 0.9) films on the FTO substrate.

Mater. Res. Express 4 (2017) 075003
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calculated the c/a ratio and bond length (l) of the films. The bond length of the films is calculated using the 

equation (l)  =   ( )( )+ − u ca

3

1

2

2 2
2

, where u  =   + 0.25a

c3

2

2  [36, 42]. An increase in the bond length with an 

increase in film thickness and Cr-doping is observed. This is due to the increase in the unit cell volume [21, 43, 44]. 
The c/a ratio of the films increases with the increasing film thickness and doping content [41]. This also confirms 
the stress relaxation of the films with the increase in film thickness and doping. The average values of the grain sizes 

of the films are calculated using the Debye–Scherrer equation, D  =   λ
β θ
0.9

cos
, where λ  =  1.5406 Å, and β is the full 

width at half maxima of the diffracted peaks [31], as given in table 1. The grain size of the films on the FTO and 

ITO substrates increases with an increase in the film deposition time. It also increases with the increase in Cr-
doping content, as given in table 1. The increase in the grain size with the increase in the deposition time and Cr 
concentration is in good agreement with the reported literature [19, 21, 44, 45]. The increase in the deposition 
time causes an increase in solute particles over the substrate. This results in the enhancement of the electrostatic 
interaction of the solute particles. Solute particle gathering takes place at the substrate, enhancing the grain size 
[46]. In the case of Cr-doped thin films, Cr-doping leads to an increase in interaction between the Cr3+ and 
hydroxyl group, resulting in a decrease in strain energy and hence an increase in grain size [47, 48]. Moreover, the 
value of the average grain size of the films on the ITO substrate is larger than the films on the FTO substrate when 
compared at the same deposition time. Also, the decrease in the average grain size with increasing deposition time 
is larger in case of the films on the ITO substrates. These results indicate that the film’s crystallinity increases with 
an increasing deposition time. Moreover, all these results indicate that the films deposited on the ITO substrate 
are more crystalline than the films on the FTO substrate [49].

3.2.  FESEM analysis
FESEM images of the α-Fe2O3 films on FTO, and ITO substrates are shown in figures 2(a)–(f) respectively.  
The FESEM images show prolonged grains for all the films. The average values of grain size for all the samples are 
calculated by the Gaussian curve fitting of the histograms, which is plotted between the grain size (nm) and the 
frequency of occurrence of the grains in the FESEM micrograph (see the inset of figure 2). The grain size increases 
with the increasing film deposition time and Cr-doping concentration (see tables 3 and 4) [26, 42, 47, 48, 50, 51]. 
This result is in good agreement with those obtained by XRD. We have also characterized all the samples with the 

Figure 4.  Calculation of the direct band gap of α-Fe2−xCrxO3 films (a) for x  =  0.0 on the FTO substrate, (b) for x  =  0.9 on the FTO 
substrate, (c) the direct band gap variation with deposition time on the FTO (black) and the ITO (red) substrate, (d) the variation of 
the direct band gap with the Cr concentration for films on the FTO substrate.

Mater. Res. Express 4 (2017) 075003
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EDS. It is found that no impurity elements are present, and elemental compositions of the samples are confirmed 
within the experimental error.

3.3.  UV–visible spectrum analysis
UV–visible optical absorption spectra of α-Fe2O3 films on the FTO and ITO substrates are shown in figures 3(a)–(c),  
and for the Cr-doped samples in figure 3(d). Two absorption edges are observed between 300–450 nm and 
450–550 nm for the films on the FTO substrate with the deposition time of 1 min (see figure 3(a) and its inset). 
These bands arise due to the 6A1  −  4T2 ligand field transitions and the pair of excitation transition processes 

6A1  +  6A1  →  4T2 (4G)  +  4T2(4G) of two adjacent Fe3+ centers [35, 46–48]. These absorption edges completely 
disappear with the increase in the wavelength. Further, a decrease in the absorbance is observed with an increasing 
wavelength. Finally, this variation becomes linear in the red region (figures 3(b)–(d)). This linear region is due to 
the increase in charge transfer transitions in the higher wavelength region [52, 53]. The intensity of the absorption 
peak increases with the increasing deposition time and Cr content, as reported by Nematollahi et al [54]. The 
energy band gap values for different absorption peaks are calculated from Tauc’s relation,

( )α υ υ= −h A h E n
g

( )⎡
⎣

⎤
⎦= ∗A mwhere 2e

nch m r
2

2
e

3

and ∗me and mr represent the effective mass and reduced mass of the charge carriers, α is the absorption coefficient, 
and Eg is the optical energy gap value (eV), which depends on the crystalline structure. Here, h is the plank’s 
constant with a value  =  6.626  ×  10−34 J s–1 and υ is the frequency of the irradiated light. A is a constant that 
depends on the type of material used [51]. The value of ‘n’ depends on the type of transitions, and is 1/2 or 3/2 for 
direct transitions [55]. The energy gap value is calculated using the plot (αhυ)1/n versus Eg by extrapolating the 
linear part, giving a band energy value at α  =  0 (see figures 4(a) and (b)). The O2− 2p to Fe3+ (charge-transfer) 
transitions are responsible for the direct energy gap values [34, 56]. The band gap of the films decreases with an 
increase in film thickness, as shown in figure 4(c) [34, 57]. This result is due to the increase in grain size, which also 

Figure 5.  (a) FTIR spectra of α-Fe2O3 film on the FTO substrate for 1 min, (b) FTIR spectra of α-Fe2O3 film on the FTO substrate 
for 1 min, 4 min and 6 min, (c) FTIR spectra of α-Fe2O3 on the ITO substrate for 1 min, 4 min and 6 min, (d) FTIR spectra of  
α-Fe2−xCrxO3 (where x  =  0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.7 and 0.9) films that are deposited for 35 s on the FTO substrate.

Mater. Res. Express 4 (2017) 075003
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leads to a change in the grain boundary barrier height, and also stress relaxation in the film with the increase in 
film thickness [57, 58]. The value of the energy band gap is less in the case of films deposited on the ITO substrate 
than the FTO substrate. This is due to the greater conductivity of the ITO substrate than the FTO substrate [59]. 
The band gap of Fe2O3 is found to be 2.51 eV, which is higher than the reported value of 2.1 eV in Fe2O3 thin films 
[60]. This further indicates that the Fe3+ exists in a low spin state, which results in an increase in the band gap of 
Fe2O3. The band gap decreases with increasing Cr content (see figure 4(d)). The decrease in band gap is nearly 
13.5% as the concentration (x) of Cr is increased from 0 to 0.9 (figure 4(d)). This may be ascribed to an increase 
in impurities as well as structural disorders with the increase in Cr-doping. The decrease in band gap with the 

increase in Cr content is also due to partial hybridization between the Cr t2g  −  Fe ∗t2g 3d orbital and the decrease 

in the residual in-plane compressive strain, as reported by Mashiko et al and others [18, 26, 60, 61]. The sharp 
decrease in band gap arises with the increase in Cr concentration up to x  =  0.3. Moreover, the decrease in band 
gap becomes almost linear above x  =  0.3 (see figure 4(d) [21, 26].

3.4.  Ultraviolet–visible Fourier transform infrared spectroscopy (UV–Vis-FTIR) analysis
The UV–vis FTIR spectra of α-Fe2O3 films on FTO and ITO substrates and Cr-doped α-Fe2O3 films on FTO 
substrate are shown in figures 5(a)–(d). All the peaks in the UV–Vis-FTIR spectra are indexed with the Fe-O 
functional groups (see figure 5(a)). This confirms the presence of the α-Fe2O3 phase. The values of different 
wavenumbers at which the minimum transmittance occurs are given in tables 5 and 6 [22, 31, 56]. Moreover, 
the peak shifts towards higher wavenumbers (cm−1) upon increasing the film thickness and Cr-doping content.  

Table 5.  Calculated wave numbers of Fe-O transverse vibrational mode from FTIR analysis of α-Fe2O3 films on FTO and ITO substrates.

S. no.

α-Fe2O3 

film

Wave number 

(cm−1) Mode

1. FTO-1 min 436, 459, 489, 499 Eu

2. FTO-4 min 436, 445, 457, 490 Eu

3. FTO-6 min 438, 458, 493 Eu

4. ITO-1 min 436, 450, 488 Eu

5. ITO-4min 458, 491 Eu

6. ITO-6 min 457, 486 Eu

Table 6.  Wavenumbers corresponding to Fe-O transverse vibrational mode from FTIR analysis of α-Fe2−xCrxO3 (where x  =  0.0, 0.1, 0.2, 
0.3, 0.4, 0.7 and 0.9) films on FTO substrate.

S. no.

Sample (α-

Fe2−xCrxO3)

Wave number 

(cm−1)

1. x  =  0 457, 490

2. x  =  0.1 436, 458, 491

3. x  =  0.2 435, 459, 488, 501

4. x  =  0.3 435, 459, 488

5. x  =0.4 450, 459, 488

6. x  =  0.7 445, 458, 491, 501

7. x  =  0.9 458, 490, 502

Figure 6.  Variation of the direct band gap of α-Fe2−xCrxO3 (where x  =  0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.7 and 0.9) films with the  
Cr-doping concentration on the FTO substrate.

Mater. Res. Express 4 (2017) 075003
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This is due to the lattice strain relaxation and the appearance of higher crystal symmetry with increasing film 
thickness and Cr-doping [62, 63]. The direct band gap of all the films is also calculated from the UV–Vis-FTIR 
spectra. The variation of the direct band gap with Cr concentration is shown in figure 6 [17, 18]. It is found that 
the band gap decreases with an increasing Cr-doping content. The results were obtained using the UV–Vis-FTIR 
spectra, which are consistent with the UV–visible data of the thin films.

We have also calculated the refractive index (n) for α-Fe2−xCrxO3 (where x  =  0.0, 0.1, 0.2, 0.3, 0.4, 0.7 and 

0.9) films using the Moss relation n  = k

Eg
4 , where k is a constant value of 108 eV and Eg is the band gap [58, 59]. It 

is observed for all the thin films that the refractive index decreases with an increasing band gap (figures 7(a)–(c)) 
[57, 58]. This result plays an especially important role in determining the optical properties of the thin films, and 
helps in the design of optoelectronic devices and solar cells.

4.  Conclusions

The optical properties of α-Fe2O3 films on FTO and ITO substrates and α-Fe2−xCrxO3 (x  =  0.0, 0.1, 0.2, 0.3, 0.4, 
0.7 and 0.9) films on an FTO substrate have been studied. The influence of deposition time on the properties of the 
films has also been investigated. XRD analysis of the films shows an increase in the average grain size, Fe-O bond 
length and unit cell volume with an increasing film thickness and Cr-doping content. These results are explained 
on the basis of the presence of a hydroxyl group in the films deposited on the FTO substrate and the decrease in 
the strain of the films due to relaxation in compressive stress with the increasing deposition time and Cr-doping. 
This data reveals that the film on the ITO substrate is more crystalline than the film on the FTO substrate. Hence, 
it is concluded that ITO is more suitable than FTO for the thin film deposition of α-Fe2O3. The increase in grain 
size of the films with the increase in the film thickness and doping are also confirmed by FESEM micrograph 
analysis. Furthermore, it is observed that absorbance increases with the increasing deposition time and Cr doping. 
The band gaps of the films on ITO and FTO substrates decline with the increasing film thickness and Cr-doping 
concentration. It is also reported that the decline in the band gap on the ITO substrate is larger than on the FTO 
substrate, which is due to the greater conductivity of the former than the latter. Moreover, it is found that the 
refractive index of the films decreases with the increasing band gap. These undoped and Cr-doped α-Fe2O3 thin 
films, with a reduced band gap and enhanced absorbance, can be used as electrodes for improving the efficiency 
of the water splitting processes.
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