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Physical properties of hematite ˛-Fe2O3 thin films: application to photoelectrochem-
ical solar cells

S. S. Shinde, R. A. Bansode, C. H. Bhosale, and K. Y. Rajpure�

Electrochemical Materials Laboratory, Department of Physics, Shivaji University, Kolhapur 416004, India

Abstract: The physical properties and photoelectrochemical characterization of aluminium doped hematite ˛-
Fe2O3, synthesized by spray pyrolysis, have been investigated in regard to solar energy conversion. Stable Al-doped
iron (III) oxide thin films synthesized by a spray pyrolysis technique reveals an oxygen deficiency, and the oxide
exhibits n-type conductivity confirmed by anodic photocurrent generation. The preparative parameters have been
optimized to obtain good quality thin films which are uniform and well adherent to the substrate. The deposited iron
oxide thin films show the single hematite phase with polycrystalline rhombohedral crystal structure with crystallite
size 20–40 nm. Optical analysis enabled to point out the increase in direct band-gap energy from 2.2 to 2.25 eVwith
doping concentration which is attributed to a blue shift. The dielectric constant and dielectric loss are studied as a
function of frequency. To understand the conduction mechanism in the films, AC conductivity is measured. The
conduction occurs by small polaron hopping through mixed valences Fe2C=3C with an electron mobility 300 K of
1.08 cm2/(V�s). The ˛-Fe2O3 exhibits long term chemical stability in neutral solution and has been characterized
photoelectrochemically to assess its activity as a photoanode for various electrolytes using white light to obtain I–
V characteristics. The Al-doped hematite exhibited a higher photocurrent response when compared with undoped
films achieving a power conversion efficiency of 2.37% at 10 at% Al:Fe2O3 thin films along with fill factor 0.38
in NaOH electrolyte. The flat band potential Vfb (–0.87 VSCE/ is determined by extrapolating the linear part to
C �2 D 0 and the slope of the Mott-Schottky plot.
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1. Introduction

With the advent of nanotechnology, there has been a resur-
gence of interest in metal oxides as suitable candidates for pho-
toelectrochemical (PEC) studies. Binary oxides M2O3, where
M is a trivalent metal, crystallize in the corundum structure and
occur in n- as well as p-typesŒ1�. In this category, the hematite
˛-Fe2O3 was selected as a prototype due to its technologi-
cal use as a catalystŒ2; 3� and photocatalystŒ4�. Moreover, it has
found increasing application because of its dielectric properties
and its breakthrough having unexpectedly large thermopower.
The hematite is predicted to be an insulator with a localized
Fe3C:3d electronŒ5�. However, a slight deviation from the stoi-
chiometry induces an enhancement of the electrical properties
allowing photoelectrochemical (PEC) characterization. On the
other hand, there is an increasing interest in the photoactive
functional oxide materials. As one of the main fields of solar
energy research concerns the development of so-called solar
fuelsŒ6� and considerable attention has been focused on devel-
oping new semiconductors (SC) for the PEC conversionŒ7; 8�.
Practical advantages pertinent to solar energy were reported
previouslyŒ9�. Fe2O3 has a gap Eg which averages 2 eV, ab-
sorbing �40% of the sunlight. Additionally, it is low cost,
non-toxic and exhibits a chemical stability over a broad pH
rangeŒ10�; these characteristics make it attractive for photocat-
alytic applications. The crystal lattice contains octahedral FeO6

units, which determine that both the valence band (VB) and
the conduction band (CB) are associated with the same cation,

namely Fe3C. Hence, VB is pH independent and for a given
pH can be appropriately positioned with respect to the O2/H2O
redox level in solution. However, whereas the physical prop-
erties of the hematite have been investigatedŒ11; 12�, the trans-
port properties so far reported have been limited to the elec-
trical conductivity, although some papers were devoted to the
PEC characterizationŒ13; 14�. Shwarsctein et al.Œ15� studied the
substitutional doping to improve the electronic properties of
˛-Fe2O3 for solar photoelectrochemical (PEC) applications.
However, we found that the introduction of strain in the lattice,
which is achieved by isovalent substitutional doping of Al, can
also improve the electronic properties. The results indicate that
the incident photon conversion efficiency (IPCE) for 0.45 at %
Al substitution increases by 2- to 3-fold over undoped sam-
ples. The ˛-Fe2O3 thin film photoanodes for solar water split-
ting were prepared by spray pyrolysis of Fe(AcAc)3 studied by
Liang et al.Œ16�. The donor density in the Fe2O3 films could be
tuned between 1017 and 1020 cm�3 by doping with silicon. The
highest photoresponse is obtained for Fe2O3 doped with 0.2%
Si, resulting in a photocurrent of 0.37 mA/cm2 at 1.23VRHE in
a 1.0MKOH solution under 80 mW/cm2 AM1.5 illumination.

An important feature of photovoltaic solar cells and of di-
verse optoelectronic devices studied in semiconductor physics
concerns their current–voltage characteristics. The main re-
quirements for suitable semiconductor photoelectrodes are (1)
sufficient (sun) light absorption, (2) high chemical stability,
(3) favourable energetic positions of the band edges with re-
spect to the oxidation potential, (4) fast transport of photo-

� Corresponding author. Email: rajpure@yahoo.com
Received 20 July 2010 c 2011 Chinese Institute of Electronics

013001-1



J. Semicond. 2011, 32(1) S. S. Shinde et al.
generated charge carriers, and (5) low cost. While the vari-
ous preparation methods, such as chemical vapour deposition
(CVD)Œ17�, MOCVDŒ18�, reactive ion beam sputteringŒ19� and
laser-assisted CVDŒ20�, result in excellent quality thin films,
they lack flexibility and cost effectiveness. Therefore, it is of
interest to study the PEC properties of ˛-Fe2O3, elaborated by
a chemical route. In this paper, we report promising aluminium
doped hematite ˛-Fe2O3 films with great reproducibility and
homogeneous structure, deposited by conventional spray py-
rolysis. Also, we have studied the room temperature dielectric
measurements, including dielectric constant, dielectric loss and
AC conductivity with frequency. In addition, the critical para-
meters in photoelectrochemical properties for hematite films
obtained by spray are investigated and discussed. The entire
data give new insight into the energetics of thin film systems
of ionic compound materials.

2. Experimental

Undoped and aluminium doped hematite ˛-Fe2O3 thin
films were deposited onto ultrasonically cleaned glass and flu-
orine doped tin oxide (FTO) coated glass substrates (having
resistance 10–15 �=�) using a chemical spray pyrolysis tech-
nique. The high purity reagents in the deposition method in-
volved the decomposition of an aqueous solution of high pu-
rity 0.1 M ferric trichloride (99.99%, A.R. grade, Aldrich) us-
ing double distilled water as a solvent. To achieve aluminium
doping, aluminium nitrate was incorporated into the solution.
The [Al]/[Fe] ratios calculated on at%, used in the starting so-
lution, were 5%, 10%, 15%, 20%. The resulting solution was
sprayed onto the preheated substrates held at an optimized sub-
strate temperature of 623 K with compressed air as a carrier
gas. Other preparative parameters were spray rate: 5 cc/min;
nozzle to substrate distance: 33 cm; and nozzle diameter: 0.05
cm, kept constant for all experiments.

The structural characterization of deposited thin films was
carried out by analyzing the X-ray diffraction patterns obtained
using CuK˛ ( � = 1.5406 Å) radiation from a Philips X-ray
diffractometer model PW-3710 and surface morphology was
studied using a JEOL JSM-6360 scanning electron microscope
(SEM). Absorption spectra were recorded at room temperature
and near to normal incidence using a Systronic model 119. The
AC parameters, such as capacitance (C ) and dissipation factor
(tan ı/, of the films were measured in the frequency range 20
Hz to 1 MHz using an LCR meter (HP 4284A). The dielectric
constant ("′) was calculated using the relation

"0
D

Cpt

"0A
; (1)

where Cp is the capacitance of the film, t the thickness of the
film, A the cross-sectional area of the film, and "0 the permit-
tivity of free space (8.854 � 10�12 F/m). The AC conductiv-
ity of the films was estimated from the dielectric parameters.
As long as the pure charge transport mechanism is the major
contributor to the loss mechanisms, the AC conductivity (�AC/

may be calculated using the relation

�AC D !"0"0 tan ı; (2)

where ! is the angular frequency and tan ı the dissipation fac-
tor.

Fig. 1. X-ray diffraction pattern of pure and typical 10 at% Al: Fe2O3

(AFO) thin films deposited at a 623 K substrate temperature .

The photoelectrochemical study was performed in a con-
ventional three electrode configuration, with the deposited thin
film on fluorine doped tin oxide (FTO) coated glass as the
working electrode (comprising modified n-undoped and doped
iron oxide thin film as a photoanode), graphite as a counter
electrode and SCE as a reference electrode. These three elec-
trodes were fitted in the bakelite holder having thickness 1 cm
and diameter 3.5 cm and fixed in a cylindrical corning glass cell
with capacity 30 cm3. The distance between the photoelectrode
and the counter electrode was 0.5 cm and the exposed area
to visible light was 1 cm2. The photoelectrochemical (PEC)
characteristics were measured for various electrolytes, such as
KOH, KI, NaOH and Na2SO4 (0.1 M concentration of each
electrolyte). For the measurement of power output character-
istics, a two electrode configuration consisting of electrodes
as a photo-anode and graphite as the counter electrode was
used. Measurements for the power output characteristics and
the current–voltage (I–V ) characteristics in the dark and un-
der illumination were studied at fixed intervals after waiting
for sufficient time to equilibrate the system under forward and
reverse bias conditions. Capacitance–voltage (C–V ) measure-
ments were carried out in the dark using an LCR bridge (Aplab
model 4912) at a built in frequency of 100 Hz.

3. Results and discussion

3.1. Structural analysis

Figure 1 shows X-ray diffraction patterns of the undoped
and optimized 10 at% Al doped iron oxide thin films. From
these patterns it is clear that all of the synthesized films of ˛-
Fe2O3 have a single phase. The films are nanocrystalline, poly-
crystalline and fit well with the rhombohedral crystal struc-
ture having space group R3 (148). These films of ˛-Fe2O3 are
in correspondence with 24-0072 in a powder diffraction file
(PDF) collected by the Joint Committee on Powder Diffraction
Standards (JCPDS). The lower peak intensities are attributed
to the lower film thickness (�115–135 nm) and the forma-
tion of an amorphous plus nanocrystalline phase in thin films.
A slight hump in the XRD pattern around 32.19ı is the evi-
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Fig. 2. Scanning electron micrographs of (a) undoped and (b) 10 at% AFO thin films.

dence for this. For the 10 at% Al:Fe2O3 film, the diffraction
angle of the (104) peak is almost in agreement with the Fe2O3

bulk single crystal, implying that no evident residual stress or
inclusion-induced lattice distortion has developed in the Fe2O3

film due to Al incorporation. Some weak reflections, such as
(012), (110), (006), (024) and (202), have also been observed
but with small intensities. With relatively smaller peak inten-
sities, this indicates that the point/cluster defects are produced,
causing a certain amount of amorphization in the material.

The lattice parameters a and c of prepared ˛-Fe2O3 films
are determined from the analysis of the X-ray diffraction pat-
terns and are estimated from the formula of a rhombohedral
system,

1

d 2
D

�
h2 C k2 C l2

�
sin 2˛ C 2 .cos 2˛ � cos˛/

a2 .1 � 3 cos 2˛ C 2 cos 3˛/
; (3)

where ˛ is the angle between to faces.
The calculated values of a and c for ˛-Fe2O3 films are a

= 5.036 Å and c = 13.7460 Å, which are close to the values
given in the above mentioned JCPDS card, a = 5.038 Å and c

= 13.77 Å. The average particle size is calculated employing
Scherrer’s equation,

D D
0:9�

ˇ cos �
; (4)

where D is crystallite size, � is wavelength of X-ray, ˇ is full
width at half maximum in radian, and � is Bragg angle. The
average crystallite size is found to be of the order of 39 and
21 nm for undoped and 10 at% Al:Fe2O3 thin films, respec-
tively, so it plays an important role in photoelectrochemical
performance. This effect can be explained if it is considered
that (1) aluminium atoms do not substitute iron atoms, instead
they occupy interstitial sites resulting in a large number of dis-
locations; and (2) probable formation of compound which is
growing along with Al:Fe2O3. It might be possible because
the ionic radii of aluminium (0.53 Å) are comparable with iron
(0.62 Å) but far less than oxygen (1.4 Å).

3.2. Morphological behavior

Figure 2(a) shows the morphology of undoped ˛-Fe2O3

thin film. The micrograph depicts the polycrystalline nature of

Fig. 3. Variation in specular optical transmittance against wavelength
for pure and doped iron oxide thin films.

the film with random distribution of grains with varying sizes.
Figure 2(b) shows the typical micrograph of 10 at% Al:Fe2O3

thin film. Doping induces the clustering of well established
randomly oriented nanorods having an average diameter about
�170 nm and shows compact, homogenous and well adher-
ent growth onto the substrate. It is believed that the extent of
agglomeration of the particles with rods increases and thereby
results in densification till pertaining some porosity with inter-
cluster voids.

3.3. Optical properties

Figure 3 depicts the specular measurement of optical trans-
mission spectra of pure and doped Fe2O3 in the wavelength
range of 400–1000 nm at normal incidence. The transmission
spectrum approaches semiconductor behavior with the appear-
ance of interference maxima. The spectra display pronounced
interference oscillations, as expected from the magnitudes of
thickness and refractive index of the films. The data for the
crystalline materials show peculiar characteristics that we will
attribute to inhomogeneities in the film. At � < 606 nm, the
interference fringes become less pronounced due to the onset
of absorption. The absorption can be caused by localized states
between the conduction band and the Fermi level, and that ef-
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Table 1. Various parameters of spray deposited pure and Al doped iron oxide thin films.
Doping percent-
age (at%)

Thickness,
t (nm)

Resistance,
Rs (M�/

Resistivity,
� (��cm)

Conductivity,
� (10�2 (��m)�1/

Carrier concentration,
n (1017 cm�3/

Mobility,
� (cm2/(V�s))

0 130 21.5 2.80 0.358 0.15 1.53
5 140 6 0.84 1.19 0.59 1.26
10 135 2 0.27 3.70 2.14 1.08
15 145 3.2 0.46 2.17 1.01 1.34
20 152 5.1 0.78 1.29 0.54 1.49

Fig. 4. Variation in absorbance (˛t ) versus wavelength (�/.

fect might be enhanced due to scattering from a rough surface.
The decrease in transmittance at higher doping concentrations
may be due to the increased scattering of photons by crystal
defects created by doping. The free carrier absorption of pho-
tons may also contribute to the reduction in optical transmit-
tanceŒ21�. In transparent metal oxides, the metal to oxygen ra-
tio decides the percentage of transmittance. A metal rich film
usually exhibits less transparency. The amplitude of the inter-
ference fringes decreased for higher doping concentration and
this indicated a loss in surface smoothness leading to a slight
scattering loss.

The variation in optical absorption with wavelength is
shown in Fig. 4. The band edge of inorganic solid is located
at the low energy end of the continuum band above the va-
lence band. It is difficult to determine the band edge for transi-
tion metal oxides because there are a lot of narrow d–d bands
in the gap, and some even extend into infrared region with a
definite probability. It is widely accepted that the band edge
of Fe2O3 is located in the range of 580–620 nmŒ22�. Clearly
the transitions in this energy region include the d–d transition,
pair excitation and less charge transfer, and the former two
transitions mainly come from the narrow d bands, so the op-
tical properties of the Fe2O3 band edge cannot be accounted
for intrinsic semiconductor. The short photoexcited electron
lifetime of Fe2O3 nano-clusters provides evidence for the fast
relaxation of neighboring d levelsŒ23�. The absorption spec-
trum exhibits a broad absorption in the visible region, with a
tail extending up to 646 nm. The threshold of absorption at
564 nm (2.2 eV) is in approximate agreement with the bandgap
value of 2.2 eV for undoped Fe2O3

Œ24�. The optical band gap
increases from 2.2 to 2.25 eV, with the aluminium doping con-
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Fig. 5. Variation in room temperature dielectric constant with fre-
quency.

centration showing a slight blue shift due to degeneracy of the
semiconductor. The indirect transition has been identified as a
spin-forbidden Fe3C 3d–3d excitation, while the direct transi-
tion corresponds to the O2�2p–Fe3C3d charge transferŒ25�. The
band gap of doped thin films is greater than the single crystal
value reflecting the nanocrystalline phase of the films.

3.4. Electrical and dielectric properties

The influence of aluminium doping concentration on the
resistivity and conductivity of iron oxide thin films is shown in
Table 1. Initially, the resistivity decreases with doping concen-
tration up to 10 at% Al and then increases due to the fact that
aluminium exceeds the limit of maximum solubility in iron ox-
ide, producing a grain boundary segregation of impurities that
causes a dispersion of carriers. The room temperature electri-
cal resistivity is of the order of�102 ��cm, which is much less
than previously reported values for iron oxide thin films pre-
pared by spray pyrolysisŒ26�. Table 1 depicts the nature of car-
rier concentration and mobility of Al:Fe2O3 thin films with re-
spect to doping concentration for films (determined from Hall
effect measurement). The carrier concentration increases with
aluminium doping concentration, until it reaches a maximum
value for 10 at% Al doping and then decreases. However, mo-
bility decreases with Al doping, being at a minimum for 10
at% doping. Further increase in doping concentration leads to
an increase in mobility due to an enhancement in grain size.
Mobility variation is due to the dominant ion impurity scatter-
ing mechanism.

Due to increasing interest in the dielectric properties of ox-
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Fig. 6. Variation in loss tangent (tan ı/ with frequency.

ides, dielectric measurements of iron oxide thin film are car-
ried out. The room temperature performance of the dielectric
constant with frequency is shown in Fig. 5. From this figure,
it is clear that the dielectric constant ("0/ decreases abruptly
at lower frequencies and remains constant at higher frequen-
cies, showing the dispersion of dielectric constant at lower fre-
quencies due to the charge transport relaxation time. The di-
electric constant increases up to 10 at% doping and then it de-
creases. The large value of the dielectric constant (2.15 at 1000
Hz for 10 at% Al:Fe2O3/ is associated with space charge po-
larization and inhomogeneous dielectric structure viz. impu-
rities, grain structure, defects and pores. The decrease in di-
electric constant takes place when jumping frequency of elec-
tric charge cannot follow the alternations of applied electric
field beyond a certain critical frequency. This dielectric dis-
persion is attributed to the MaxwellŒ27� and WagnerŒ28� type of
interfacial polarization in agreement with Koop’s phenomeno-
logical theoryŒ29�. Since polarization decreases with increasing
frequency and reaches constant values, a decrease in dielectric
constant with frequency is observed. At lower frequencies, di-
electric loss tan ı (Fig. 6) is large and it decreases with increas-
ing frequency. The tan ı is the energy dissipation in the dielec-
tric system, which is proportional to the imaginary part of the
dielectric constant. An increase in loss factor at higher frequen-
cies may be due to the series resistance of the electrodes, leads,
etc.Œ30�. The appearance of minimum loss with frequency is a
direct consequence of a mathematical analysis of an equiva-
lent capacitance circuit for oxide dielectric filmsŒ31�. The plots
(Fig. 7) are observed to be almost linear, indicating that the AC
conductivity (�ac proportional to angular frequency) increases
with increase in frequency, confirming the small polaronmech-
anism of conduction. The higher values of dielectric constant,
loss tangent and AC conductivity observed at 10 at%Al:Fe2O3

may be due to the large surface charge sorption of the Al3C ion
in Fe2O3 thin films as compared with other doping concentra-
tionsŒ32�.

3.5. Thermal conductivity

The variation in specific heat and thermal conductivity
with respect to the doping concentration is illustrated in Fig. 8.
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Fig. 8. Plot of thermal conductivity against aluminium doping per-
centage in Al:Fe2O3 thin films.

Specific heat and thermal conductivity decreases up to a 10 at%
Al doping concentration (attains minimum value 750 kJ/m3�K
and 0.299 W/mK respectively) and then increases with higher
doping concentrations. The decrease in thermal conductivity
means that phonon conduction behavior is dominant in these
polycrystalline filmsŒ29�, while the increase in thermal conduc-
tivity for higher concentrations is mainly attributed to the sig-
nificant change in microstructure. Apart from the contribution
of the microstructure, the lower thermal conductivity of films
can be attributed to intrinsic factors. The thermal conductiv-
ity of a crystalline solid is due to changes in lattice vibrations,
which are usually described in terms of phonons.

3.6. Photoelectrochemical performance

In order to improve the photoelectrochemical perfor-
mance, generally the following photoelectrode properties are
desirable: (1) a photoelectrode that has a large surface area to
increase the interfacial reaction sites, (2) an optically thicker
and efficient photoelectrode to enable total absorption of solar
light, (3) appropriate morphological features (size, shape, grain
boundaries, interconnection of particles, defects, etc.) that de-
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Fig. 9. Current–voltage characteristics for 10 at%AFO thin film under
white light illumination in a NaOH electrolyte.

fine the energetics and kinetics at the electrode interface, and
hence influence the PEC efficiency of the solar cell, and (4) an
electrode comprising a densely packed array of grains, which
can enhance PEC performance by virtue of the improvement in
the carrier transport mechanism and minimizing surface trap
states. The unique structure combining high crystallinity and
large surface area leads to higher PEC performance. Recently,
an improvement in the PEC properties of iron oxide electrodes
by doping of various defects has been demonstratedŒ33; 34�.

Figure 9 shows the photocurrent–voltage (I–V ) plot for
optimized 10 at% Al:Fe2O3 photoelectrodes under illumina-
tion of visible light. The unintentional incorporation of donor-
type species may also be responsible for improving the photo
efficiency. The Al doped Fe2O3 thin films exhibited a sev-
eral times better photoresponse as compared with undoped (˛-
Fe2O3/ films. A plausible explanation for the enhanced pho-
toelectrochemical response could be related to the fact that Al
doped iron oxide films are converted to a wide band gap and
act as an efficient catalyst for swift migration of the photo-
generated charge carriers. Also, the crystallographic orienta-
tion degree of the films appears to be a dominant factor af-
fecting the photocurrent. The photoelectron collection was en-
hanced because of the orientation of the strongly conducting
basal planes, whereas the photohole transfer was facilitated
by the short diffusion distances from nanostructure to elec-
trolyte. Under illumination, the current–voltage (I–V ) charac-
teristics of “FTO/Al:Fe2O3/electrolyte/SCE”cells are mea-
sured. From the above cell configuration it is seen that even in
dark PEC cell gives some dark voltage Vd with Al:Fe2O3 thin
film as the working electrode and graphite as the counter elec-
trode. The origin of this voltage is attributed to the difference
between the two half-cell potentials in the PEC cell. Upon illu-
mination of the junction, themagnitude of the open circuit volt-
age increases with the negative polarity towards the Al:Fe2O3

photoanodes. Thus, the cathodic behavior of the photo-voltage
of the semiconductor indicates that the Al:Fe2O3 electrode is
of n-type. The n-type behavior is commonly observed due to
the carrier concentration established by oxygen vacancies and
excess iron sitesŒ35�. These (I–V ) curves in the dark indicate
good junction rectification properties. After illumination, the

shift of the I–V curve in the fourth quadrant reveals that the
cell can work as a generator of electricity. Out of four elec-
trolytes (Na2SO4, KOH, KI and NaOH), NaOH is a promis-
ing electrolyte for successful PEC manipulation. From the I–
V measurements, it is observed that the higher magnitudes of
Isc, Voc, the fill factor and the efficiency (341 �A, 458 mV,
0.38 and 2.37%, respectively) are obtained for the electrodes
using a NaOH electrolyte. This behavior can be attributed to
the fact that the NaOH electrolyte allows the sample to ab-
sorb more light photons than other electrolytes, viz. KI, KOH,
Na2SO4. The fill factor value obtained in our experiments is
quite close to that of solar cells based on iron oxide films.
In conclusion, the improvement in the PEC properties of the
doped thin films is due to (1) morphological modifications that
enhance the active surface area and (2) quenching of the de-
fect levels responsible for recombination losses, as compared
to the pure hematite ˛-Fe2O3. This approachmay pave the way
to synthesize better doped iron oxide electrodes for PEC solar
cells. The junction parameter can be obtained by using a simple
diode equation,

I D I0

�
eeV=nkT

� 1
�

; (5)

where n is the junction ideality factor, I0 the reverse saturation
current, V the forward bias voltage, and I the forward current
in the dark. The fill factor is calculated from

FF D
ImVm

IscVoc
; (6)

where Im and Vm are the values of maximum current and max-
imum voltage, which can be extracted from the PEC solar cell.
The efficiency � (in %) is calculated from

� D
VocIscFF

Pinput
� 100; (7)

where Pinput is the input light energy. RS the series resistance
andRSh the shunt resistance are estimated from slope of power
output characteristics using�

dI

dV

�
ID0

D
1

RS
; (8)

�
dI

dV

�
V D0

D
1

RSh
: (9)

It is seen that there is an increase in Voc, Isc, �, FF, and Rsh
and a decrease in the Rs after Al doping. Under visible illu-
mination, the output characteristic parameters in terms of open
circuit voltage (Voc/, short circuit current density (Isc/, power
conversion efficiency, series and shunt resistance and fill fac-
tor (FF), etc with various electrolytes (KI, KOH, NaOH and
Na2SO4/ for pure and 10 at%Al:Fe2O3 are presented in Tables
2 and 3. This may be due to the improvement of crystallinity
and/or grain size and the decrease in resistivity of the doped
films.

Another important parameter of the semiconductor that
can be derived from Mott–Schottky measurements is the flat
band potential. Although the flat band potential depends on
the exposed crystal plane and on the donor density inside the
films. Figure 10 shows a Mott–Schottky (M–S) plot of an n-
Al:Fe2O3/sodium hydroxide electrolyte/C system in dark for
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Table 2. Power output parameters of pure ˛-Fe2O3 photoanodes for
various electrolytes.
Sr. No. Electrolyte Isc

(�A/cm2/

Voc
(mV)

Fill
factor

Efficiency
(%)

1 KOH 23 165 0.24 0.036
2 NaOH 56 182 0.32 0.15
3 KI 31 172 0.26 0.055
4 Na2SO4 15 139 0.32 0.027

Table 3. Power output parameters of 10 at% Al:Fe2O3 photoanodes
for various electrolytes.
Sr. No. Electrolyte Isc

(�A/cm2/

Voc
(mV)

Fill
factor

Efficiency
(%)

1 KOH 176 398 0.32 0.896
2 NaOH 341 458 0.38 2.37
3 KI 227 414 0.26 0.93
4 Na2SO4 61 273 0.22 0.15
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Fig. 10. Mott–Schottky measurement of 10 at% Al:Fe2O3 thin films
for a NaOH electrolyte at frequency f = 100 Hz.

FTO-coated glass substrate-based PEC cell under reverse bias.
The value of the flat band potential, Vfb, is obtained at 1

C 2
S

D 0

on the potential axis according to the well-known M–S rela-
tionŒ36; 37�,�

1

C 2
S

�
D

2

"0"sqND

�
V � Vfb �

kT

q

�
; (10)

where CS is the space charge capacitance. Vfb is found to be
–0.87 V/SCE for AFO thin film.

4. Conclusions

We have presented an inclusive study of the interrelation-
ship between the dopant concentration and physical properties
of iron oxide thin films grown by pyrolytic decomposition in
aqueous solution. In particular, we have investigated the in-
fluence of aluminium doping on the structural, morphologi-
cal, optical, electric and dielectric properties with their pho-
toelectrochemical performance. The ˛-Fe2O3 hematite phase
with rhombohedral crystal structure in a hexagonal system is

confirmed from the X-ray diffraction pattern. Doping of Al in
Fe2O3 film shows a reduction in the particle size to quantum-
size with delocalization of electrons, causing obvious blue-
shifted and sharply increased optical absorption with an in-
crease in band gap from 2.2 to 2.25 eV. Low mobility seen at
optimized doping concentration confirms the increase in grain
size and conductivity. The dielectric behavior shows the elec-
tronic polarizability at higher frequencies due to space charge
polarization. AC conductivity increases with an increase in the
frequency due to the hopping mechanism of conduction. Based
upon the fundamental understanding of the factors governing
the offset energies at electrolyte interfaces in the absence of a
high density of background charge, we find that a power con-
version efficiency approaching 2.37% is possible for 10 at%
Al:Fe2O3 thin films with a flat band potential (Vfb = –0.87
V/SCE) in a NaOH electrolyte.
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