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Enhanced photocurrent density of hematite thin
films on FTO substrates: effect of post-annealing
temperature†

Eun Soo Cho, Myung Jong Kang and Young Soo Kang*

Fluorine doped tin oxide (FTO) is widely used as a substrate in the synthesis of a photo-reactive

semiconductor electrode for solar water splitting. The hematite film on the surface of the FTO substrate

annealed at 700 1C showed an enhanced photocurrent value with a maximum photocurrent of 0.39 mA cm�2

at 1.23 V vs. RHE under 1 sun illumination. This is a much enhanced photocurrent value of the hematite

films than that of those annealed at temperatures lower than 700 1C. This is a promising approach for

the enhancement of the photoelectrochemical properties of metal oxide thin films. This work reports on

the mechanism of the annealing process of the synthesized hematite film to enhance the photocurrent

value. Furthermore, this can be used for the enhanced efficiency of the solar water splitting reaction.

Introduction

Recently, due to energy crisis, developing a strategy for sustainable
and environmentally friendly energy becomes an important part
in chemistry research. Solar water splitting, producing oxygen and
hydrogen gas from water upon illumination of sunlight, is a
future promising technique for solar energy utilization. Photo-
active semiconductors like TiO2, ZnO, WO3 and a-Fe2O3 are widely
used photocatalyst materials for solar water splitting.1–10 Among
these candidate materials, hematite (a-Fe2O3) is an attractive
photoanode material due to the several advantages such as a
suitable band gap (B2.1 eV) for utilizing visible range solar light,
high absorption ability of photons, good chemical stability under
ambient conditions, abundant elements on the earth and low cost
material for solar water splitting.11,12

There are several methods to synthesize hematite thin
films including hydrothermal methods,13–15 ALD methods,16–19

atmospheric pressure chemical vapour deposition (APCVD)
methods20,21 and the deposition annealing (DA) method.22

These methods involve a process of annealing at temperatures
lower than 550 1C during the synthesis of hematite thin films
on fluorine doped tin oxide (FTO) substrates. This is due to the
thermal critical temperature for the durability of the fluorine
doped tin oxide (FTO) substrate, which is used generally as a

transparent and conductive oxide substrate for the synthesis of
a hematite thin film.

In this research, the effect of annealing temperature on the
photocurrent density of hematite films during the fabrication
process by the DA method has been comparatively studied in
the range of 550–800 1C. The highest photocurrent density
was obtained by the annealing of a hematite film at 700 1C,
of which temperature did not result in the distortion of the
basic crystal structure of tin oxide in the FTO substrate. In the
modified DA method, deposition of the precursor solution
by spin coating and annealing was done to enhance the uni-
formity and reproducibility of the hematite thin film even with
less thickness.

Experimental
Materials and synthesis

Iron(III) chloride hexahydrate (FeCl3�6H2O, 98+%) used as a Fe
precursor and absolute ethyl alcohol (C2H5OH, 99.9%) were
obtained from Sigma Aldrich Chemical Co. and used as received
without further purification. The washed FTO glass was treated
by O2 plasma. The 20 mM FeCl3 ethanol solution was spin-
coated on the FTO glass at 1200 rpm for 20 s. The spin-coated
sample was dried and annealed at 300 1C in a hot plate for 5 min.
This process is considered as one deposition and annealing (DA)
cycle. The total number of DA cycles was varied from 10 to 40 in
this work. To investigate the relation between the annealing
temperature and photocurrent density of the hematite film on
FTO, the samples were annealed for 3 h at various temperatures
of 550 1C, 600 1C, 700 1C and 800 1C.
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Characterization

The crystalline structure of the samples was investigated by using
X-ray diffraction spectroscopy (XRD: Rigaku, Ultima 2000) with
0.51 min�1 scanning speed and in the range of 201–801 with 2y
mode by using a radiation source of Cu Ka. Structural analysis
has been carried out by transmission electron microscopy (TEM:
JEOL, JEM-2100) using an energy dispersive spectroscopy (EDS)
analysis system (Bruker Quantax 400) at an incident electron
beam energy of 200 kV. The sample preparation for TEM analysis
was performed by focused ion beam (FIB: Quanta 3D FEG). The
surface image and morphology of samples were obtained by
scanning electron microscopy (SEM: Hitachi, Horiba S-4300)
operated at 20 KV of incident electron beam energy. Additionally,
the surface image and roughness of samples were collected by
atomic force microscopy (AFM: S.I.S. Surface Imaging Systems
GmbH, Germany) in non-contact mode. The optical absorbance
of the sample has been measured by UV-vis spectroscopy (UV-vis:
Agilent, Cary 5000) with universal measurement accessory.

The photoelectrochemical (PEC) measurement system (Ivium,
compactstat) was used to obtain the photocurrent density curves.
The reaction area of the film is 0.64 cm2 (the diameter is
0.90 cm.). Electrochemical impedance spectroscopy (EIS) curves
were obtained to identify the impedance values of the hematite–
electrolyte solution at room temperature. PEC measurement has
been performed in an electrochemical system with three electro-
des including a 3.0 M KCl saturated Ag/AgCl reference electrode
and a platinum wire as the counter electrode with 1.0 M NaOH
as the electrolyte.23 The potential measured by the Ag/AgCl
reference electrode can be converted into the reversible hydro-
gen electrode (RHE) using the following Nernst equation like;

ERHE = E(Ag/AgCl) + 0.059 � pH + E 0
(Ag/AgCl)

where E0
(Ag/AgCl) is 0.1976 V at 25 1C, E(Ag/AgCl) is the experimentally

measured potential vs. Ag/AgCl electrode.
To figure out the atomic binding structure and state in the

hematite film configuration, X-ray photoelectron spectroscopy
(XPS: K-alpha, Thermo UK) has been used to measure the binding
energy of the metal ions in the hematite film with a mono-
chromator Al Ka X-ray source. To obtain more specific local
binding structural configurations, extended X-ray absorption fine
structure (EXAFS) spectra were also obtained using synchrotron
radiation in Pohang Accelerator Laboratory (PAL), 1D beam line.
Ultraviolet photoelectron spectroscopy (UPS: Thermo Sicentific,
ESCALAB 250Xi) was used to figure out the valence band energy
levels of hematite thin films.

Results and discussion

One of the specific features of hematite thin films prepared by
the DA method is that small hematite particles constituting the
hematite thin film cover the surface of the FTO substrate (Fig. 1
and Fig. S1, ESI†).

Different from hematite thin films prepared by other methods
such as hydrothermal method, atomic layer deposition method
and others, the hematite thin film prepared by the DA method

has a very thin hematite layer within about 30 nm on the surface
of the FTO substrate. This is clearly shown by the XRD patterns in
Fig. 2a. The hematite films prepared by the DA method show
some voids as shown by the SEM images in Fig. 1. The dominant
XRD peaks of hematite thin films on the FTO surface appeared
from FTO. In the XRD patterns of the annealed hematite film at
550 1C (H550), 600 1C (H600), 700 1C (H700) and 800 1C (H800)
with 10 DA cycles, the XRD peak intensity from SnO2 (JCPDS No.
77-0451) is found to be highly dominant compared with pure
Fe2O3 peaks (JCPDS No. 79-1741) in the case of all types of
hematite thin films. It indicates that small hematite particles
form an extremely thin film on the surface of the FTO substrate
and some of the FTO surface are not fully covered with hematite
particles and this makes hematite thin films transparent (Fig. S2,
ESI†). To overcome this void area problem, the more compact
hematite thin films on the FTO surface were prepared with 20,
30, and 40 DA cycles, additionally. As the number of DA cycles
increased, the surface of FTO was completely covered without void
area of the FTO substrate as shown in the SEM images (Fig. S3,
ESI†). The atomic force microscopy (AFM) images also show that
the roughness of the hematite thin film decreased as the number
of DA cycles increased and annealing temperature differences
(Fig. S4 and S5, ESI†). The root mean square values of surface
roughness, Rq, of bare FTO, 10 DA, 20 DA, 30 DA and 40 DA H550
are 44.6 nm, 47.7 nm, 18.1 nm, 10.6 nm and 4.96 nm, respectively.

Fig. 1 Top-view SEM images of the 10 DA hematite film (a) H550, (b) H600,
(c) H700 and (d) H800 (all scale bars are 5 mm).

Fig. 2 (a) X-ray diffraction (XRD) patterns of H550, H600, H700 and H800
with 10 DA (b) magnification of XRD patterns from 321 to 411 in 2y for
10 DA H600, H700 and H800 (SnO2 for JCPDS No. 77-0451 and a-Fe2O3

for JCPDS No. 79-1741).
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When 10 DA cycles were performed on the FTO substrate, the
roughness value of 10 DA H550 is higher than that of bare FTO
due to the voids among the dispersed hematite particles on
the surface of bare FTO. Thereafter the number of DA cycle
increases from 10 to 40, the roughness values decrease drama-
tically. That is because the larger numbers of hematite particles
fill the voids and cover the surface homogeneously. This is also
identified by the XRD patterns of the samples prepared by 20,
30 and 40 DA cycles in Fig. S6 (ESI†). In the XRD patterns, the
peak intensity of pure hematite particles gradually increases as
the number of DA cycles increases. To find out the relation
between the number of DA cycles and photocurrent density, the
photocurrent density of each sample prepared with different
DA cycles at 550 1C (10 DA, 20 DA, 30 DA, and 40 DA H550) was
measured under 1 sun irradiation (Fig. 3a). The 10 DA H550
sample shows the highest photocurrent density.

This result can be explained by comparing the impedance
value of each sample at the interface of the hematite–electrolyte
solution. In Nyquist plots obtained using electrochemical
impedance spectroscopy (Fig. S7, ESI†), the 10 DA H550 sample
has the lowest impedance value among the samples prepared
with different DA cycles at 550 1C due to the lowest resistivity at
the interface. To be focused on the optimum annealing tem-
perature for highest photocurrent density, the samples were
prepared with 10 DA cycles at different temperatures.

In Fig. 2b, the XRD patterns show the broad XRD peaks of SnO2

and the peak position shifts as the annealing temperature increases.

A slight peak shift and decreasing peak intensity of SnO2 were
observed in the case of H800. The peak shift and lower intensity
of the SnO2 XRD patterns can be explained by TEM SAED pattern
analysis. H700 shows a clear typical single crystalline SAED
pattern without any distortion in the crystal structure of the
SnO2 substrate (Fig. S8a, ESI†). When the annealing temperature
reached 800 1C (H800), the crystal structure of the SnO2 substrate
is partially disordered and changed to the amorphous state. This
is clearly shown in the SAED pattern of H800 (Fig. S8b, ESI†). The
crystal structure of SnO2 lost its posture to tilt in 661 (from 1 to
10 position (Fig. S8(b-1) and (b-10), ESI†), 2 to 20 position (Fig. S8
(b-2) and (b-20), ESI†)). The disordered crystalline structure
results in a decreasing photocurrent value of the hematite thin
film because the disordered crystal structure produces the
defects among the hematite films and traps the electron during
transportation. This is clearly shown in the highly decreased
photocurrent density of hematite thin films annealed at 800 1C
(H 800) as shown in Fig. 3(b).

The photocurrent density of the samples prepared with 10 DA
cycles at different annealing temperatures (H550, H600, H700
and H800 with 10 DA cycles) has been measured under 1 sun
irradiation (Fig. 3b). H700 showed the highest photocurrent
density (0.39 mA cm�2 at 1.23 V vs. RHE, of which potential is
water splitting potential). Thereafter, the photocurrent density
decreases as the annealing temperature increases and reaches
0.08 mA cm�2 at 1.23 V vs. RHE for the H800 sample. The
photocurrent density of the H700 sample is 8 times enhanced
compared with that of H550 (0.05 mA cm�2 at 1.23 V vs. RHE). To
obtain the trend of the photocurrent density value, the hematite
films annealed at different temperatures ranging from 550 1C to
600 1C (Fig. S9a, ESI†) and from 700 1C to 800 1C (Fig. S9b, ESI†)
were also checked. In Fig. S9b (ESI†), it can be seen that there is a
slight onset potential increase as the annealing temperature
increases from 700 1C to 800 1C. This is because of the lattice
distortion of FTO substrates. The photocurrent density value
can be explained with the resistance value of the hematite films
measured by electrochemical impedance spectroscopy (EIS)
analysis with 1 sun illumination (Fig. 4) and under dark condi-
tions (Fig. S10, ESI†). In Nyquist plots, the impedance value
decreased from H550 (14 000 Ohm) to H600 (5000 Ohm) as the
annealing temperature increased. The lowest impedance value
was obtained with H700 (4000 Ohm). The impedance at the
interface of the H800 hematite film–electrolyte solution is deter-
mined to be around 11 000 Ohm. This gives a higher energy
barrier for the electron flow from the electrolyte solution to the
hematite thin film and results in the lower photocurrent density
of the hematite film annealed at 800 1C. Also, the starting point of
the semicircle for H800 shifted to the higher value. Because of the
deformation of the FTO substrate annealed at 800 1C, the overall
resistance increased, which was caused by the increase of the
resistance of the FTO substrate (Fig. S11, ESI†). To verify whether
the photocurrent density value by the change of annealing
temperature can be affected by the hematite film or bare FTO
substrate, the photocurrent density values of bare FTO substrates
annealed at 550 1C (FTO550), 600 1C (FTO600), 700 1C (FTO700),
and 800 1C (FTO800) were also measured under 1 sun irradiation

Fig. 3 (a) Photocurrent density curves of H550 with 10 DA, 20 DA, 30 DA,
and 40 DA samples. (b) Photocurrent density curves (I–V curve) of dark,
H550, H600, H700 and H800 with 10 DA cycles.
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(Fig. S12, ESI†). The photocurrent density of all cases of bare
FTO samples is much lower than that of hematite films on FTO
substrates regardless of the annealing temperature. This clearly
indicates that the effect of the FTO substrate is negligible,
considering the photocurrent density of hematite films on FTO
substrates.

The partially disordered and aggregated hematite particle
structure at the interface between hematite films and FTO sub-
strates was observed in the TEM images of the H700 hematite
film (Fig. 5a and b) and the H800 hematite film (Fig. 5c and d).
The average distances between hematite particles are 3.5 nm in
H700 and 1.27 nm in H800. Especially, in the case of H800,
the partially disordered and aggregated structure of hematite
particles results in the polycrystalline state. This could provide
higher resistance and energy barriers for the electron transport
on the surface of hematite film and also the interface junction of
the hematite film–FTO substrate by overlapping and aggregating
(Fig. 5c, red box). These extremely overlapped and aggregated
hematite particles can act as defects for the electron trapping
during electron transport. Usually, decreasing inter-lattice dis-
tances in single crystal materials enhances electron transportation

inside the particle and results in the enhancement of photo-
current density and low impedance values in EIS analysis.24,25

However, in the case of the polycrystalline or disordered amor-
phous phase of the hematite film at the interface as shown in
TEM images of Fig. 5c and d, even though the particles are close
enough to each other, it could result in a higher energy barrier for
the electron transport.26 This can suppress the electron diffusion
and cause the enhancement of the electron–hole recombination
rate, leading to a decrease of the photocurrent density and
an increase of the impedance value of the hematite thin film
(Fig. S13, ESI†). Based on this theory, especially in the H800
sample, surface barriers consisted of aggregated hematite particles
contributed to increasing surface impedance values of hematite
films with a decrease of the photocurrent density value as shown
in Fig. 4. The dislocated crystal structure of the SnO2 substrate also
contributed to the decreased photocurrent density. In contrast,
decreasing inter-particle distances without any overlapping or
aggregation among particles can be attributed to the enhancement
of photocurrent density while the annealing temperature increases
up to 700 1C, with enhanced electron hopping27 and long range
electron transfer from one particle to another particle28 with
reduced probabilities of electron trapping and electron–hole
recombination.

The chemical binding state was also revealed using X-ray
photoelectron spectroscopy (XPS) analysis at 25 1C with H600
and H700 samples. The detailed Fe 2p spectra of H600 and
H700 are shown in Fig. 6(a). From the peak position and shape
of the line, there is no change in the binding state of Fe atoms
while the annealing temperature increased from 600 1C to
700 1C. Furthermore, the binding energy values of the Fe 2p1/2

peak (724.36 eV) and the Fe 2p3/2 peak (710.96 eV) were also
determined as the typical values reported for Fe 2p3/2 for Fe2O3

(Fe3+ state, 710.9 eV 29 or 711.2 eV 30), Fe3O4 (Fe2+/Fe3+ co-exist
state, 709.5 eV 30 for Fe2+, 711.2 eV 30 and 711.6 eV 31 for Fe3+),
FeOOH (Fe3+ state, 711.2 eV 30 and 711.3–711.9 eV 32) and these
are different from the reported values of FeO (Fe2+ state, 709.1–
709.5 eV 32 and 709.6 eV 29). The detailed Sn 3d spectra of H600
and H700 are shown in Fig. 6(b). In the case of H600, the peaks
appeared at 495.38 eV for Sn 3d3/2 and 486.78 eV for Sn 3d5/2,
respectively. These Sn 3d3/2 and Sn 3d5/2 peaks are little shifted
toward the lower binding energy from typical values of binding
energy of Sn 3d3/2 and Sn 3d5/2 in the previous report (496.7 eV
for Sn 3d3/2 and 487.9 eV for Sn 3d5/2)33 with maintaining the
inter-peak distance at 8.7 eV. In the case of H700, the degree of

Fig. 4 Nyquist plots of H550, H600, H700 and H800, prepared with 10 DA
cycles with 1 sun illumination.

Fig. 5 TEM images of (a) H700, (c) H800 with 10 DA and HR-TEM images
(b) H700 and (d) H800 with 10 DA.

Fig. 6 X-ray photoelectron spectra (XPS) of 10 DA cycles H600 and H700
samples for (a) Fe 2p configuration and (b) Sn 3d configuration.
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chemical shift toward a low binding energy increased in Sn
3d3/2 and Sn 3d5/2 as 495.15 eV and 486.66 eV, respectively. The
chemical shift of Sn 3d toward a lower energy level appeared as
the annealing temperature increased in the pure FTO substrate.
In Fig. S14(a) (ESI†), Sn 3d3/2 peaks are found to be shifted from
486.45 eV to 487.03 eV via 486.64 eV and Sn 3d5/2 peaks are
shifted from 494.89 eV to 495.51 eV via 495.13 eV as the
annealing temperature increases from 25 1C to 600 1C via
550 1C with maintaining the inter-peak energy difference as
8.42 eV. In the case of O 1s spectra, it is shifted to a higher
binding energy state from 530.44 eV to 531.06 eV via 530.67 eV
as the annealing temperature increases from 25 1C to 600 1C via
550 1C (Fig. S14(b), ESI†). The lower binding energy shift of Sn
atoms and higher binding energy shift of O atoms with increas-
ing annealing temperature indicate that during the annealing
process, fluorine atoms were diffused and disappeared from
the FTO substrate and additional oxygen atoms replace fluorine
atoms in the same lattice position, forming bonds with Sn
atoms. Electron energy loss spectroscopy (EELS) proved that
there is no fluorine atom remaining in the FTO substrate when
the FTO substrate is annealed at 700 1C for 3 h (Fig. S15, ESI†).

For the detailed local structure, X-ray absorption fine structure
(XAFS) analysis has been performed using synchrotron radiation.
The extended X-ray absorption fine structure (EXAFS) data were
extracted from XAFS data. Extracted EXAFS data were refined and
fitted by computational simulations of a typical hematite model in
the inorganic crystal structure database34 with the ifeffit algorithm
program as presented in Fig. 7. The iron–oxygen bond length
represented in EXAFS was determined to be 1.5 Å in the H550
sample, which is well matched with a previous report.35 The
interatomic distance between the central Fe atom and surround-
ing oxygen atoms decreased from 1.5 Å of H550 to 1.3 Å of H700.
The decreased interatomic distance between Fe and O atoms
in the hematite particle might enhance the electron conductivity
in the hematite particle due to the short transport distance.

As the band gap value is related to the absorption properties,
the optical properties were investigated using UV-vis spectro-
scopy. To determine the band gap values, Tauc plots36 of H550,
H600, H700 and H800 are drawn in Fig. 8. The band gap

energies of each sample are calculated according to the formula
as follow;

(a�ho)1/m = B(�ho � Eg)

where a is the optical absorption coefficient, �ho is the photon
energy, Eg is the optical gap energy (eV) and m is an index (m = 1/2
for direct transition and m = 2 for indirect transition). With the
slope line of each Tauc plot (red line in Fig. 8), the band gap values
were determined to be 2.09 eV for H550, 2.08 eV for H600, 2.07 eV
for H700 and 2.11 eV for H800. These band gap energy values
roughly match with the band gap of hematite (B2.1 eV) in the
previous reports.11,12 The band gap energy decreases as the anneal-
ing temperature increases. This can be explained by the decreasing
valence band energy level with increasing annealing temperature,
which was measured with UPS spectra as shown in Fig. S16 (ESI†).
The schematic band energy diagram based on the valence band
energy level and the band gap energy is shown in Fig. 9. This shows
the decrease of the band gap and valence band energy.

Conclusion

In summary, the present work reports on the effect of the
annealing temperature during the synthesis of hematite thin
films on fluorine doped tin oxide substrates by deposition and

Fig. 7 Extended X-ray absorption fine structure spectrum of the Fe atom
in the H550, H600, H700 and H800 with 10 DA cycle samples.

Fig. 8 Tauc plots evaluating the optical band gap are shown for the direct
case (a) H550 (b) H600 (c) H700 (d) H800 with 10 DA.

Fig. 9 Schematic drawings of band energies of H550, H600, H700 and
H800 with 10 DA cycles, with band gap energy notation.
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annealing method. The hematite films were prepared on FTO
substrates in a particle-laying structure and the inter particle
distance was decreased as the annealing temperature increases
from 550 1C (H550) to 800 1C (H800). As the annealing tempera-
ture increases, the hematite thin film showed the highest
photoelectro-chemical properties at 700 1C (H700) and thereafter
the photoelectrochemical efficiency was decreased at 800 1C
(H800). This is due to the distortion of the crystal structure in
the FTO substrate and the increased resistance of the hematite
film surface by the aggregated polycrystalline hematite particles.
Thus, this work reported the optimal annealing temperature of
the hematite thin film on a FTO substrate by facile methods for
synthesizing hematite films. However, strategies to overcome the
lower photocurrent density of hematite film synthesized by the
DA method compared to other synthesizing methods37–39 should
be studied more.
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