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Here we develop a novel technique for preparing high quality Ti-doped hematite thin films for 
photoelectrochemical (PEC) water splitting, through sputtering deposition of metallic iron films 
from an iron target embedded with titanium (dopant) pellets, followed by a thermal oxidation step 
that turns the metal films into doped hematite. It is found that the hematite domain size can be 
tuned from ~10 nm to over 100 nm by adjusting the sputtering atmosphere from more oxidative 
to mostly inert. The better crystallinity at larger domain size ensures excellent PEC water splitting 
performance, leading to record high photocurrent from pure planar hematite thin films on FTO 
substrates. Titanium doping further enhances the PEC performance of hematite photoanodes. 
The photocurrent is improved by 50%, with a titanium dopant concentration as low as 0.5 atom%. 
It is also found that the role of titanium dopant in improving the PEC performance is not apparently 
related to the films’ electrical conductivity which had been widely believed, but is more likely due 
to the passivation of surface defects by the titanium dopants.

INTRODUCTION
Driven by a strong desire for clean and renewable fuel, effective 
methods of hydrogen (H2) production have been sought after for 
a long time. Solar water splitting within a photoelectrochemi­
cal (PEC) cell has been one of the most promising methods since 
1972, when Fujishima and Honda first reported electrochemical 
photolysis of water using a Ti02 electrode under UV radiation.1 
The key component of a PEC cell, the semiconductor photoelec­
trode, is responsible for carriers generation through light absorp­
tion, which initiates redox reactions in water to produce hydrogen 
and oxygen.2 Continuous efforts of finding suitable semiconduc­
tor materials for photoelectrodes are being made to further im­
prove the PEC cell performance.3 a-Fe203, or hematite, becomes 
attractive for its vast abundance in the earth’s crust, low cost, and 
stability in both the atmosphere and water, together with a suit­
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able band gap (2.0 eV, corresponding to X = 620 nm) to optimize 
the harvest of visible sunlight.4 However, both the photocurrent 
density and the photocurrent onset of hematite photoelectrodes 
are far short of the theoretical expectation, due to the poor elec­
trical conductivity high carriers recombination rate,5-7 and slow 
kinetics of water redox reactions.4,8,9 It has been widely studied 
to modify hematite through morphology controls and chemical 
modification, among which doping is particularly promising.

Hematite can be doped as an n-type semiconductor with 
dopants such as titanium, silicon, tin, and platinum, which may 
help improve its electrical conductivity and photocatalytic activi­
ties. 10-14 In the case of titanium, a variety of techniques, includ­
ing spray pyrolysis,15-17 atmospheric pressure chemical vapor 
deposition (APCVD),5,13 hydrothermal synthesis,18,19 and elec­
trodeposition20 have been employed to prepare doped hematite 
photoelectrodes. Various groups have attributed the improved 
performance of Ti-doped hematite to an increase in majority car­
rier (electron) density 21,22 improved crystallinity21, or enhance­
ment of electron transport within bulk hematite and decrease of 
surface recombination.23 However no conclusive consensus has 
been reached regarding the dopant’s exact role. The difficulty 
is partially due to the unintentionally changes in the morphol­
ogy and surface structures when impurities (dopants) are incor­
porated, which introduces additional uncertainty for analyzing 
the doping effects. 13’24~26 it is therefore highly desirable for a 
method that produces doped thin films in a consistent manner



that is independent of dopant type or concentration. Limited 
efforts have been made to produce uniformly doped hematite 
thin films, employing techniques such as atomic layer deposition 
(ALD),27-30 pulsed laser deposition (PLD),31 and reactive mag­
netron sputtering10. However, these techniques suffer from lit­
tle flexibility in dopant species or concentrations. ALD requires 
specific organometallic precursors for each dopants, while PLD 
and traditional magnetron sputter both require alloyed targets, in 
which the dopant species and concentrations are fixed.

Magnet Assembly

Fig. 1 (a) Magnetron sputtering is used to deposit iron thin films, as the 
precursor for the hematite films, (b) For doping application the iron 
sputtering target is drilled for embedment of dopant pellet(s). The 
circular indentation on the iron target surface corresponds to the area of 
the highest Ar+ plasma density.

very low dopant concentration (0.5 atom%). On the other hand, 
we note that the grain size and photocatalytic performance of 
the Ti-doped hematite thin films can be readily tuned by varying 
the sputtering atmosphere from inert to mildly oxidative, which 
is achieved by mixing a certain fraction of oxygen to the argon 
carrier gas. In addition, we find that the hematite film’s electrical 
conductivity is not increased but decreased at low concentration 
of titanium doping, suggesting that its role may not be as simple 
as proposed in earlier studies.
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Scheme 1 The two-step “deposition - oxidation” technique for hematite 
thin films fabrication involves (i) the deposition of iron thin films under 
various conditions and (ii) their thermal oxidation under a fixed 
condition. The samples are named accordingly, e.g., a sample 
deposited under a flow of 40 seem Ar (always fixed) and 1.0 seem 02, 
with a titanium doping of 0.5 atom%, is named Sample ATi0 5.

Here we report a modified magnetron sputtering deposition 
technique to produce uniform hematite thin films, in which 
the dopants species and concentrations could be readily ad­
justed. Considered an ideal method to produce higher quality thin 
films,32 magnetron sputtering follows a basic working principle 
illustrated in Figure la. The target is mounted over a permanent 
magnets assembly around which a strong electrical field (DC or 
RF) ionizes the argon atmosphere into a plasma of Ar+ ions and 
electrons. The Ar+ ions then bombard against the target surface, 
which subsequently ejects target atoms. Plasma density close to 
the target is strongly influenced by the magnetic field, leading to 
higher sputtering rate at an annular ring over the target. For dop­
ing application we drill one or more small holes at this annular 
ring for embedment of dopant pellet(s) (Figure lb). The dopants 
can be easily alternated with different metal pellets, and the dop­
ing level can be controlled by the number and the size of the pel­
lets. In this case we use a pure iron target that is embedded with 
titanium pellet(s). Unlike methods that deposit Fe20g directly 
we apply a “deposition - oxidation” strategy in which pure or 
titanium-doped iron films are first deposited at room temperature 
and are subsequently annealed in oxygen at higher temperature 
to form hematite films (Scheme 1). The two-step process not only 
provides well controlled doping level but also improves quality of 
hematite films when compared to single step methods. 10>33>34 in 
this work we optimize the PEC water splitting activity of these 
hematite films through a systematic study of critical deposition 
parameters including the titanium concentration, the sputtering 
atmosphere, and the film thickness. We find that titanium doping 
significantly improves the film’s water splitting activity even at a

RESULTS AND DISCUSSION
In Scheme 1 we list the deposition parameters used for hematite 
thin film synthesis, including sputtering condition and titanium 
doping concentration, and introduce the naming rule for the sam­
ples. Pure or titanium doped iron metal films are first sputtered 
over various substrates such as fluorine-doped tin oxide (FTO) 
glasses or silicon wafers, and all samples in the following discus­
sions are deposited to a thickness of 25 nm, monitored in situ 
by a quartz crystal microbalance (QCM), which provides better 
PEC performance than any other thicknesses in our method (Sup­
porting Information, Figure SI). A thermal oxidation process at 
500°C is followed to convert iron into hematite. The phase dia­
gram of iron oxides does indicate that hematite is the single most 
stable phase in pure O2 at 500°C.35

To better investigate the doping conditions and crystallinity of 
Ti-doped hematite thin films, samples are first deposited over 
silicon wafers to eliminate undesired background signal. X-ray 
diffraction (XRD) confirms the rhombohedral lattice structures 
of Ti-doped hematite thin films (Figure 2a). Diffraction peaks 
are indexed using a standard pattern from synthetic hematite 
(JCPDS#33-0664). Across all the samples we find that the 
strongest hematite diffraction signal is always from the (104) 
plane, indicating it as the preferred orientation for the films. The 
annular-integrated selective area electron diffraction (SAED) pat­
tern (Figure 2a, inset) further confirms the formation of hematite 
after thermal oxidation. The apparent difference in peak inten­
sities of XRD and integrated SAED patterns is due to their very 
different incident beam orientation. The presence of titanium
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in hematite films is confirmed by energy dispersive X-ray spec­
troscopy (EDX, Figure 2b). A dopant concentration as low as 
0.5 atom% is achieved by embedding one single cylindrical ti­
tanium pellet to the iron sputtering target. By embedding more 
titanium pellets the total exposed surface area of titanium is in­
creased, leading to higher doping concentration. X-ray photo­
electron spectroscopy (XPS) finds the valence state of titanium in 
hematite films to be 4+, and confirms the dopant concentration 
given by the EDX measurement (Supporting Information, Figure 
S2).
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Fig. 2 (a) XRD patterns of a Ti-doped hematite thin film deposited on 
silicon wafer(Sample ATi05). (inset) Integrated selective-area electron 
diffraction pattern for Sample ATi05. (b) EDX spectra of Samples ATi0 5 
and ATii 9, which are both deposited on silicon wafers. The counts are 
normalized by the silicon Ka line.

Pure or Ti-doped hematite are deposited onto conductive FTO 
glasses substrates to produce water splitting photoelectrodes. 
When deposited over FTO substrate in pure argon atmosphere, 
iron thin film sputtered from both pure and Ti-embedded iron 
target features metallic smooth finish (Supporting Information, 
Figure S3a). Although pure iron thin films are converted to uni­
form orange colored films after rapid thermal annealing (RTA) 
in O2, as expected for hematite (Supporting Information, Figure 
S3b),10)30 the Ti-doped thin films appear very uneven in color af­
ter the same process (Figure 3a), which is likely due to the chem­
ical reaction between elemental titanium and the FTO substrates 
during the heating. Thermodynamic calculation indicates that it 
is highly favorable for elemental titanium to reduce tin oxide to 
elemental tin both at room temperature and at 500°C, but not 
favorable for elemental iron to do so (Supporting Information). 
Moreover, with a melting point of just 232°C, elemental tin can 
readily diffuse into the hematite layer during annealing at 500°C, 
which is visualized by cross-sectional EDX mapping (Figure 3c). 
The diffusion of elemental tin also interferes with the crystalliza­
tion of hematite, leaving significant inhomogeneity and porosity 
across the specimen, as shown by the cross-sectional scanning 
TEM image (Figure 3b). The decrease in thickness of FTO layer 
(from ~300 nm to ~285 nm) is consistent with the diffusion of 
tin from the substrate to hematite.

The undesired reaction between titanium and FTO can be in­
hibited by the introduction of a minimal flow of O2 during the 
sputtering deposition. Even when the introduced O2 is insuffi­
cient to completely oxidize the deposited film, as it remains its 
metallic appearance, the film nevertheless turns uniformly orange 
after its complete RTA oxidation (Figure 3d). The formation of

Optical Cross-sectional EDX Elemental 
Image STEM Mapping

Fig. 3 (a) After the oxidative annealing, Ti-doped iron film deposited in 
pure argon over an FTO substrate appears very uneven in color. The 
FTO/hematite boundary is blurred (b) as evident by the cross-sectional 
STEM image, with (c) tin diffused into the hematite layer according to 
the EDX mapping, (d) The inhomogeneity disappears when the 
Ti-doped iron film is deposited in an atmosphere of 40:1 Ar:02 mixture, 
with (e) a sharper FTO/hematite boundary and (f) negligible diffusion of 
tin into hematite.

hematite over FTO glasses is confirmed by XRD (Supporting In­
formation, Figure S4).The substrate layer and the hematite layer 
are clearly divided as the diffusion of tin is prevented effectively 
(Figure 3e, 3f). Besides inhibiting the undesired reaction, we 
find that the amount of oxygen introduced during the sputter­
ing deposition has a profound impact on the structure (Figure 
4) and the photocatalytic performance of the hematite thin film 
electrodes eventually made. By fixing the argon flow to 40 seem, 
the iron thin films are deposited to a same thickness with dif­
ferent flow rates of O2 (1-10 seem), and are subsequently fully 
oxidized to hematite under an identical RTA condition (Scheme 
1). The morphology variation brought by different sputtering at­
mosphere is clearly shown by SEM images presented in Figure 4a 
and TEM images presented in Figure 4b. Produced with 1.0 seem 
02 flow (Sample ATio.5), the Ti-doped hematite thin film appears 
highly textured, with domain size over 100 nm. With 1.5 seem O2 

flow (Sample BTio.5), the textured structure becomes sparse with 
smaller grains developing beneath. Samples produced with 2.5 
seem (Sample CTi0 5), 3.5 seem (Sample DTi0 5) and 10 seem O2 

flows (Sample ETi0 5) appear very flat with uniformly distributed 
grains as tiny as ~10 nm. The evolution of morphology is clearly 
correlated to the thin films’ degree of oxidation during their sput­
tering deposition. The highly textured structures produced at low 
O2 flow is due to the dramatic expansion of metal lattices during 
the RTA oxidation at 500°C, as oxygen atoms enters the lattices. 
When oxidized from iron to hematite, the thin film expands by 
about two folds in volume. In contrast, deposition under higher 
O2 flows oxidizes most of the iron atoms into hematite clusters
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Og flow: 1.0 seem 1.5 seem 2.5 seem 3.5 seem 10.0 seem

Fig. 4 The morphology and domain sizes of Ti-doped hematite films are strongly affected by the 02 flow rate (1.0 seem, 1.5 seem, 2.5 seem, 3.5 seem 
and 10.0 seem) used during the sputtering deposition of iron films, according to their (a) SEM images (20° tilted), (b) TEM images, and (c) SAED 
patterns.

in situ, meaning that the volume expansion during the final RTA 
oxidation is minimal. SAED patterns clearly demonstrate the vari­
ation of grain sizes between different samples (Figure 4c). All the 
diffraction patterns are collected over an area of same size. Sam­
ples deposited under higher flows of O2 (Sample CTi0.5, Sample 
DTi0.5 and Sample ETio.5) give diffraction patterns of concentric 
rings, indicating a highly polycrystalline structure in these sam­
ples. On the other hand, samples deposited under lower flows 
of O2 (Sample ATi0.5 and Sample BTio.5) give diffraction patterns 
of isolated spots, which can be indexed into a small number of 
groups with different crystal orientations, suggesting larger crys­
tal domains and better crystallinity It is therefore apparent that a 
hematite thin film of large domain size is formed when the major­
ity of iron is oxidized during the second step of 500°C RTA, rather 
than being oxidized in situ during the first step of sputtering de­
position. On the contrary the tiny Fe20g clusters formed during 
the sputtering deposition with 2.5 seem or higher O2 flow do not 
grow further during the RTA oxidation. The finding is consistent 
with literature reports that indicate the annealing of hematite at 
—500°C have no significant impacts on its crystal domain size and 
structure.36-38 The trend of decreasing domain size is reversed 
toward the highest O2 flow of 10 seem (Sample ETio.5), which 
shows slightly larger grains. However, the film is now becom­
ing significantly more porous with large gaps between domains 
(Supporting Information, Figure S5).

Such significant difference in crystallization will no doubt im­
pact on their photocatalytic performances. Indeed, the hematite 
photoelectrodes prepared with different O2 flows during sputter­

ing deposition behave rather differently for PEC measurements 
(Figure 5a). It is clearly seen that Sample ATi0.5 presents the 
highest photocurrent density 0.415 mAcnr2, at the thermody­
namic potential of oxygen evolving (1.23 Vrhe at 25°C) under 
AM 1.5 G illumination, and that the onset potential for anodic 
current is at —1.0 Vrhe- A decrease in photoelectrochemical per­
formance follows the increase in O2 flow during sputtering de­
position, e.g., Sample ETi0.5 generates merely —0.003 mA-crrr2 
at 1.23 Vrhe, with onset potential shifting —0.1 V more anodic. 
Such drastically drop in photocurrents can be also observed in 1.9 
atom% Ti-doped samples (Supporting Information, Figure S6). 
These results are well correlated to the microscopic structure of 
these thin films, that the smaller grain sizes of higher O2 flow 
samples lead to significant increase of grain boundaries and sur­
face defects, which effectively trap photo-generated electrons and 
holes,39)40 thus promoting carrier recombination in the thin films. 
As the photocurrent is primary limited by the carrier recombina­
tion processes,41 the trend in the PEC activity agrees well with 
the changes in grain size.

The dopant concentration is further investigated to better un­
derstand the role of titanium doping, by varying the numbers 
of titanium pellets being embedded. As shown in Figure 5b, 
titanium doping at 0.5 atom% increases the photocurrent by 
—50% when compared to pure hematite thin film produced un­
der identical conditions, from 0.277 mA-crrr2 to 0.415 mA-crrr2 
at 1.23 Vrhe- Although previous reports usually involve higher 
level of titanium doping (2% — 5%), 9,10,19,20,23,30,42 we End 
a very small concentration (—0.5 atom%) of titanium already
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Fig. 5 Current density vs. potential curves under AM 1.5 G illumination for various hematite thin films: (a) 0.5 atom% Ti-doped films prepared with 
different 02 flow rate during sputtering deposition; (b) films deposited under 1 scorn 02 with different Ti-doping level, (c) IPCE is plot against incident 
wavelength for undoped and Ti-doped hematite thin films at 1.46 VRHe.

has significant effect for improving the photocatalytic activity. 
In fact, samples doped with higher concentration of titanium 
0-1.9 atom%) shows no additional improvement, indicating only 
a small amount of Ti doping is needed for the improvement. It is 
worth noting that a doping concentration of 0.5 atom% is equiv­
alent to a titanium density of 2 1020cm-3 in hematite, which
is already a very high dopant concentration from the perspective 
of semiconductor physics. On the other hand, photocurrent from 
our pure hematite film (0.277 mAcm-2) remains higher than pre­
vious results on planar hematite thin film electrode prepared by 
other techniques, including the reactive DC magnetron sputtering 
method.10,30 The improvement likely attributes to our two-step 
“deposition - oxidation” technique, which provides better crys­
tallinity of hematite film electrodes through the RTA oxidation of 
iron thin films.

Further details of PEC performance are studied by measuring 
the incident photon-to-current efficiency (IPCE), which is the ra­
tio of the number of photo-generated electrons to the number 
of incident photons (Figure 5c). The measurements are per­
formed at 1.46 Vrhe with incident wavelength in the 300 -700 
nm range. It is clearly shown that the titanium doping improves 
the overall IPCE of hematite thin films at wavelength shorter than 
480 nm. The improvement is most significant around 350 nm, 
where the IPCE is more than doubled through the titanium dop­
ing. The relatively low IPCE beyond 480 nm (2.58 eV) is consis­
tent with hematite being an indirect band gap semiconductor, as 
indirect transition is usually associated with much weaker light 
absorption. By analyzing the optical absorption spectrum of our 
hematite sample we find its direct band gap at -2.57 eV (482 
nm) and indirect band gap at -1.77 eV (700 nm), which agrees 
with previous reports (Supporting Information, Figure S7).33,43 
The result thus confirms that the higher efficiency observed at 
X < 480 nm is due to the excitation of the direct band gap.

Electronic properties of undoped and Ti-doped hematite thin 
films, including the flat band potential (Eft,) and donor den­
sity (No), are obtained from the Mott-Schottky analysis. The 
space charge capacitance Co is determined by electrochemical 
impedance spectroscopy (EIS) measurements performed at 1 kHz
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Fig. 6 Mott-Schottky plots for (a) Ti-doped hematite thin films with 
different 02 flow rate during sputtering deposition and (b) hematite thin 
films deposited under 1 scorn 02 with different Ti-doping level. Dash 
lines are linear fits for corresponding data at E < 1.0 Vrhe-

and is normalized by the surface area A = 1 cm2 in our case (Sup­
porting Information). For a planar semiconductor | electrolyte 
interface, capacitance and applied potential follow the Mott- 
Schottky equation:

^ = % = CD

where e is the elementary charge, e the semiconductor dielec­
tric constant (-20 for hematite), £q the vacuum permittivity, 
A<j> = E — Efb the magnitude of band bending at the semiconduc­
tor | electrolyte interface, and ksT the thermal energy. All the sam­
ples measured present a linear relationship between 1 /Cjc and E 
within lower potential range (< 1.0 Vrhe) (Figure 6). Positive 
slopes of these samples indicate that all the hematite thin films 
are n-type. Linear fitting of 1 /C2sc vs. E gives No and E%, accord­
ing to Eq. (1). The results are summarized in Table 1 and Table 
2.

Mott-Schottky plots of hematite thin films with different tita­
nium doping concentration are shown in Figure 6b, with the flat 
band potential (Eft,) and donor density (No) derived from these 
plots summarized in Table 2. The donor density of 0.5 atom% Ti- 
doped Sample ATio.s (No = 2.6 1018 cm-3) is surprisingly lower
than the pure hematite Sample ATio (No = 4.0 1018 cm-3). Only
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Table 1 Electrical Properties of Ti-doped hematite thin films (0.5 atom% Ti doping, with different 02 flow during sputtering deposition).

02 flow (seem) Nd (cm-3) £fb (Vrhe)

1.0 2.55±0.16 1018 0.54 ±0.01
1.5 5.27 ±0.71 ■ 1018 0.47 ±0.04
2.5 3.82± 1.50 ■ 1019 0.56 ±0.07
3.5 4.95 ±2.99 1019 0.59 ±0.10
10.0 3.01 ±0.26 1019 0.51 ±0.02

Table 2 Electrical Properties of pure or Ti-doped hematite thin films (1.0 seem 02 flow during sputtering deposition, with different Ti-dopant 
concentration cTi).

rTi (atom%) Nd (cm-3) Efb (Vrhe) p (n-m) o (S-mr1)
0 3.97 ±0.18 1018 0.34 ±0.02 0.94±0.13 102 1.06 ±0.17 10~2

0.5 2.55 ±0.16 1018 0.54 ±0.01 3.73 ±0.73 ■ 102 2.68 ±0.41 IQ"2
1.9 4.96 ±0.31 1018 0.39 ±0.02 1.33 ±0.35 102 7.52 ±2.53 ■ IQ"2

at higher titanium doping concentration (1.9 atom%) does the 
donor density increase to 5.0 1018 cm-3. This trend is consis­
tent to the results from conductivity measurements (Table 2), i.e., 
the conductivity first decreases when a low concentration (0.5 
atom%) of titanium is doped to pure hematite but increases at 
higher doping. The results suggest that although the doping of 
titanium clearly improves the PEC activity of hematite, the im­
provements are not apparently related to the enhanced conduc­
tivity as suggested before,44 that is, the role of titanium is not as 
simple and naive as an n-type donor. In fact, considering that the 
voltage drops across such a thin Ti-doped hematite film ( - 70 nm 
for our samples, Supporting Information) is merely about 1 mV at 
a current density of 1 mA cm~2, it is not surprising that the films’ 
electrical conductivity has little effect on their photocatalytic ac­
tivity in our case.

According to Figure 6a and Table 1, it is clear that No increases 
for samples deposited under higher 02 flow, while the flat band 
potential remain constant at 0.53 ±0.06 Vrhe- Donor density (No) 
of n-type semiconductors at room temperature reflects the con­
centration of positively charged impurities in intrinsic semicon­
ductors,45 where the impurities are mainly made of dopants and 
defects in materials. That is, No measured from Mott-Schottky 
plot is the total donor concentration, which may or may not ion­
ize to make free carriers. As titanium dopant concentrations are 
fixed in these samples and all the samples are oxidized completely 
under an identical RTA condition, the increasing of No with in­
creased C>2 flow is likely the outcome of higher concentration of 
defects in hematite thin films due to the decreased domain sizes.

It is worth noting that the titanium doping may affect not only 
the bulk of hematite but also its surface, that the presence of tita­
nium on the surface of hematite is inevitable due to the uniform 
distribution of titanium dopants in hematite. To better under­
stand the surface effect of titanium doping, we simulate the sur­
face condition of Ti-doped hematite thin films by intentionally de­
positing only a small amount of Ti02 over pure hematite (Sample 
ATio) using atomic layer deposition (ALD). The deposition thick­
ness is well controlled by the ALD purging cycles to ensure that 
the hematite surface is not fully covered by Ti02. The procedure 
we follow deposits one full monolayer (ML) of Ti02 per 10 cycles. 
A Ti02 deposition of merely 2 cycles (0.2 ML) does significant im­
prove the photocurrent and the onset potential (Figure 7a).

— Sample ATi19— Pure a-Fe203(Sample ATi0)

Fig. 7 Photocurrent density vs. potential curves of (a) pure hematite 
(Sample ATio) coated with an ALD Ti02 layer of various thickness and 
(b) Ti-doped hematite (Sample ATii 9) coated with an ALD Ti02 layer of 
various thickness.

Correspondingly the IPCE is also improved by the Ti02 sub­
monolayer over the hematite surface (Supporting Information, 
Figure S9). The improvement is not due to the negligible light 
absorption of Ti02. In fact, PEC performance decreases for sam­
ples coated with 5 or 10 cycles of Ti02, as a thicker Ti02 layer 
blocks the minority carrier (hole) transportation due to its deeper 
valence band edge. Since such a small amount of Ti02 on sur­
face neither changes the conductivity nor the morphology of the 
hematite films, the enhancement of PEC performance is clearly 
due to the passivation of the surface states of hematite electrode 
by titanium.29-44 We therefore propose that the improvement due 
to Ti-doping in hematite may be largely attributed to the in­
evitable presence of titanium atoms at hematite surface, which 
may either passivate the surface defects or provide better catalytic 
centers for oxygen evolving. To test this hypothesis, we deposit 
Ti02 over Ti-doped hematite (Sample ATii.g) for comparison. It 
turns out that the additional Ti02 coating on the surface no longer 
enhances the PEC performances (Figure 7b), in sharp contrast to 
the pure hematite electrode. The result implies that the Ti-doped 
hematite electrode already has sufficient titanium at its surface 
to passivate the defects so that additional Ti02 deposited to the 
surfaces no longer improves its photocatalytic activity.

CONCLUSIONS
In summary, the modified magnetron sputtering deposition tech­
nique we develop provides a novel route for preparing higher
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quality hematite thin films with the capability to incorporate dif­
ferent doping elements with tunable doping level. A two-step “de­
position - oxidation” technique is adopted for better crystallinity 
it provides, which leads to record high photocurrent from planar 
pure hematite thin films. Introducing a controlled small stream 
of O2 during the sputtering deposition not only inhibits the un­
desired chemical reaction between substrates and the titanium 
dopants, but also influences the crystallinity of the hematite film. 
The largest hematite domain size is achieved by limiting O2 flow 
during the sputtering deposition as low as possible. When de­
posited at the optimal condition, Ti-doping significant increases 
the photocurrent generated from hematite thin film photoanodes, 
at a doping concentration as low as ~0.5 atom%. We find that the 
exact role of titanium dopant for improving the photocatalytic ac­
tivity is not apparently related to the films’ electrical conductivity 
which had been widely believed, but is more likely due to the 
passivation of hematite surface defects by the titanium dopants. 
The strategy of preparing undoped or doped hematite thin films 
we present here can be readily applied to various doping species 
and concentration by modifying dopant pellets, and should be 
promising in further understand of doping effects in hematite for 
PEC water splitting.

METHODS

Preparation and characterization of doped/undoped 
hematite thin films.

Pristine or Ti-doped iron thin films are deposited over fluorine- 
doped tin oxide (FTO) coated glasses (MTI Corporation, 12~14 
ti/sq) or silicon wafers (<100> orientation, 300 nm thermal ox­
ide) by magnetron sputtering, in a Lesker PVD 75 physical va­
por deposition system. All the substrates are cleaned in oxygen 
plasma prior to deposition process. For pure iron films we use 
iron plate (99.9+% purity) as the sputtering target and for Ti- 
doped ones we embed cylindrical titanium pellets (99.995% pu­
rity, 1/8" diameter x 1/8" height) to the iron plate. The mag­
netron sputtering is held under argon flow of 40 sccm and vari­
ous flow rates of oxygen. The deposition is conducted with the 
substrates held at room temperature until a desired thickness is 
reached, per reading from an in situ quartz crystal microbalance 
(QCM). After the deposition, iron thin films are heated in oxygen 
at 500°C for 10 minutes in a rapid thermal annealer (RTA), to 
fully oxidize the iron films to hematite thin films. X-ray diffrac­
tion (XRD, Rigaku Ultima III) is conducted to confirm the forma­
tion of hematite. The presence of titanium in hematite films is 
confirmed by energy-dispersive X-ray spectroscopy (EDX, JEOL 
7600F). K-line intensities are used for both iron and titanium 
quantifications, and the standard intensities used for calculation 
are directly from the INCA Energy software database. X-ray pho­
toelectron spectroscopy (XPS, RHK Technology UHV 7500) is con­
ducted to further confirm the existence and valence of titanium 
dopant. For XPS quantification and calibration, the sensitivity 
factors we adopted are from Wagner empirically database. Scan­
ning electron microscopy (SEM, Hitachi S4800) and transmission 
electron microscopy (TEM, JEOL 1400) respectively reveal the 
morphology and crystal structures of the thin films prepared with

different parameters. Cross sectional specimens of selected thin 
film samples are prepared by focused ion beam milling (FEI HE­
LIOS 600), from which high angle annular dark-field (HAADF) 
and EDX mapping images are collected simultaneously by a JEOL 
ARM-200F TEM. For studying the role of titanium doping, ultra- 
thin TiO2 is deposited over pure hematite films by atomic layer 
deposition (ALD, Savannah S100, Cambridge Nanotech) at 150°C 
for various cycles (growth rate ~0.02 nm/cycle).

Electrochemistry and photoelectrochemistry (PEC) measure­
ments.

The photocatalytic performance of pure and Ti-doped hematite 
films on FTO substrates are measured by a potentiostat (Versa- 
Stat4, PAR), using a three-electrode PEC cell under illumination 
of a 150 W solar simulator with an AM 1.5 G filter (Newport). 
The hematite thin film coated FTO substrate is used as the work­
ing electrode with an active illumination area of 1.0 cm2, with a 
platinum wire as the counter electrode, an Ag|AgCl|3 M KCl elec­
trode as the reference electrode (0.1941 Vnhe at 25°C), and a 
0.1 M KOH solution (pH = 13) solution as the electrolyte. The 
potential recorded experimentally, EAgCi/Ag, is converted to a po­
tential in reference of the reversible hydrogen electrode (RHE), 
Erhe, according to the Nernst equation:

ERHE = EAgCl/Ag + EA gCl/Ag + 0.05917pH (2)

where the ERHE is the potential converted, EAgCl/Ag is the poten­
tial measured, E’AgCl/Ag = 0.1941 Vnhe at 25 °C, and pH = 13 in 
our case.

The incident light power is calibrated before each measure­
ment, using a calibrated quartz-windowed silicon solar cell (New­
port) and a spectrometer (Ocean Optics) as described in previ­
ously report.46 Incident photon-to-current efficiency (IPCE) mea­
surements use a 300 W xenon arc lamp and a grating monochro­
mator, equipped with filters to eliminate higher order diffractions. 
The light power of the xenon arc lamp is measured by an optical 
power meter (Newport 1918-C) and a UV-enhanced Si photodi­
ode sensor.

The conductivity of each sample is measured using an electri­
cal probe station (Signatone). Ohmic contacts to the hematite 
film are established by depositing a film of 5 nm titanium and 50 
nm gold over the sample, through a shadow mask that contains 
an array of circular holes (1.25 mm in diameter). Electrical resis­
tance between two nearest neighbor contacts is thus given by a 
standard two-probe I-V measurement. Multiple contact pairs are 
randomly selected and tested to give the mean resistance. Resis­
tivity and conductivity for each sample are then calculated from 
the electrical flow channel geometry.
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Samples studied in this work and their naming (25 nm thickness of iron de­

position)

0 atom% 
Ti-doping

0.5 atom% 
Ti-doping

1.9 atom% 
Ti-doping

1.0 sccm O2 Sample AT% Sample ATi0.5 Sample ATi1.9
1.5 sccm O2 / Sample BT%5 /
2.5 sccm O2 / Sample CTi0.5 /
3.5 sccm O2 / Sample DTi0.5 /
10.0 sccm O2 / Sample ETi0.5 /
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The dependence of PEC activity on sample thickness

1.0x10

Sample ATi0 5 12.5 nm
— Sample ATi0 5 25 nm
— Sample ATi0 5 50 nm0.8

0 6 -

0.4 -

0.2 -

Figure SI: PEC measurements: current density vs. potential curves under AM 1.5 G illumination 
for hematite thin films, with same Ti-doping amount and O2 flow but different thickness by QCM.

Thickness of the thin film is a crucial parameter to be considered. Figure SI shows pho­

tocurrents of Ti-doped hematite thin films deposited under fixed 02 flow (1.0 seem) but different 

thicknesses in the magnetron sputtering chamber. Sample ATio.s (25 nm iron) presents the highest 

photocurrent, with its actual thickness being around 70 nm due to the volume expansion during the 

RTA oxidation step. Titanium doped hematite thin film of lower or higher thickness all give smaller 

photocurrent. It has been believed that the PEC performance will be optimized if the electrode film 

thickness matches the width of depletion layer, as the carrier separation is most effective within this 

region.1-3 Before the thickness of a thin film reaches the depletion width, thicker films will lead to 

an increase in photon absorption.3 According to this picture, when the film thickness exceeds the 

depletion width, little additional photocurrent will be generated due to fast recombination process 

in the quasi-neutral region.4 We estimate the depletion length d by treating the depletion region as

3



a parallel-plate capacitor, following:
 66qA 

_ ~C~ (1)

where e is the semiconductor dielectric constant (~20 for hematite), eQ the vacuum permittivity, A 

the surface area, and C the capacitance of the depletion region measured by the EIS method. The 

depletion length (at 1.23 VRHE) for Sample ATiQ.5 is found to be about 29 nm. The fact that the 

optimal thickness is larger than the depletion width reflects that the minority carriers (holes) may 

have a non-negligible diffusion length (about tens of nanometers) within the quasi neutral region.
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XPS Patterns of Ti-doped hematite thin films

200x103

Fe 2p(3/2) 711.5eV
Fe 2p(1/2) 724.8eV

Ti 2p 459.4eV

c 31.0-

4?5 470 465 460 455

i Binding Energy (e^f

740 730 720 710 700 480 460 440 420 400

Binding Energy (eV)

Figure S2: XPS spectrum of Sample ATiiy, showing Fe 2p peaks and Ti 2p peak (inset). Ti 2p 
peak position indicates the valence state of titanium in hematite films to be 4+, and the doping 
concentration is around 2.40% according to the integrated peak area. (For XPS quantification and 
calibration, the sensitivity factors we adopted are from Wagner empirically database.)

X-ray photoelectron spectroscopy (XPS) finds the valence state of titanium in hematite films 

to be 4+ (according to Ti 2p peak). The titanium concentration within the sample surface could be 

estimated by quantitative analysis, namely by comparing the calibrated integrated peak areas of Fe 

2p peaks and Ti 2p peak. In our case the dopant concentration is around 2.40 atom% for Sample 

ATi19, which confirms the result from the EDX measurement (1.90 atom%).
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Sample photos of pristine hematite thin films
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Figure S3: Samples without titanium doping: (a) as-deposit iron thin film on FTO, (b) after RTA 
oxidation (hematite thin film).

When deposited over FTO substrate in pure argon atmosphere, iron thin film sputtered from 

pure iron target features metallic smooth finish. After rapid thermal annealing (RTA) in 02, these 

films are converted to uniform orange colored thin films as expected for hematite. However, Ti- 

doped iron thin films deposited in pure argon atmosphere appear very uneven in color after their 

RTA oxidation (as mentioned in the main text).
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Thermodynamic calculation of reaction between FTO and elemental tita­

nium/iron

The chemical reaction between elemental titanium and FTO substrate follows the equation: Ti + 

SnO2= TiO2 + Sn. Gibbs free energy (AG) is calculated to determine the reaction direction at 

room temperature (25°C) and at annealing temperature (500°C). The enthalpy and entropy involved 

are determined using thermodynamic databases* and the Born-Haber cycle. The results are as 

followed:

AH (kJ • mol-1) AS (J • K-1 • mol-1) AG (kJ • mol 1)

25°C -363.947 18.452 -369.449
500°C -357.852 31.324 -382.069

For both circumstances we have AG < 0, indicating that the reaction between Ti and SnO2 is highly 

preferable.

On the other hand, chemical reaction between elemental iron and SnO2 is not favorable during 

the temperature range of our experiment, according to the thermal dynamic calculations following 

the equation: 4 Fe + 3 SnO2 = 2 Fe2O3 + 3 Sn:

AH (kJ • mol-1) AS (J • K-1 • mol-1) AG (kJ • mol 1)

25°C 96.400 62.321 77.819
500°C 126.098 123.479 30.764

For both circumstances AG > 0, indicating the reaction between Fe and SnO2 is not likely to 

happen in our experimental conditions.

*Barin I, Knacke O, and Kubaschewski O: Thermodynamic Properties of Inorganic Substances, Springer-Verlag, 
Berlin and New York, NY, 1973, Supplement 1977.; Barin I: Thermochemical Data of Pure Substances, VCH Verlags 
Gesellschaft, Weinheim, 1993.; Landolt-Brnstein: Thermodynamic Properties of Inorganic Material, Scientific Group 
Thermodata Europe (SGTE), Springer-Verlag, Berlin-Heidelberg, 1999.)
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XRD Patterns of Ti-doped hematite thin films on FTO glass

400 -r

* FTO 
PDF#33-0664

300-
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Figure S4: XRD Patterns of Ti-doped hematite thin films on FTO glass. FTO peaks marked as *, 
and standard powder diffraction patterns (PDF#33-0664) of hematite are marked as grey lines.

X-ray diffraction pattern (XRD) of Ti-doped hematite thin films on FTO glasses confirms the 

rhombohedral lattice structures of Ti-doped hematite thin films. Diffraction peaks are indexed 

using a standard pattern from synthetic hematite (JCPDS#33-0664). Across all the samples we 

find that the strongest hematite diffraction signal is always from the (104) plane, indicating it as 

the preferred orientation for the hematite films, which agrees with those thin films deposited on Si 

wafers.
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Top-view SEM micrographs for 0.5 atom% Ti-doped hematite with different 

O2 flow rate

Og flow: 1.0 seem 1.5 seem 2.5 seem 3.5 seem 10.0 seem

Figure S5: Top-view SEM images show the morphology and domains changes affected by different 
02 rate

Although Sample ETi0.5 appears to have larger domain sizes, the appearance of gaps between 

each domain is worth noting. Such gaps explain the poor crystallizations and PEC performances 

they have, since transport of carriers become extremely difficult with such defects present.
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Current density vs. potential curves for 1.9 atom% Ti-doped films prepared 

with different 0% flow rate

----- Sample ATI
----- Sample CTi
----- Sample DTI
— Sample ETi.

E (Vrhe)

Figure S6: Current density vs. potential curves under AM 1.5 G illumination for 1.9 atom% Ti- 
doped films prepared with different 02 flow rate during sputtering deposition.

The impact trend of oxygen flow rate on photocurrent is still true for high doping level (1.9 at% 

titanium doping), for the reason that the amount of oxygen is overwhelming to titanium dopants in 

the chamber. The drastically change in oxygen deposition atmosphere will dominate the crystal­

lizations of hematite thin films.
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Direct and indirect band gaps of hematite determined by Tauc plots

0.8 - 2.0 -Sample ATI 
Sample ATI

Sample ATI 
Sample ATI

0.6 - 1.5 -

0.4 - 1.0 -

Indirect band gap 
1.77 eV

Direct band gap 
/ 2.57 eV

0.2 - 0.5 -

E/eV E/eV

Figure S7: Direct and indirect band gap determined from Tauc Plots of Sample ATi0 and Sample 
ATio.5.

Tauc plot is a method that is widely used for band gap determination, which follows the rela­

tion:

(W^"=A(Av-Eg) (2)

where h is the Planck’s constant, v the frequency, a the absorption coefficient^ the proportional 

constant, and Eg the band gap. For direct allowed transition, the exponent n equals 1/2; and for 

indirect allowed transition, the exponent n equals 2. By analyzing the optical absorption spectrum 

of our samples we find its direct band gap at -2.57 eV (482 nm) and indirect band gap at ~1.77 

eV (700 nm).
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Measurement of the depletion region capacitance

Csc

o—wv

Figure S8: A conventional equivalent circuit for charge transport through depletion region.

The impedance of the PEC cell (ZT) is measured in the dark, at frequency / = 1 kHz. Area 

of the working electrode A = 1.0 cm2. In order to obtain barrier capacitance CSc of the working 

electrode, the system is simplified as the equivalent circuit shown in Figure S8.

The depletion region is treated as a parallel planar capacitor, and the residue conductance due 

to incomplete depletion is treated as parallel resistor R. The remaining resistance in the system 

is regarded as a series resistor R0 to the depletion region. The impedance tested at very high 

frequency (/ = 105Hz) is used as the approximation impedance of Ro (Z0). According to equation:

Z ' = (Zr - Zb)"' = + twQc (3)

where to is the angular frequency of the AC source and i is the imaginary unit, the imaginary part 

of Z1 is related to the barrier capacitance. Csc can then be calculated from:

Qc = ImZ-'/2^/ (4)

for each potential point for further analysis of Mott-Schottky equation.
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IPCE curves of pure hematite with an ultra-thin TiO% layer deposited by ALD

Pure Hematite 1.46 V,

Pure Hematite 
2 cycle Ti02 
5 cycle Ti02 
10 cycle Ti02

D 500 6i

Wavelength / nm
Figure S9: IPCE of pure hematite (Sample ATi0) with an ultra-thin ALD TiCL layer of various 
thickness, at 1.46 Vrhe-

The presence of an ultra-thin layer of TiCL sub-monolayer over pure hematite thin films not 

only improves the overall photocurrent but also the corresponding IPCE. Only 2 cycles of TiOz 

(0.2 ML) could enhance the IPCE from 10% to 18% at wavelength of 300 nm.
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