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The oxide films were deposited on FTO- ), prepared by successive 
sonication in -propanol for 15 min and drying in 
a stream of nitrogen. Single side polished Si(100) wafers (Siltronic AG) were used as substrates for microstructural 
characterization (section 2.2). Ferrocene (Aldrich, 98%) was purified by sublimation prior to use.  
A Picosun R-200 Advanced ALD system was used for all depositions. The chamber temperature was 250 °C at a 
pressure of approximately 10 hPa. Nitrogen (Air Liquide, 99.999 %) was used at a constant flow rate of 100 sccm per 
precursor feed line and 150 sccm for the reactor chamber as a carrier and purge gas. Hematite was deposited by 
alternating between exposures to ferrocene, kept in a stainless steel cylinder at 90 °C, and ozone, produced by an 
INUSA AC2025 ozone generator fed with 1 vol% N2 in O2 (Air Liquide, 99.9995%). One full cycle consisted of a 1 s 
ferrocene pulse, 6 s purge, 6 s ozone pulse and a final 8 s purge.  Tin oxide was deposited from tin(IV) chloride (SnCl4, 
SAFC electronic grade) and MilliQ water, both kept in stainless steel cylinders at 18 °C. One deposition cycle 
consisted of a 0.1 s SnCl4 pulse, 6 s purge, 15 s water pulse and final 8 s purge. Mixed oxide films were prepared 
interspersing one cycle of tin oxide after every N cycles of hematite, resulting in films with an ALD cycle ratio of the 
two oxides of 1 : N, which is used to identify samples throughout this study. This was done by alternating between N 
hematite deposition cycles and one tin oxide cycle until 1000 hematite cycles were reached, then capping with another 
N hematite cycles. A thicker pure hematite film was grown for structural characterization using 1600 cycles, consisting 
of a 1.5 s ferrocene pulse, 7 s static exposure and 8 s purge, followed by a 6 s ozone pulse, 7 s static exposure and 8 s 
purge. After deposition, the films were annealed in air at 600 °C for 30 min with a heating rate of 3.2 °C/min, and then 
cooled naturally to room temperature. 

  

X-ray diffraction (XRD) was performed using a Rigaku SmartLab X-ray diffractometer with a Cu-  (1.54056 Å) 
radiation produced at 35 kV and 200 mA. The in-plane 2  scan is configured using the 5- Circle goniometer with a 
scan speed of 2° /min and 0.12° per 2  step. For the in-plane diffraction, both the incident and diffracted beams are 
nearly parallel to the sample surface, so that the penetration depth of the beam is within 100 nm of the surface. The 
technique measures lattice planes that are nearly perpendicular to the sample surface. Rietveld refinement was 
performed using the Bruker TOPAS software for the fundamental parameter fit (Pawley method). Pole figures of 
hematite thin films were recorded on a Seifert diffractometer with a Co-  (1.78897 Å) radiation produced at 40 kV 
and 30 mA, a parallel beam optic and an energy-dispersive point detector. 
Further microstructure characterization was conducted in a Titan Themis microscope operated at 300 kV. Aberration 
correction of the probe-forming lenses enables a probe size of < 1 Å and a convergence semi-angle of 23.8 mrad. High 
angle annular dark field (HAADF) and annular bright field (ABF) micrographs were collected using annular detectors 
with collection semi-angles in the range of 73-200 mrad and 8-16 mrad, respectively. Energy dispersive spectroscopy 
(EDS) was done using a SuperX Si drift detector. Elemental quantification was performed using the Bruker Espirit 



software by the standardless Cliff-Lorimer method. Electron energy loss spectroscopy (EELS) was conducted using a 
Gatan Quantum ERS spectrometer operated in the image-coupled mode with a collection semi-angle up to 35 mrad. 

   

UV-Vis absorption data of hematite film electrodes was obtained on a Perkin Elmer Lambda 1050 UV/Visible/NIR 
spectrophotometer combined with an integrating sphere. The intrinsic absorbance of the films was calculated by 
applying an expression derived by Klahr et al. [19], which corrects for substrate absorption as well as substrate and 
film reflectance.  

  

PEC measurements were performed in a 20 cm3 optical glass three-electrode cell with 0.1 M NaOH as the electrolyte. 
The oxide film was masked with poly-tetrafluoroethene adhesive tape to limit the exposed area to 0.159 cm2, contacted 
with silver paste and used as the working electrode. For cyclovoltammetry (CV) measurements, the film was 
connected as working electrode to a Metrohm PGStat302N potentiostat. Additionally, a Pt wire (as counter electrode) 
and a saturated Ag/AgCl reference electrode (Sigma Aldrich, 0.197 V vs. SHE) were used to apply defined potential 
sweeps and to record the resulting current in a three electrode setup. CV measurements were performed at a scan rate 
of 20 mV s 1. The applied potentials vs. RHE (VRHE) were afterwards calculated from the measured at pH 13 vs. 
Ag/AgCl (VAg/AgCl) according to the following equation: 

 

The film was illuminated from the front side by a blue light emitting diode (Thorlabs, 455 nm). The flux incident on 
the electrode was set to be 1017 cm-2 s-1 at the sample position prior to each measurement using a certified Fraunhofer 
ISE silicon reference cell with a KG5 IR-cutoff filter.  

  

- - -
-

-
- -

 

  

 -  

  

Hematite has a trigonal structure (space group R -3 c, number 167), an -Al2O3). The 
hexagonal unit cell is conventionally used, so are the hexagonal Miller-Bravais indices (h, k, i, l) to label the 
diffraction. We use the full 4 indices in this manuscript, whereas most studies omit the dummy index i = - h - k. Note 
however, the rhombohedral index also uses 3 indices, but they are defined using the rhombohedral unit cell. The 
conversion between the 2 systems of the low-index lattice planes is listed in Table 1. 
XRD characterization was conducted on the ultrathin hematite films grown on flat Si(100) substrates. A fiber texture 
has been demonstrated for undoped hematite [16] with the plane normal of Fe2O3 (0,0,0,6) (c-plane) parallel to the 
growth direction. In order to maximize the signal from the ultrathin films, we applied the in-plane diffraction geometry 
with grazing incidence, while collecting diffractions only from planes 90° to the growth direction due to the fiber 



texture. As shown in Table 1 and Fig. 1a, the peaks observed in this geometry are all in-plane reflections, including 
(1,1,-2,0), (3,0,-3,0), and (2,2,-4,0). 

Tab. 1: Conversion between the hexagonal Miller-Bravais index and the rhombohedral index of the low-index hematite planes, 

and their inclination angles to the (0,0,0,6) plane normal (growth direction of the fiber textured film). The in-plane reflections are 

highlighted in bold.  

   
  

  -    

  -    

  -  -   

     

  -    

  -    

  -    

  -    

  -  -   

  -    

  -    

  -  - -   

  -    

  -    

  -    

  -  -   

 

 

 - - -

 

As the concentration of Sn increases, no new reflections have been identified. This may suggest the absence of 
crystalline phases other than hematite, but cannot exclude crystalline phases with a different texture and hence not 
contributing to in-plane diffraction. The (1,1,-2,0) reflection shifts to the left monotonically as the Sn concentration 
increases, indicating an expansion of the lattice parameter a, which is summarized in Table 2. 



  

The chemical composition of the thin films and their homogeneity were studied by EDS and EELS in STEM. It has 
been noted in our earlier study [28] that due to the fluorescence artefact of Sn from the FTO substrate, EDS is 
inappropriate to quantify small amount of Sn in the hematite thin film. In this study, we quantify Sn in the hematite 
films grown on the Si(100) substrate so that the fluorescence artefact is no longer a concern. As shown in Table 2, the 
Sn concentration increases as the ALD cycle ratio of 1 cycle of SnO2 per N cycles of Fe2O3 (abbreviated 1: N) 
increases, i.e., tin oxide layers are separated by fewer layers of iron oxide. A high Sn concentration of 32 mol% is 
reached at the ratio of 1:5, approximating to the chemical formula SnFe2Ox. Even at this composition, a homogeneous 
distribution of Fe and Sn throughout the film thickness is evidenced in Fig.2b, and there is no indication of a second 
phase. With the Sn concentrations evaluated by EDS, the expansion of the in-plane lattice parameter a is evaluated as 
0.03% per mol% of Sn. This is comparable to the evaluation from Sn-doped hematite nanoparticles [17] where both 
lattice parameters a and c expand 0.02% per mol% of Sn. 

Tab. 2: Summary of Sn-doped hematite thin films with various ALD cycle ratios: Chemical composition (EDS), lattice 

parameters (XRD), chemical shift of Fe-L3 edge (EELS) and the deducted Fe2+ concentration.  
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The incorporation of Sn is further evidenced by its effect on the oxidation state of Fe. As discussed in a previous work, 
a shift of the EELS Fe-L3 edge (Fig. 2c) towards lower energy loss corresponds to the reduction of Fe3+ [28]. 
Integrating the EELS spectra from within Sn-doped hematite, a monotonic shift of Fe-L3 position is observed towards 
lower energy loss. This is in agreement with theoretical studies [9, 16] that suggest that Fe atoms adjacent to 
substitutional Sn4+ atoms can be reduced to a Fe2+ state. In Sn-doped hematite, the Fe L3 edge is a superposition of the 
Fe3+ and Fe2+ spectra. Hence, a shift of the peak centroid towards lower energy loss is expected together with a 
broadening of the profile, as shown in Fig. 2c and Table 2. Fe3+ and Fe2+ minerals were characterized to have a 1.7 eV 
difference in the Fe-L3 position [29]. The fraction of Fe2+ ions was then linearly interpolated using their peak chemical 
shift. As shown in Table 2, Fe2+ concentration increases more mildly as the Sn concentration in hematite increases. 
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In addition to the phase determination, we have applied XRD to study the crystallinity of the hematite thin films. It is 
noteworthy that in-plane diffraction is not suitable to quantify crystallinity as the grazing incidence geometry makes 
the measurement very sensitive to the surface alignment and its area. In our previous study [16], we have relied on the 
Bragg-Brentano geometry ( -2  scans) to evaluate the crystallinity, as well as out-of-plane pole figure measurements. 
As shown in the (1,0,-1,4) pole figures (Fig. 4), an apparent fiber texture is only observed in the hematite films without 
and with 6 mol% Sn. For the higher Sn concentrations, the pole figures become noisier, suggesting a decrease in the 
crystallinity. 
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