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Abstract: In this study, we present different silicon based integrated devices for photoelectrochemical water splitting, 

which provide enough photovoltage to drive the reaction without an external bias. Thin films of titanium dioxide, 

prepared by atomic layer deposition (ALD), are applied as a surface passivation and corrosion protection. The inter-

faces between the multi-junction cells and the protective coating were optimized individually by etching techniques 

and finding optimal parameters for the ALD process. The energy band alignment of the systems was studied by X-ray 

photoelectron spectroscopy (XPS). Electrochemically deposited platinum particles were used to reduce the HER over-

potential. The prepared systems were tested in a three-

KOH. In final tests the efficiency and stability of the prepared devices were tested in a two-electrode arrangement in 

dependence of the pH value with a ruthenium-iridium oxide counter electrode. For the tandem-junction device solar to 

-junction device showed a maximum efficiency of 
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1 Introduction 

The progress of climate change and the increased demand for energy sources require a sustainable energy system. 

Since the availability of renewable energy sources, such as solar and wind energy, is limited, efficient energy storage 

technologies are needed. In this context, photoelectrochemical water splitting is a very promising alternative to con-

ventional energy storage technologies due to the high mass-related energy density of hydrogen [1]. Solar driven water 

splitting uses semiconductors as a light absorbing material to generate charge carriers, which leads in the case of a 

photocathode to the hydrogen evolution reaction (HER) at the semiconductor-electrolyte interface. The oxygen evolu-

tion reaction (OER) takes place at the associated anode. The thermodynamic voltage to initiate the water splitting 

reaction is 1.23 V. Due to kinetic inhibition this voltage is not high enough to drive the reaction. Consequently, in 

addition to the development of adapted photoabsorbers the design of advanced electrocatalysts is important for the 

overall efficiency of integrated devices. Furthermore, a suitable band alignment of the semiconductor component and 

an appropriate coupling of an active electrocatalyst are crucial to reduce internal resistances for charge carrier 

transport. Moreover, the individual components must be arranged in a defined order to enable efficient and cost-

effective device integration.  

The use of silicon as a light absorbing semiconductor enables the development of highly efficient and inexpensive 

devices since silicon is well studied, technologically established and earth abundant. In the past efficiencies around 

9.5 % were achieved by using silicon based multi-junction cells as buried-junction photocathodes [2]. The main hin-

drance for the use of silicon for solar driven water splitting is the instability in aqueous alkaline and acidic electrolyte 

solutions. One strategy to overcome this problem is to apply a protection layer on the semiconductor device [3, 4]. So 

far, the most promising material which combines electrochemical stability in corrosive media and electrical conduc-

tivity is titanium dioxide [5]. In previous studies the successful surface passivation and long-term stability of titanium 

dioxide deposited on silicon and III-V semiconductors could be shown [6, 7]. The use of a suitable deposition method 

is of decisive importance in the development of protective coatings. Here the advantages of atomic layer deposition 

(ALD) offer a relevant benefit by controlling the layer growth on an atomic level [8, 9]. Beyond that, the sequential, 

self-limited layer growth enables the generation of highly conformal layers. Thus, the ALD coating process sets itself 

apart from other deposition and encapsulation techniques. Additionally, the deposition onto textured and rougher sur-

faces is possible. In this study we use ALD to produce thin titanium dioxide films as protective coatings for silicon 

based multi-junction solar cells used as buried-junction photocathodes. By combining high photovoltages of a-Si:H/a-

Si:H tandem cells and a-Si:H/a- -Si:H triple cells with ALD-TiO2 and a particulate platinum electrocatalyst the 

preparation of integrated devices is possible, which are able to split water without an external bias. In this study, the 

focus is on the interfaces of the silicon solar cells and the titanium dioxide passivation layer. In order to investigate the 

influence of the interface on the device performance no ZnO:Al/Ag back contact was used [2]. This contact is usually 

applied to allow better light trapping which leads to higher efficiencies, therefore in this study lower efficiencies are 

expected.  

The deposition of TiO2 was performed in a home-built UHV-compatible thermal ALD reactor, which is connected 

to an integrated XPS/UPS system. The precursors used for the ALD process were titanium tetrachloride and water as 

an oxygen source. The use of X-ray photoelectron spectroscopy (XPS) offers the possibility to determine the electronic 

structure of the contacts that arise between the individual components which is a significant advantage in device inte-

gration. XPS is a surface sensitive method and therefore ideally suited to follow small changes in the surface composi-

tion before and after the electrochemistry (EC) experiments. For optimizing the electronic contact properties of the 

interfaces formed between the multi-junction solar cells and the passivation layer different etching techniques were 

tested. The energy band alignments of the prepared systems were studied by XPS and the performance of the photo-
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was applied on the TiO2 layer. The Pt deposition was performed galvanostatically with a current density 

of -0.5 mA cm-2 for 120 s in a three-electrode setup with a silver/silverchloride (3 M NaCl) reference electrode and a 

platinum wire as a counter electrode from a 2 mM K2PtCl4 (99 %, Carbolution Chemicals GmbH) in 0.5 M H2SO4 

(Carl Roth GmbH) solution under AM 1.5 illumination. 

2.2 Interface Studies and Spectra Analysis 

In order to study the electronic structures of the prepared systems XPS measurements were performed after each prep-

aration step. The transfer of the samples after TiO2 deposition to the analysis chamber was carried out without break-

ing the UHV. The XPS analysis chamber is equipped with a SPECS Phoibos 150 analyzer and a SPECS Focus 500 x-

ray source using  eV. At first the samples were measured before and after 

the etching procedures. The next measurements were performed after the interface formation of the TiO2 passivation 

layer with the corresponding solar cell. The ALD cycle number was set to 100 for the tandem-junction device and 80 

for the triple-junction device, leading to a layer thickness of 6.6 nm and 4.8 nm, respectively. The reduced ALD cycle 

number for the triple- -Si:H visible in XPS after the TiO2 deposition. The last 

XPS measurements were performed after the Pt deposition with a 10 mM K2PtCl4 in 0.5 M H2SO4 solution with the 

same parameters as described above. In XPS the incident photons lead to a systematic shift in binding energy for all 

measurements due to the light induced photovoltage of the silicon solar cells, so a clear signal of Pt in XPS is advanta-

geous to correct the XPS spectrum using the valence band spectrum of Pt. For all core-level measurements the back-

grounds are substracted using the Shirley algorithm [13]. The layer thickness of SiOx was calculated using the electron 

attenuation length obtained by Hill et al. [14]. 

2.3 Photoelectrochemical Characterization 

The photoelectrochemical performance of the prepared devices were tested in a three-electrode arrangement in 0.1 M 

KOH (±0.2 %, Carl Roth GmbH) by using cyclic voltammetry and chronopotentiometry under AM 1.5 illumination. In 

order to form an ohmic contact to the transparent conductive oxide (TCO) the solar cells were scratched and contacted 

with colloidal silver paste (Ted pella Inc). All photoelectrochemical experiments were measured in a Zahner PECC-2 

cell with a Gamry potentiostat (Interface 1000) and sample areas of 0.5 cm2. As reference electrode a sil-

ver/silverchloride electrode (3 M NaCl) was used while a Pt wire served as counter electrode. The used full spectrum 

solar simulator was equipped with a 150 W Xe short arc lamp (LS0108, LOT-QuantumDesign GmbH). In a next step a 

two-electrode setup was built by using the prepared photocathodes and a commercial ruthenium-iridium oxide counter 

electrode (Metakem GmbH) for the OER. These measurements were performed in a modified Zahner PECC-2 cell in 

alkaline (0.1 M and 1 M KOH (±0.2 %, Carl Roth GmbH)) and acidic (0.1 M and 1 M H2SO4 (±0.2 %, Carl Roth 

GmbH)) electrolyte solutions. The thickness of the TiO2 passivation layer was 6.6 nm for all measurements in a two-

electrode arrangement. Linear sweep voltammetry and chronoamperometry were used for the determination of the 

efficiency and stability of the integrated devices under AM 1.5 illumination.  

3 Results 

3.1 Interface Engineering 

For the determination of the electronic structure of the integrated devices interface experiments were performed. XPS 

measurements were conducted after each preparation step. Figure 2 summarizes the measurements for both studied 
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To study the performance of the integrated devices under real conditions two-electrode measurements were 

conducted including the prepared buried-junction photocathodes and a RuO2/IrO2 OER catalyst as a function of pH. To 

identify the maximum achievable efficiencies of these types of devices higher concentrated eletrolyte solutions and 

thinner TiO2 passivation layers have been employed, altough we exptected a reduced stability under these conditions. 

From the Pourbaix diagram of TiO2 we expect a better stability of the devices under alkaline conditions [23]. 

Firstly, linear sweep voltammetry was used for the investigation of the onset behaviour and finding of the 

operating point for bias-free photoelectrochemical water splitting under various pH. Secondly, the stability at the 

operating point was studied using chronoamperometry for 10 min. The respective results are summarized in Figure 6 

for both types of photocathodes. For the calculation of the solar to hydrogen efficiency (STH) the photocurrent density 

 at 0 V vs. RuO2/IrO2 was used. The estimation of the STH efficiency was performed with the assumption of 100 % 

faradaic efficieny using the following equation [24]: 

 

 =
 

 
=

  

100  
        .                                                          (1) 

 

 (1.23 V) is the thermodynamic voltage required for water electrolysis under standard conditions,  is the 

operating current density at 0 V vs. RuO2/IrO2 while the input power is the incident light intensity of 100   

for AM 1.5. To consider the influence of the electrolyte, electrochemical impedance spectroscopy was used for the 

determination of the electrolyte resistance. The values of the individual measurements are 6.1  M H2SO4), 11.9 

(1 M KOH), 52.2  M H2SO4) and 105.6  M KOH). 
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advantageous to perform the water splitting reaction efficiently compared to an a-Si:H/a-Si:H tandem cell in an 

integrated device. 

4 Conclusions 

In summary we studied adapted silicon based multi-junction cells protected by ALD TiO2 coatings for potential 

applications in solar-driven water splitting. The interface of the multi-junction cells and the TiO2 passivation layer was 

studied with XPS. Based on the XPS measurements the electronic structure of the interface of a tandem- and triple-

junction photocathode is presented in the form of energy band diagrams. It is evident from these studies that interface 

related band bending and band energy arrangements may strongly influence the overall performance of the device. 

Finally, photoelectrochemical  measurements of the prepared buried-junction photocathodes were performed including 

performance and stability tests using Pt as HER and RuO2/IrO2 as OER catalysts. It turned out that a degradation 

process of the protective coating lowers the efficiency of the integrated devices, which is also confirmed by XPS. XPS 

data show mainly the appearance  of the oxidized silica from below the TiO2 layer. Recent parallel studies included the 

investigation of the degradation mechanism with spectroscopic and mircroscopic methods [21]. It has to be clarified if 

other ALD precursors can be used for the preparation of more stable protective TiO2 coatings with an appropriate 

doping and passivating properties. Furthermore, the examination of other oxidic passivation layers for silicon based 

multi-junction cells would be of great interest. 
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