Preparing tandem structures for highly efficient water splitting
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Abstract

Solar-driven water splitting systems, which are entirely exposed to an electrolyte, need to be
developed with regard to different complex challenges such as sun light exploitation,
electronic and chemical passivation, catalysis, the interface to the electrolyte, robustness,
etc. Also the costs of ingredients have to be considered. In the design of a water-splitting
architecture all thermodynamic requirements of the system have to be considered, such as
chemical potentials of electrons and holes in the semiconductor layer structure as well as
redox potentials and over-potentials of anode and cathode, providing the driving force for the
solid-liquid interfacial reactions. Bearing these points in mind, the conversion efficiency that
could be achieved for a single junction structure is limited to less than 15% without light
concentration and under standard conditions (AM1.5 spectrum). Significantly higher
efficiencies could be achieved utilizing high-performance semiconductor tandem structures,
which can potentially reach conversion efficiencies beyond 25%. In photovoltaics as well as
in water splitting devices, tandem structures based on IlI-V compounds have been used in
record devices.

Stability of light-driven water splitting structures can be addressed by interface
functionalization and/or using passivation layers out of transition metal oxides, which can be
fabricated by atomic layer deposition. In situ monitoring and control and in vacuo analysis are
essential experimental strategies during critical surface-preparation processes with a high
complexity. It provides the realization of layer structures and junctions, consisting of high-
quality semiconductors for suitable devices with highest performance such as epitaxial 1ll-V
compound layer structures [1]. In a further development, appropriate IlI-V layers can be
directly grown on silicon substrates [2]. Such a material is GaPN(As)/Si(100), exhibiting a
perfect band gap combination and also being cost effective [2,3]. Furthermore, potential
future device arrangements are suggested, such as silicon/lll-V nanowire arrangements [3].

We show high-performance water-splitting device layer structures realized by preparing
appropriate Ill-V-based tandem structures via metal organic chemical vapor deposition
(MOCVD) [4], combined with an appropriate in situ surface-functionalization processing route
enabling efficient, unassisted water splitting with current densities beyond 11 mA/cm? under



one sun (AM 1.5G) and resulting in solar-to-hydrogen efficiencies beyond 13% [4]. For that,
we have utilized MOCVD-grown tandem absorbers with band gaps of around 1.8 and 1.3 eV
being close to the maximum theoretical values for a water-splitting tandem device. Surface-
functionalization involves an etching procedure and a (photo)electrochemical transformation
of the interface followed by the deposition of rhodium as electrocatalyst.

In situ functionalization, avoiding undesired exposure to atmospheric ambient, suppressing
the creation of unfavorable oxide species, and in situ control during preparation, are
elements towards a well-defined preparation, scalable processing routes, and a reduction of
recombination losses and degradation. For that, we have studied interfacial chemistry and
morphology by ultra-high vacuum (UHV)-based analysis as well as electron microscopy to
identify scenarios for a successful surface-modification of InP-based interfaces. We
prepared well-defined IlI-V surfaces to explore different surface reconstructions on their initial
interaction with water and oxygen in UHV. Optical in situ spectroscopy and interface sensitive
benchmarking tools such as photoemission were employed to probe the adsorption on InP
and GaP (100) surfaces identifying specific interfacial reactions for developing appropriate
interfacial functionalisation routes [5] and for comparison with theoretical models [6].
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