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Abstract: As is obvious from previous work on semiconductor photoelectrochem-
istry, single junction semiconductors do not provide either the requiredmaximum
photovoltage or a high photocurrent for solar water splitting, which is required for
efficient stand-alone devices. From these experiences we conclude, that multi-
junction devices must be developed for bias-free water splitting. In this article we
present our design considerations needed for the development of efficient photo-
electro-synthetic cells, which have guided us during the DFG priority program
1613. At first, we discuss the fundamental requirements, which must be fulfilled
to lead to effective solar water splitting devices. Buried junction and photoelec-
trochemical arrangements are compared. It will become clear, that the photo-
voltaic (PV) and electrochemical (EC) components can be optimized separately,
but that maximized conversion efficiencies need photovoltages produced in the
photovoltaic part of the device, which are adapted to the electrochemical perfor-
mance of the electrolyzer components without energetic losses in their coupling
across the involved interfaces. Therefore, in part 2 we will present the needs to
develop appropriate interface engineering layers for proper chemical and elec-
tronic surface passivation. In addition, highly efficient electrocatalysts, either
for the hydrogen or oxygen evolution reaction (HER, OER), must be adjusted in
their energetic coupling to the semiconductor band edges and to the redox poten-
tials in the electrolyte with minimized losses in the chemical potentials. The third
part of our paper describes at first the demands and achievements on developing
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multijunction thin-film silicon solar cells. With different arrangements of sili-
con stacks a wide range of photovoltages and photocurrents can be provided.
These solar cells are applied as photocathodes in integrated directly coupled PV-
EC devices. For this purpose thin Pt and Ni catalyst layers are used on top of the
solar cells for theHER and awire connected RuO2 counter electrode is used for the
OER. Electrochemical stability has been successfully tested for up to 10,000 s in
0.1 M KOH. Furthermore, we will illustrate our experimental results on interface
engineering strategies using TiO2 as buffer layer and Pt nanostructures as HER
catalyst. Based on the obtained results the observed improvements, but also the
still given limitations, can be related to clearly identified non-idealities in surface
engineering either related to recombination losses at the semiconductor surface
reducing photocurrents or due to not properly-aligned energy states leading to
potential losses across the interfaces.

Keywords: artificial leaf; interface engineering; multi-junction solar cells; photo-
electrochemistry; platinum nanoparticles electrocatalyst; thin-film silicon.

1 Introduction
The energy demands ofmankind cannot be delivered by C-based fossil fuels in the
near future due to the limitations of given resources, even more if the expected
growth in energy utilization of the developing countries is taken into account
[1–3]. Additionally, the related emission of CO2 and other greenhouse gases will
most probably lead to a heating of the atmospherewith severe climate changes on
earth.Despite the fact that fossil fuels are remains of solar photosynthesis running
over millions of years the yearly yield of fuel generation based on biomass is con-
sidered to be not efficient enough to substitute the used resources on a short time
scale.

As a consequence, renewable and carbon free energy from wind and solar
radiation have been considered for a long time to be the most promising alterna-
tives, butwere always considered to be too expensive to be used in the near future.
This has been changed with drastic improvements of technology, which have led
to competitive electricity costs. In addition, the available yearly resources are
more than sufficient to fully replace fossil fuels and furthermore are able to cover
the increasing energy demand in the future. However, as wind and solar radia-
tion are volatile sources efficient energy storage and transport means are needed
to store the produced electric energy, which so far cannot be realized with e.g.
batteries or other appropriate and efficient storage systems [1, 2, 4, 5]. Mimicking
nature for producing a “solar fuel” seems to be very promising: In photosynthesis
the sun’s energy is converted to form chemical compounds with a high energy



Design Considerations of Eflcient Photo-Electrosynthetic Cells | 551

content, i.e. carbohydrates, from compounds with low energy content, i.e. water
and CO2. For artificial photosynthesis the simplest chemical compound with a
high gravimetric energy density is hydrogen. Hydrogen is an extremely versatile
fuel, since it can either be burned directly in a combustion engine or it can be used
to produce electricity in a fuel cell [6]. Furthermore, it can be converted to liquid
and gaseous fuels with a higher energy density, i.e. formic acid, methanol and
methane, by the Fischer-Tropsch or Sabatier processes [7–11]. Using hydrogen is
a clean technology, since the educts are at the same time the products, i.e. water,
forming a closed-loop reaction cycle.

Hydrogen is the most abundant element in the universe. On earth it exists
only in bound formmainly to oxygen as water. Therefore, the production of clean
hydrogen using renewable energy sources in an economically feasible way is a
major challenge. The synthesis of hydrogen by electrolysis with electric power
from photovoltaics is feasible, but the combination of these techniques is rather
expensive if compared to the standard processes, which are used nowadays,
employing natural gas or oil [12]. Still, there exist already a few pilot projects in
Germany using hydrogen as energy carrier generated by surplus wind and solar
energy [13, 14]. Artificial photosynthesis using semiconductor/electrolyte contacts
to split water is considered to be the “holy grail” of photoelectrochemistry since
the discovery of light induced H2 formation from H2O as presented by Fujishima
and Honda in 1972 [15]. They used an n-TiO2 photoanode irradiated with ultravio-
let (UV) light to electrolyze water in a light driven process forming hydrogen and
oxygen. However, TiO2 and very many wide band gap oxides have large bandgaps
above 3 eV and only light in the ultraviolet region will be absorbed. As the related
UV light is only a minor part of the solar spectrum the obtained conversion effi-
ciencies are rather low typically in the range of about 0.1%. Identifying the right
semiconductor materials with appropriate bandgaps and adjusted charge trans-
fer properties allowing HER as well as OER without any additional electrical and
chemical bias remains critical for the realization of efficient devices. They have
been called artificial inorganic leaves [16] to indicate their relation to the pho-
tosynthesis conversion process in leaves which produce fuels from water and
sunlight.

Since 1972 intensive research on photoelectrochemical H2O splitting devices
has started and very many more semiconductor electrodes to be used for water
splitting have been investigated, inmost cases with limited success (see for exam-
ple [17, 18]). Only rather few systems have provided reasonable conversion effi-
ciencies but very often with different shortcomings in their design which provide
additional support. Therefore, these studies mainly serve as a proof of principle:
Heller and Vadimsky reported already in 1981 an efficiency of 12% for hydrogen
production fromp-InP photocathodes coveredwith small platinummetal islands.
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But they did not reach sufficient stability of their photoelectrode in contact to
the electrolyte and even worse it did not deliver enough voltage on its own to
drive the water splitting reaction: to reach the voltage for driving H2O electroly-
sis an external bias voltage had to be added to the photovoltage provided by the
photocathode [19]. Recently, InP based electrodes have been further developed
by Lewerenz et al. [20]. The first device capable of generating the photovoltage,
which is required for the water splitting reaction, was presented by Khaselev and
Turner in 1998 [21]. They used a tandem-structure of p-GaInP as photocathode
supported by a GaAs solar cell to generate the necessary total photovoltage and
reached an overall solar-to-H2 (STH) efficiency of 12.4%, but the device suffers
from stability problems and high production costs. Nevertheless, this study can
be considered as an important step forward as it showed the need of employing
a tandem cell arrangement to overcome the single small band gap semiconduc-
tor limitation on photovoltage. Only the combination of several semiconductor
absorber materials allows to achieve higher theoretical photovoltaic conversion
efficiencies and 3–5 based multijunction solar cells provide the highest practical
conversion efficiencies [22–24]. In addition, with the right combination of mate-
rials higher photovoltages can be reached. Another tandem cell device based on
AlGaAs and Si was presented by Licht and coworkers in 2000 [25]. An efficiency
of 18.3% was reported at a maximum power photopotential of 1.3 V. It should be
noted, that the authors did not immerse the PV cell into the electrolyte, that the
performance was determined at AM 0 and that the area of the electrodes was a
factor of 45 larger than the actual area of the absorber itself. In 2011 a triple cell
based on thin film silicon was presented by Reece et al. reaching a total efficiency
for hydrogen production between 2.5% and 4.7% [26]. But even for this case the
estimated costs per kg hydrogen were still too high despite using cheap thin film
solar cells, and the long-term stability was not sufficient.

The general applicability of photoelectrochemical water splitting was proven
with these examples, but in many cases the devices do not deliver the required
voltage for bias free water splitting. Furthermore, reported efficiencies have to
be carefully assessed on how they have been determined. In recent contributions
the proper use of terminology and determination of conversion efficiencies have
been defined [27, 28]. A large number of review articles and books have been pub-
lished about photoelectrochemical systems in recent years, some recent reviews
are found in [17, 18, 29] and references given therein.

The fundamental part of this review has already been published previously,
but with some other intention in mind [30]. To omit these parts would lead to a
drastically reduced clarity in this manuscript about buried-junction PEC-devices.
Therefore, we kept the reformulated fundamental block completely, and we
added the overview on our recently obtained results on Si-based multi-junction
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structures for PECwater splitting in the second part. With that wewant to empha-
size our ideas on the relevant engineering strategy, which must be followed to
realize an efficient and competitive photo-electro-synthetic cell. These concep-
tual ideas were the guiding lines which have been followed in our research and
development strategy within the framework of the DFG priority program (see
Figure 1). The electric coupling of solar cells to an electrolyzer cell provides the
reference point and must be considered as the benchmark for any solar light to
H2 converting device. Similar efficiencies must also be realized with artificial leaf
approaches. For this reason, we have addressed device structures where the pho-
tovoltaic component of the cell is inherently integrated to the electrolyzer part of
similar size and form. At least one electrode is in contact with the electrolyte and
thus will form a compact cell compartment (hydrogen generator array or pixel).
Larger H2 forming solar energy conversion modules may finally be put together
from such converter pixels (as in Si solar modules) or may even be manufactured
as larger modules by using thin film deposition and structuring technologies (as
compared to thin film solar cells, see for example [31]). In Figure 1 a standard
photoelectrochemical cell arrangement is shown which was further developed
to a photo-electro-synthetic cell pixel (see also the contribution of Finger et al.
in this special edition of ZPC). Some of the the integrative concepts have been
used and proven to provide promising development routes in the meantime, as
will be discussed in some more detail later on. However, a final and competitive

Fig. 1: Schematic representation of different semiconductor based “artificial leaf” structures
providing the same active area of the PV and EL component (PEC-pixel): (a) direct semicon-
ductor/electrolyte junctions including co-catalysts for the HER and OER reactions, (b) buried
junction photovoltaic cells coupled to co-catalysts used as photoelectrochemical cells, (c)
solar cell connected to an electrochemical cell with the HER and OER half cell reactions. The
absorbing semiconductor PV device is in all cases approximated by a thin film based p-i-n
structure. Reprinted by permission from Springer Nature: Springer, Photoelectrochemical Solar
Fuel Production, S. Gimenez, J. Bisquert (Eds.) ©(2016).
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solution is still not available andwill also be discussed inmore detail in the course
of this contribution. Therefore, further research efforts are needed which will be
presented in an outlook at the end of this paper.

2 Fundamental considerations of
semiconductor-based water splitting

2.1 Buried photovoltaic vs. photoelectrochemical devices

Efficient artificial photosynthesiswith promising conversion efficiencies andwith
technologically competitive costs can only be realized, if the photovoltaic part is
efficiently coupled to the electrolyzer function. This can be realized by the con-
nection of a solar cell to an external electrolyzer via cables as shown in Figure 1c,
or onemay hope that semiconducting absorber layers in contact to the electrolyte
may as well form the energy converting junction and also act as electrocatalysts.
This can usually not be expected and therefore co-catalyst deposits are used as
shown in Figure 1a. For competitive efficiencies all systems need to show the same
performance levels. This will be possible, if a number of succeeding elementary
processes are coupled to each other with minimized losses, which basically are
the same for all light to fuel converter systems: 1. broad band light absorption
covering the spectral distribution of sunlight, 2. optimized charge carrier genera-
tion with a maximized splitting of the chemical potential of the minority carriers
(electron and holes) avoiding internal charge recombination, 3. vectorial separa-
tion of theminority carriers across the involved interfaces forming the contacts, as
well as 4. the efficient electrocatalytic production of H2 and O2 from H2O in sepa-
rated compartments (hydrogen evolution reactionHER, oxygen evolution reaction
OER). For a fair comparison of performance in integrated device structures the
absorber layer defines the lateral dimensions of the device (photoelectrochemi-
cal arrays or pixels), excluding connections of large-scale PV converter arrayswith
external electrolyzer cells (here the application and balance of systems costs are
considerably different). But, for any technological competitive device a combina-
tion of complimentary components, which allow to combine efficient and stable
photovoltaic converter arrangements with efficient catalysts, are needed prefer-
entially based on low cost, abundant, and non-hazardous materials. There are
a lot of different research strategies discussed in literature and summarized and
defined in a paper by Nielander et al. [28]. If one is willing to follow his defini-
tions may be a matter of taste in some cases, but at least it gives a nice survey of
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what can be done. From our consideration of an adequate terminology a “photo-
electro-chemical cell" (PEC) may not be restricted to devices where the semi-
conductor/electrolyte contact defines the energy converting space charge layer,
which is equivalent to the diffusion voltage for solid state contacts, but that also
interface engineered buried junction cells containing a semiconductor/interface
layer/catalyst/electrolyte junction should be considered as buried junction PEC
cells. Indeed, numerous water splitting PEC cells studied in literature contain
surface modification layers and metallic co-catalysts (sometimes formed within
the electrolyte) and therefore the distinction is somewhat arbitrary (for a recent
survey of investigated junctions see [18]).

As we are convinced, that the above given primary steps of the photoelectro-
chemical conversion need to be realized with minimized losses we will concen-
trate in our discussion on buried junction photoelectrochemical cells as shown in
Figure 1b, which provide, to our understanding, the most realistic artificial pho-
tosynthetic system in the foreseeable future. A more detailed discussion of this
approach can be also be found here [30]. A further limiting factor that should not
be neglected is the small diffusion coefficient of protons generated at the anode
side together with oxygen which have to migrate from the anode to the cathode
side in the electrolyte.

Promising device structures can only be realized in the short term, andmaybe
also in the long term, by the combination of efficient solar converters as pro-
vided by and equivalent to solarmultijunction cells with highly active electrolyzer
components for HER andOER. For their realization knowledge-based engineering
strategies are needed, which will allow to couple the PV absorber component
to the electrocatalysts with minimized losses in photovoltage and photocurrent.
We will present in the following our understanding of the decisive mechanisms
involved, which are discussed based on experiments on well-defined semi-
conductor junctions as model and reference systems. Further advanced design
approaches may apply the identified design strategies to employ more promising
materials and material combinations as well as adopted device structures.

If we compare the different PEC junctions using either a direct semiconduc-
tor/electrolyte contact, photo-electrochemical junctions using buried solid-state
contacts immersed to the electrolyte, and photovoltaic cells connected to an elec-
trolyzerwith eachother (Figure 1), it seems evident, that they are rather equivalent
to eachother. The abovediscussed inherently connected elementaryprocesses are
equivalent to each other and any energy (voltage) or current loss (recombination)
must be avoided. Or onemay turn this argument around, if the junction properties
and related charge carrier dynamics show strong loss processes in either photo-
voltage or photocurrent onemay not expect high efficiencies; this is true and com-
parable for all of the different conversion structures discussed. Therefore, most
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strategic concepts are transferable from one device to the other and the different
systems must be optimized in an equivalent way. Because of our background in
thin film photovoltaic research, we will start our discussion of the involved pro-
cesses from thin film solar cells and transfer the deduced concepts and boundary
conditions to thin film based buried junction photo-electrochemical cells. An effi-
cient photo-electrochemical cell in which the semiconductor/electrolyte contact
provides the photovoltaic function as well as the catalytic function can hardly be
expected to provide efficient devices. Already the addition of a co-catalyst layer
leads to buried junctions. The performance conditions of efficient devices, as will
be exemplified in more detail later on, are: 1. The operational photovoltage of the
water splitting device structure must be in the range of 1.5–1.9 V depending on
the involved (over)voltage losses in the electrochemical cell. This translates to
the photovoltage which is comparable to the maximum power point photovolt-
age of a solar cell. 2. The photocurrent quantum efficiency must approach 1 for
all photons absorbed by the absorber layers above their band gap (neglecting any
parasitic absorption and reflection losses). Thus, one may already conclude here
that absorber layers and junctionswhich arenot able to performwell in PVdevices
will also not perform well in PEC devices.

Based on our experience and the results published in literaturewe expect that
most likely only buried junction photo-electrochemical cells based on multiab-
sorber PV structures will provide the most probable (may be the only reasonable)
route to an economically competitive “artificial leaf” for solar fuel production
(compare Figure 1). However, the concepts and boundary conditions derived for
these structures are also mostly valid for single crystalline or nano structured
devices. The challenges and research needs are very similar to each other as we
will stress in our contribution.

As first step multispectral broadband light absorption and efficient genera-
tion and separation of light induced electron-hole pairsmust be considered. Here,
established semiconductors are preferentially used as they provide best results
for broadband charge carrier generation. For highly efficient semiconductors in
solar cell applications the electron-hole pair generation approximates a quantum
efficiency of one ranging in principle from its fundamental bandgap to the UV
cut-off of the solar spectrum (neglecting at first parasitic losses due to additional
sequences of contact and catalyst layers). If multiabsorber structures are applied
the spectral absorption range is defined by the bandgap difference and absorp-
tion coefficients of the combined absorbermaterials [23, 32]. The non-equilibrium
electron n* and hole h* concentration inside the PV converter is given by the
product of generation rate G and minority carrier lifetime τ, which leads to the
difference in the chemical potential of electrons and holes ∆µe−h* = kT ln n*/p*,
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equivalent to the splitting of quasi Fermi levels of electrons and holes, respec-
tively, nEF* – pEF* under illumination. This difference in quasi Fermi levels or
chemical potentials of electrons and holes of the minority carrier provides the
driving force for any electrochemical charge transfer reactions and are the max-
imum photovoltage the PV converter can deliver [32]. As boundary condition for
photoelectrochemical water splitting, the photovoltaic converter system must be
able to provide a minimal difference in the chemical potentials of minority car-
riers (electrons and holes) ∆µe−h* for non-equilibrium conditions under illumi-
nation. This value is equivalent to the usable (operative) photovoltage Uph

op of
the PV-converter which must exceed a minimum value of about 1.6 V for water
splitting as will be discussed in more detail below. This value corresponds to an
open circuit photovoltage of about Uph

oc of 1.7–1.9 V for PV converters of good
performance. As additional condition for high conversion efficiencies the quan-
tum efficiencies of the reactingminority carriers should approach 1, whichmeans
that every absorbed photon should produce one light induced electron-hole pair.
The contacts and co-catalysts must be adjusted to allow for their efficient separa-
tion from each other leading to a maximized operational photocurrent jphop (the
physical materials properties needed to reach this boundary condition will also
be exemplified below).

For idealized electric power producing solar cells the efficiency of the con-
verter is given by (see e.g. [32]):

ηel = Uoc
ph · jocph · FF/Phv = Umpp · jmpp/Phv, (1)

withUph
oc times jphsc as the open circuit photovoltage times the short circuit pho-

tocurrent times the FF as fill factor, which translates to the electric power at the
optimum operational (maximum power) point of the solar cell of Umpp times jmpp
(Phv is the light power incident onto the solar cell). The current-voltage curve is
given by eq. 2:

j(U) = j0 ·
[︂
exp

(︂
eU
kT

)︂
− 1

]︂
− jph , (2)

with j as classical notation for the current density. It is evident, that at the maxi-
mum values of either Uph and jph, respectively, in the current voltage curve of the
solar cell the conversion efficiency of the converter is 0 (atUph

oc jph = 0 or at jphsc
Uph = 0). For real solar cells eq. 2 has to bemodified to account for loss processes
due to charge carrier recombination Rp and electric resistances in charge carrier
transport or charge transfer Rs (eq. 3):

j(U) = j0
[︂
exp U − jRs

kT − 1
]︂

+
U − jRs
Rp

− jph. (3)
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For ideal solar cells Rs has to approach 0 and Rp has to approach infinity.
If we now add the additional functionality of the electrochemical HER and OER
reactions in photoelectrochemical devices, the boundary conditions as defined
by the solar converter still hold. However, it cannot be expected that eq. 2 will be
valid. A modified version of eq. 3 must be applied accounting for the additional
electron and hole transport, transfer and reaction steps, involved. For the math-
ematical description of electrocatalytic devices working in the dark usually the
Butler-Volmer equation is applied [33], which is given by eq. 4:

j = j0
[︂
exp

(︂
(1 − α)eη

kT

)︂
− exp

(︁−αeη
kT

)︁]︂
. (4)

It is used for any redox reaction involved (HER: ε°(H+/H2) and OER:
ε°(H2O/O2) depending on the deviation from the equilibrium potential
η = ε(j) − ε°(j = 0). The catalytic efficiency is given by the exchange current
density j0 at equilibrium conditions ε°(j = 0). To catalyze the H2O redox reac-
tions after charge separation in the solar converter component (nano-sized)
noble metals, earth abundant transition metal compounds as solids or molecular
(biomimetic) coordination compounds are generally applied as electrocatalysts.
The aim is to reach maximized currents for lowest values of overvoltage, as the
photovoltage of the converter must be used to drive the HER and OER of the water
splitting device structure. For a rather ideal PEC system the overall current-voltage
behavior is then given by the sum of all current-voltage dependencies within the
circuit as given in eq. 5 [34]:

VPV−EC(j)⏟  ⏞  
j−V

PECdevice

= VPV(j)⏟  ⏞  
j−V

Solarcell

−∆EH2O − ηOER(−j)⏟  ⏞  
j−V
Anode

+ ηHER(j)⏟  ⏞  
j−V

Cathode

+ jR⏟ ⏞ 
Ohmic
loss

(5)

For such ideal systems there are no time transients visible for chopped illumi-
nation as all electron-hole carrier dynamics are considerably faster than typical
chopping frequencies. Whenever in current voltage curves transients are evident
slow charge carrier reactionsmust be taken into account, which usually are due to
trapping/detrapping reactions of electrons/holes [36]. In such cases the ideal and
simplified current voltage behavior shown in Figure 2 does not hold anymore and
more complicated numerical models have to be taken into account (see e.g. [37]).
In these cases, however, the performance values of the PEC device are drastically
reduced.

As we will discuss in more detail later on there may be additional losses,
which may be added to the sum of loss mechanism, which are due to potential
losses at phase boundaries (interfaces) between the PV absorber and the catalyst
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Fig. 2: Current density voltage curves of a rather ideal integrated PEC cell as shown in Figure 1.
The overall current voltage curve is an in-series connection of solar cell, anodic OER and
cathodic HER, and ohmic loss. The j-U dependencies are calculated from eqs. (2) to (5). The
performance is given from these two electrode measurements at the value of 0.0 V as the value
of ∆EH2O = 1.23 V has been subtracted (adapted from [35]).

layer ∆Φinterf (j). They are due to double layer potential drops induced by trapped
charge carriers.

2.2 Boundary conditions for obtaining the required
photovoltages

As discussed above the photovoltaic converter either as solar cell connected to
the electrolyser or as component of the photoelectrochemical cell must provide
the necessary photovoltage (chemical potential difference of electrons and holes
under illumination) as driving force for the HER and OER reaction as well as any
additional voltage losses e.g. due to Ohmic losses because of proton transport. In
using the terminus of solid state physics the difference of the quasi Fermi levels of
electrons andholes ∆µ*e−h = nEF* – pEF* generated inside the solid semiconduc-
tor device, which is the maximum photovoltage which may ideally be outcoupled
from the PV converter, must exceed the difference of the half cell potentials of the
HER and OER as well as all additional kinetic losses across given interfaces.

∆µ*e−h = nE*F−pE*F ≥ e·Uph > −e ·
(︀
ε∘(H2/H2O) − ε∘(O2/H2O)

)︀
= 1.23 V (6)

Thus, the value ofUph needed for light inducedwater splittingwithout adding
an additional external bias must exceed the difference of the electrochemical
potentials of the reductive and oxidative water splitting reactions ∆EH2O by the
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amount of a sum of kinetic losses as reaction overpotentials which are depen-
dent on the exchange current densities and further resistive losses in the circuit
given by jph × R and interface double layer losses given by ∆Φinterf (j) for each
involved interface. An estimate of the current density provided by the PV con-
verter, which is directly proportional to the solar to H2 conversion efficiency (see
eq. 12) will define the needed overvoltages and ohmic losses and thus aminimum
operational photovoltage Uph

op, which must be provided by the PV-converter in
the working photoelectrochemical device. This minimumUph

op does not exist for
photovoltaic converters producing only electric power (see eq. 1), a reduction in
photovoltage may be compensated by an increased photocurrent and vice versa.
As it is immediately clear, most of the prominent single absorber PV cells, which
have reached high solar to power efficiencies, have fundamental bandgaps below
1.5 eV and do not provide high enough open circuit photovoltages Uph

oc needed
for H2O splitting. As a consequence, multiple PV components must be added in
series for efficientH2O splitting. Here different arrangements have been suggested
[18, 28]. We show only two examples: An integrated tandem cell as photocathode
as used in our experiments and a combination of two separated photo electrodes
(photocathode plus photoanode) as to be used for non-integrated PV converters;
the latter arrangement is preferentially to be used in part for the investigation of
single photoelectrodes even when they do not provide sufficient photovoltage for
H2O splitting.

The kinetic overpotential losses depend on the kinetic demands for high
electron exchange rates. Both half-cell reactions involved in water splitting, the
HER and OER, are multi electron transfer reactions in which two or four elec-
trons must be exchanged across the interface. Overall the PV converter must
deliver four electrons and holes step by step to form two molecules of H2 and one
molecule of O2:

4H+ + 4e− → 2H2 ε∘(H+/H2) = 0 V (7)
4H+ + 4e− + O2 → 2H2O ε∘(H2O/O2) = 1.23 V (8)

2H2O hv−→ 2H2 + O2 ∆EH2O = ε∘(H+/H2) − ε∘(H2O/O2) = −1.23 V (9)

In the literature there is an extensive discussion on the energetic position
of the conduction band minimum and valence band maximum with respect to
the HER and OER redox potentials, in short the band edges must straddle the
redox potentials. If this is the case depends also on the influence of interfacial
double layer potential drops, which are known to be different for different sur-
face orientations [38, 39]. However, these often-applied considerations may be
non-valid if buried junctions or trap assisted kinetic shifts of band edge positions
are considered. Any band alignment depends strongly on the solid/electrolyte
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interfacial structure and chemical composition under operation (illumination)
conditions and cannot be deduced in a reliable way from experiments in the dark.
At first, the HER and OER redox potentials shift in their values depending on the
pH of the solution; e.g. from their values at pH = 0 (1 N [H+]) by 59 mV/pH. This
shift is well known and usually considered for band edge alignment to the OER or
HER half-cell redox potentials. However, the band edge positions of the semicon-
ductormay also shift by 59 mV/pH for an oxidic surface. Towhat extent oxidic sur-
faces are formed during exposure to the electrolyte or with the involved reactions
are often not properly studied; a reduced or no shift of band edges is expected
for less ionic or more covalent semiconductors. But, in addition, the band edges
tend to shift also due to the trapping of charge carriers in existing or formed sur-
face states during illumination [40–44]. The same is true if a semiconductor/metal
(electrocatalyst)/electrolyte junction is forming the contact. These facts may lead
to a modified rearrangement of band edge positions under operation conditions
with illumination compared to the values given in the dark.

As already introduced above the PV converter of the PEC cell must provide
the required photovoltage, which is needed to drive the water splitting reaction.
Considering all kinetic losses this translates to the equation:

Uop
ph > ∆Eop = ∆EH2O + ηc + ηa + jph · R +

∑︁
∆Φinterf(j) + ∆Ucs(j) (10)

This photovoltagemust at least be equal or exceed the electrochemical poten-
tial difference ∆Eop, which would be needed for driving the water splitting reac-
tion in a dark electrolysis mode, with the addition of some correction terms
deduced from the coupling of the PV converter. In numbers we have to consider
the thermodynamic electrochemical potential difference related to water split-
ting ∆EH2O given by 1.23 V. Additionally, potential losses for driving noticeable
photocurrents from the interior of the PV component to the surfaces have to be
considered, which are given in a first approximation by the gradients of the elec-
trochemical potentials of electrons and holes grad nEF* and grad pEF* to drive
the charge carrier separation ∆Ucs (j); the values needed for electron and hole
extraction depend on the concentration distribution andmobilities of the respec-
tive charge carriers and the remaining voltage drop in the PV converter and are
given by:

∆Ucs ≈ Uoc
ph − Umpp

ph , (11)

with Umpp
ph being the photovoltage at the maximum power point. The sum of the

current depending double layer potential drops
∑︀

∆Φinterf(j) is due to non-ideal
semiconductor junction behavior e.g. Fermi level pinning (see below and [30]).
For the given estimation we assume this value to be zero. To be added are the
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overvoltages ηc and ηa for theHER andOER, respectively, needed for the provided
photocurrent densities (approximated as 0.05 and 0.3 V, respectively, assuming
highly efficient electrocatalysts and typical PV current densities of 20 mA/cm2).
TheOhmic losses in the circuit jph ×R e.g. given by the resistance of the electrolyte
solution between cathode and anode to carry the photocurrent jph must be made
as small as possible assuming for our estimate a value of only<0.05V. This small
value may be possible for the device arrangement shown in Figure 1c; in cases
where e.g. the H+ transport has to pass from the front to the backside of the cell
or for neutral solutions this valuemay be considerably larger [37]. Assuming ideal
interface properties without any additional potential loss ∆Φinterf (j), the photo-
voltaic converter must provide an operational photovoltage Uph

op of at least 1.6 V
assuming optimistic values for the different kinetic loss values on the right-hand
side of equation (10) (1.23+ 0.05+ 0.3+ 0.05 V). The energetic conditions are
schematically shown in Figure 3 for a one band gap absorber system, which in
principal is equivalent for tandem or multi-junction structures (neglecting the
gradients of the quasi Fermi levels, serial resistive losses, and interface potential
losses).

One factor, which is often forgotten, in such estimates of needed
photovoltages is the fact that the PV device/component must be operated close

Fig. 3: Schematic energy diagram for a single absorber PV converter coupled to electrochemi-
cal water splitting reactions under illumination assuming an ideal band edge arrangement. In
most real cases as in PEC devices the electron and hole contact would be situated at opposite
parts of the absorber. At photocatalytic particles also the given arrangement may be possible.
A minimum ∆µ value of 1.6 eV may be calculated for the open circuit photovoltage assuming
ideal conditions ; depending on the quality of the PV absorber material for the operational
photovoltage an additional ∆Ucs of 0.3 eV is needed for achieving reasonable photocurrents
(kinetic driving force for eflcient charge separation within the PV component) as approxi-
mately given for MPP conditions. Reprinted by permission from Springer Nature: Springer,
Photoelectrochemical Solar Fuel Production, S. Gimenez, J. Bisquert (Eds.) ©(2016).
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to the maximum power point to reach high operational photocurrents, which
will add an additional voltage difference ∆Ucs = Uoc

ph −Umpp
ph of about 0.3 V to the

operational photovoltageUph
op even for good photovoltaic absorbers. Depending

on electron and hole transport properties inside the semiconductor bulk and the
surface conditioning (effecting surface recombination) the quality of the photo-
voltaic converter will also be expressed in a small value between the open circuit
potential and the potential of the maximum power point which is equivalent to
the operational voltage of the solar cell giving the highest conversion efficien-
cies (see. Eqs. 11 and 12). For bad semiconductor materials, which will only lead
to poor photovoltaic converters with low fill factor, the photocurrent will only
slowly rise with voltage, which translates to a much larger difference of the MPP
photovoltage compared to the open circuit photovoltage.

The performance of a water splitting device is determined by the photocur-
rent flowing at the operational photovoltage. This voltage must be large enough
to drive the H2O splitting reaction including all kinetic losses (overpotentials,
interface losses, and ohmic losses) in a two-electrode arrangement without using
additional electric (for example with potentiostats) or chemical bias (using con-
centration differences). Thus, comparing the performance data of a PV electric
power producing solar converter vs. a H2O splitting photoelectrochemical device,
it follows that the solar to H2 conversion effciency ηSTH as given by eq. (12) is only
determined by the photocurrent jph achieved in the two electrode arrangement.
Whether the PV converter provides a sufficient operational photvoltage to run the
water splitting reaction can be estimated as discussed above. If reasonable values
of the overvoltages with the given electrocatalysts are available, the photovoltage
of the PV converter at the MPP in relation to the thermodynamic H2O splitting
potential multiplied with the achieved photocurrent provides a realistic upper
value for an estimate of the H2 (STH) conversion efficiency (assuring a faradaic
efficiency of 1):

ηSTH = ∆EH2O · jph/Phν < Uop
ph · jph/Phν with Uop

ph > ∆EH2O = 1.23 V (12)

If we compare the open circuit photovoltages reached for high efficiency solar
cells it becomes immediately clear that most of the single absorber cells do not
reach a sufficiently high photovoltage to drive the water splitting reactions with-
out any bias [30]. For the best photovoltaic devices there is an evident dependence
of the photovoltage vs. bandgap given by Uph

oc = 1/e * (EG – 0.4 eV) [23, 32]; for
most PV converters of thin film semiconductors it is hard to reach values forUph

oc

beyond 1/e * EG/2 [45]. As a consequence, high conversion efficiencies are not
expected for single absorber cells, but multijunction cells are needed (remember
that for estimating the operational photovoltage Uph

MPP must be considered). As
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an estimate of the possibly achievable STH efficiencies in dependence of absorber
bandgap(s) a number of studies have been recently published [46–48] follow-
ing the original approach of Bolton [49]. Depending on the used parameters of
photoelectrochemical water splitting devices different bandgaps and achievable
performance data may be calculated: Based on a needed Uph

op of 1.6 V, which
translates to a Uph

oc of 1.9 V a single absorber layer will provide at best a the-
oretical PV power efficiency of about 15%, which translates to a maximum STH
efficiency of about 12%. In case of a tandem cell a minimum bandgap combina-
tion of 1.1 and 1.7 eVmay be needed (Uph

oc = 0.7 + 1.3 V assumingUph
oc = 1/e *

(EG – 0.4 eV), which may provide STH efficiencies of about below 30%. For less
ideal absorber materials (Uph

oc ≤ 1/e * EG/2) the expected efficiencies must be
corrected to considerably lower values.

A valid STH conversion efficiency can only be determined in a two-electrode
arrangement without potentiostatic correction of resistive losses in the circuit.
However, for many electrodes under investigation only part of the operative volt-
agemaybe reached especiallywhenphotoactive half cells (photocathodes or pho-
toanodes) are investigated. In this case, part of the operative photovoltagemay be
provided by an external biasUbias. The light induced efficiency is then equivalent
to the electric energy provided by the illumination of the photoactive component
in H2 production given by the photovoltaic power stored jph (∆EH2O-Ubias). Thus,
it converts to an energy saving efficiency ηSTHass given by:

ηassSTH =
jph(∆EH2O − UBias)

Phv
(13)

This electric power may also be provided by an external solar cell coupled
to the two half cells with a maximum energy saving efficiency if it runs at the
maximum power point. However, some boundary conditions are still valid even if
assisted efficiencies are discussed: Two electrode arrangements, no potentiostate
and only the HER and OER reactions have to be considered. Any STH conversion
efficiency given for a bias outside the value of ∆EH2O = 1.23 V (more negative
than the reversible hydrogen potential ormore positive than the reversible oxygen
potential) are not valid. The discussion of STH efficiencies are also not reasonable
if sacrificial donors or acceptors are used.

These estimates indicate that the PV converter component and the elec-
trolyzer functionality as given by the electrocatalysts and the ohmic losses as
givenby thedevice arrangementmust be adjusted to eachother. For a testwhether
the PV component in a photoelectrochemical cell will provide the perfomance
data needed for water splitting either electric power producing solar cells with
solid state contacts or alternatively photoelectrochemical cells with electrolyte
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contacts containing a reversible and fast redox couple of appropriate redox poten-
tial can be measured. These tests will provide a measure of the PV performance
of the included semiconductor device independent on the more demanding elec-
trolyser function and possibly needed interface passivation layers. If the PV com-
ponent in these reference measurements does not provide the needed converter
properties it will also not work in a water splitting device.

The above discussed boundary conditions indicate that for reaching highly
efficient H2O splitting PEC devices the PV converter’s Uph

mpp must be larger,
but as close as possible to ∆Eop (see eqs. 10, 12). However, if the photovoltage
Uph

mpp = Uph
op produced by the PV converter is much larger compared to the

difference ∆EH2O of the reversible half-cell reaction potentials of ε°(H2O/O2) and
ε°(H+/H2), any kinetic limitations of the water splitting reactions can be avoided.
The extra potential may help to drive the water splitting reaction even for less
effective electrocatalysts but, on the other hand, will reduce the STH efficiency
due to the reduced photocurrent. Therefore Uph

op must be adjusted to gain max-
imum efficiency: an energy transformation loss results from an increased differ-
ence of the operational photovoltage to the thermodynamic potential difference
|∆EH2O| = ε°(H+/H2) – ε°(H2O/O2) of 1.23 V, which is equivalent to the energy
stored in the H2 formation (fuel production). This value will not be changed for
larger operational photovoltages applied. As a consequence due to the counter-
acting dependence of photovoltage and photocurrent of the absorber bandgap
a higher fundamentally possible photovoltage will lead to a reduced photocur-
rent and thus to a reduced STH efficiency ηSTH. As already mentioned above, this
behavior is different to an electric power producing PV converter, where both jph
as well asUph can be used to increase the performance value without lower limits
(see eq. 1).

2.3 Promising integrated PV/PEC device structures

There are very many different device structures possible for PV converters and
even more for PEC cells especially if multijunction cells are considered (see e.g.
[18, 50]), which shall not be discussed in this contribution as their performance
should be rather similar from a fundamental idealizing point of view and any
advantage or disadvantage of a given structure depends mostly on specific mate-
rials’ properties. Therefore we will use a p-i-n device structure, most probably
as tandem or triple structure, as has been suggested as promising most simple
PV device structure for advanced thin film solar cells [32, 51], which would also
provide a good basis of an efficient PEC structure (Figure 4). For simplicity we
will first discuss only single absorber structures, which are the standard arrange-
ments in Si thin film solar cells [23], and are also used for single crystalline Si
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Fig. 4: Schematic idealized representation of an p-i-n PV or p-i-n PEC device structure under
illumination (open circuit conditions). In such structures the semiconductor absorber layer
is directly connected to either n-doped and p-doped wide bandgap window contact layers
(n/p-membranes) (a), or with selective electron and hole transferring electrolyte contacts to
be used for the HER and OER water splitting half cell reactions (b). Reprinted by permission
from Springer Nature: Springer, Photoelectrochemical Solar Fuel Production, S. Gimenez, J.
Bisquert (Eds.) ©(2016).

in the so called HIT™cell [52]. The correlation of photovoltaic solid-state cells
to photoelectrochemical cells is immediately evident, when the wide band gap
metallic conducting TCO contacts are substituted or extended by electrochem-
ical contacts providing the conditions for charge transfer reaction to the elec-
trolyte. We have neglected in these sketches any contribution of overvoltages as
we are in quasi-equilibrium conditions (U = Uph

oc). As will be discussed later,
the working device structures must be modified in a similar way for PV and PEC
applications by adding additional layers, which are needed to electronically pas-
sivate and chemically shield the semiconductor/oxide as well as the PV semi-
conductor/electrolyte contacts. The difference between surface engineered solar
cells or surface modified photoelectrochemical cells is only a semantic difference
(compare Figure 4).

The advantage of such p-i-n cells is the fact, that naturally doped (intrinsic)
absorber layers can be appliedwithout the need of forming highly doped absorber
layers. The diffusion voltage (linear or weakly bend space charge layer) is formed
between the front (n+-doped) and back (p+-doped) wide band gap contacts,
which favour a vectorial charge carrier separation. For idealized structures as
shown in Figure 4 high theoretical efficiencies can be reached. If we use absorber
layers of large absorption coefficients beyond α> 104 cm−1, which would be pref-
erential for thin film absorber layers, their thickness d (equivalent to the absorp-
tion length Lph) may be strongly reduced to typical values of 1–2 µm (assuring that
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Lph ≥ 3/α). Aswe need quantumefficiencies of close to 1 all light generated charge
carriers must reach the contacts without severe bulk recombination losses. This
will be the case if the minority carrier diffusion length given by

Ld = (D · τ)1/2 = (k · T/e · µ · τ)1/2 (14)

or the drift length including potential gradients E = grad U at the maximum
power point given by

DL = µ · E · τ (15)

with DL, µ, τ as minority carrier diffusion constant, mobility, and lifetime exceed
the thickness d of the absorber layer. In such cases and neglecting any surface
(interface) recombination loss the photocurrent of absorbed photons can reach a
quantum efficiency of about one.

Essential are proper band energy alignments at the interface between the
wide band gap contact material and the light absorbing semiconductor as shown
in Figure 4a. The conduction band offset must be close to zero to the n-contact
and maximized at the p-doped back contact and vice versa for the valence band
and conduction band offset to the doped back contact to minimize voltage losses.
Suchbandoffsets help to increase the photovoltage due to reduction of the reverse
dark currents which are effected by the large additional barriers j0 ∝ exp (-ΦB/kT)
(the barriers ΦB add up the energy difference of the Fermi level to the respective
band edge position plus the additional value of the band discontinuity).

The direct contact to metallic co-catalysts will lead to surface recombination
losses and surface Fermi level pinning reducing in general the built-in diffusion
voltages,which canonly be avoidedwith adjustedheterocontacts containing elec-
tronic passivation layers (see Figure 5) [30]. Similar conditions must be reached
for nearly any PEC device: In this case an efficient and fast charge transfer must
be possible from the conduction/valence band edge for electron/hole transfer to
the electrolyte. Such conditions can only be expected for a high density of states
in the electrolyte and a proper alignment of the band edge states to the involved
electrolyte and/or co-catalyst energy levels. This will in general only be the case
for reversible redox couples and cannot be expected for the multi-electron trans-
fer HER and OER redox reactions, which is the reason that additional co-catalysts
are needed for efficient charge transfer. However, these extra catalysts deposited
onto the semiconductor donot only provide a catalytic function for controlling the
charge transfer reactions, but they also function as contacts to the semiconductor
which must be adjusted for avoiding potential losses. For both the PV cell as well
as for the PEC cell the interface must be kept (almost) free of surface (interface)
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Fig. 5: Schematic representation of the formation of a surface modified PV or PEC device con-
sisting of a highly absorbing semiconductor layer, a surface passivation layer (green) and
metallic co-catalysts for HER and OER. Reprinted by permission from Springer Nature: Springer,
Photoelectrochemical Solar Fuel Production, S. Gimenez, J. Bisquert (Eds.) ©(2016).

states to avoid recombination losses. An efficient passivation of surface states
with contact formation are essential requirements for potentially high conversion
yields. For PV contacts this favours the application of heterocontacts with wide
band gapmaterials as oxides and disregards directly depositedmetals, for a more
detailed discussion see [30]. Based on this argumentation a maximum photovolt-
age close to the semiconductor band gap and approaching the Shockley-Queisser
limit can be expected for PV devices with low recombination losses in the bulk
and at the interfaces (leading to parallel or shunt resistance Rp → infinity) as well
as low resistance and loss free charge transfer reactions across the interfaces and
fast transport within the semiconductor (leading to a series resistance Rs → 0):

Uph = kT/e In(jph/j0) (16)

For PEC cells with electrolyte contacts similar boundary conditions must be
fulfilled. For proper electrolyte contacts the redox potentials of the half-cell reac-
tions must provide comparable contact properties as the idealized TCO mem-
branes as used for the PV converter (Figure 4b). As has been proven by Lewis
et al., well defined and specifically designedPEC cells provide rather ideal contact
properties when reversible redox couples in organic solutions are used as contact
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phases which avoid any reaction of the semiconductor with H2O [53, 54], which,
however, cannot be avoided for water splitting PEC cells. PEC device structures
containing electrochemical contacts will provide high primary PV conversion effi-
ciencies in producing maximised photocurrents jph and photovoltage Uph only in
cases when current loss (due to recombination) and voltage loss (owing to mis-
aligned electron states) contacts can be avoided. For PEC cells this means, that
only in cases, where fast electron transfer couples with adjusted redox potentials
and aligned electrolyte density of states, we may expect high PV conversion effi-
ciencies. Such conditions cannot be expected for PEC water splitting devices. In
this case we have to consider instead of reversible redox couple multi-electron
transfer reactions, which for H2O splitting involves the bonding (surface stabil-
isation) of reactive intermediates to the solid surface. If these intermediates are
bound at the right energy levels (close to the conduction band for HER or close
to the valence band for OER) is usually not to be expected. If this is not the
case and the minority carriers loose part of their electrochemical potential will
be evident from shifts of the photocurrent potential onset to the flat band poten-
tial measured in the dark. For this reason co-catalysts for achieving an efficient
charge transfer reaction must and are usually added to improve performance.
However, the deposition of these additional catalysts will also affect the semi-
conductor/electrolyte contact e.g. by passivating surface states. This dual func-
tionality is probably in operation for most interfaces with an additional catalyst
layer, but often has not been thoroughly investigated to identify the specific role
of eachmechanism. There are a few examples published, where the relative effect
of each process was examined [55, 56]. However, detailed experiments combining
surface science studies aswell as electrochemical characterization procedures are
needed to obtain clear results. In most cases additional solid-state layers specifi-
cally adjusted for surface/interface engineering are necessary to provide a proper
alignment of energy states and potential distribution across these interfaces. The
reason is that the electrolyte redox states involved in the charge transfer reaction
strongly deviate from the idealised Marcus-Gerischer distribution deduced from
reversible one-electron transfer redox couples, as the stabilisation of intermedi-
ate reaction products on a catalyst’s surface is needed. Amore detailed discussion
on electronic DOS of electrolytes in relation to charge transfer processes is given
in [39, 57]. These additional layers are needed to design an efficient semiconduc-
tor/electrolyte contact for multi-electron transfer reactions as used e.g. for water
splitting, which consists of at least a passivation layer and an electrocatalyst.
These extra layersmust be aligned in their electronic coupling to the semiconduc-
tor base material as it is shown schematically in Figure 5. It should be noted, that
such interface engineered PEC contacts must be specifically designed for every
multi-electron transfer PEC cell as e.g. also for CO2 reduction devices; the specific
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aspect is that the needed electroctalysts will be different and thus may also need
different intermediate passivation layers. Again, it should be emphasized that
the needed interface engineering approaches may as well involve wet chemi-
cally formed reaction layers or intermediate layers deposited within or outside
an electrochemical cell.

As a consequence of the above given reasons it must be expected that, in
general, any efficient PEC device will consist of electronic and chemical pas-
sivation layers (in rare cases one layer may provide both duties) and different
co-catalyst layers for the HER and OER. It should be mentioned that for metals
the width of its electron energy distribution (DOS range with a high density of
electron states) will be even broader than for the situation shown in Figure 5, cov-
ering an energy width of several eV depending on its electronic character with
d-bands DOS widths being much smaller than s or p-bands. As the catalyst must
transfer the electrons and holes, respectively, without a loss in photovoltage, its
contact properties are defined by its Fermi level position after contact formation.
For achieving this, the metal co-catalyst must be aligned in an energetic posi-
tion as shown in Figure 5 with the HER (OER) catalyst Fermi level position close
to the conduction (valence) band edge. How this can be secured for metal cata-
lysts having a priori non-adjusted work functions will be discussed in more detail
below.

Following our above given argumentation, two principally different device
structures for the photoelectrochemical water splitting application may be con-
sidered. One is based on only one single semiconductor absorber material and
therefore must use wide bandgap absorbers such as ZnSe, ZnTe, SiC, GaP, GaInP,
InGaN etc. (see Figure 6). As all of these semiconductors are not stable in contact
to the electrolyte, they must be shielded from the direct contact to the electrolyte
by a chemical and electronic passivation layer. The chemical passivation layer
must avoid any decomposition reaction due to hole (electron) induced oxidation
(reduction) reactions involving the solvent and the semiconductor. In addition,
the electronic passivation layer must ensure the passivation of the surface states
usually present on all semiconductor surfaces due to the loss of bulk bonding
(loss of translational symmetry). These interface layers may be designed accord-
ing to the modifications discussed below and shown in Figure 6a and b. In most
cases these layers are needed to define the position of the Fermi level close to the
band edge (conduction band for HER and valence band for OER, respectively) by
appropriate doping (buried junction). As these passivation layers usually will not
work as electrocatalysts an additional catalytically active (metal) deposit (e.g. Pt
for HER or RuO2/TiO2 for OER) has to be added to enhance the desired reaction.
Note that in this figure we have used the standard presentation of a photoelectro-
chemical cell as usually found in literature with a bulk semiconductor absorption
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Fig. 6: Schematic structure of a photoelectrochemical solar cell for water splitting (a) being
composed of a p-i-n absorber layer with n/p doped surface layers, chemical/and/or elec-
tronic passivation layers on front and back sides as well as co-catalysts for HER and OER. (b)
Schematic energy band diagram under illumination (approximating flatband conditions) and
the needed photovoltage for H2O splitting given by the splitting of the electron-hole chemical
potential (difference of electron and hole quasi-Fermi level) under illumination. Reprinted by
permission from Springer Nature: Springer, Photoelectrochemical Solar Fuel Production, S.
Gimenez, J. Bisquert (Eds.) ©(2016).

layer, where the thickness of the semiconductor substrate is much larger than
the absorption length; for this reason the splitting of the quasi Fermi levels is
restricted to the thickness of the absorption plus diffusion layer (illumination
from the electrolyte side, Gärtner approximation [58]). In dependence of the dop-
ing of the semiconductor one may use photocathodes (p-doped substrates) and
photoanodes (n-doped semiconductors). From the given examples of applicable
semiconductor materials with the right band gap larger than 2.3 eV and sufficient
charge carrier mobilities it is clear, that such passivation layers are needed to sta-
bilize thematerials from corrosive side reactions. It should be noted however, that
none of the many suggested absorber layers have reached photovoltages in the
range from 1.6 to 1.9 V until now, which would be required for efficient water
splitting. Alternatively, oxides and nitrides with band gaps between 2 and 3 eV
have been suggested, which should provide improved stabilities, and for this rea-
son have intensively been investigated in recent years [17, 18]. However, due to
their intrinsic bad charge carrier mobilities (hopping transport of polaron states)
the performance has not reached a competitive value, yet. In addition, also these
materials need passivation and co-catalyst layers to improve their properties.
Furthermore, it has been recently found that polaron states limit the photovolt-
age, which can be used for the induction of the photoelectrochemical reactions
[59–62].
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As an alternative and to our expectation more promising device structure,
we suggest the combination of two or more different absorber materials with
significantly different band gaps, which will absorb different parts of the solar
spectrum (tandem or multi-junction (absorber) cells). The materials of choice
need to fulfil the requirements as defined above for single absorber materials and
should have bandgaps at around 1.2 and 2 eV. Whereas a number of semicon-
ductor materials with promising properties may be found for the low bandgap
partner, there is only a limited choice for the large bandgap partner up till now.
The envisaged tandem structures (see Figure 7) may be arranged as classical two
terminal semiconductor tandem solar cells as shown in Figure 7b. Alternatively,

Fig. 7: Schematic structure of a buried junction solar cell used as PEC device either as two inde-
pendent PV converters (a) or as integrated tandem cells deposited on each other using a tunnel
junction for charge carrier recombination ((b), applying p-i-n junctions as shown in Figure 4).
(c): Schematic energy band diagram under illumination (approximating flat band conditions)
and the needed photovoltage for H2O splitting as added up from the two solar cell compo-
nents and given by the splitting of the electron-hole chemical potential (difference of electron
and hole quasi-Fermi level) under illumination. Adapted by permission from Springer Nature:
Springer, Photoelectrochemical Solar Fuel Production, S. Gimenez, J. Bisquert (Eds.) ©(2016).
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one may also use two different materials electrically connected to each other and
being exposed to the same electrolyte as is shown in Figure 7a. This arrangement
is often presented and may be a favourable solution for photoelectrochemical
water splitting cells if the integration of the two materials may cause additional
problems.

Systems like these, including also triple or quadruple arrangements, have the
advantage, that the final photovoltage will be the sum of the two or more coupled
PV converter components without losing too much of photocurrent, since pho-
tons with different energies (wavelength) will be utilized. This is schematically
shown in the energy diagramof Figure 7c. Also, for these tandem structures passi-
vation layers and co-catalysts are needed, which must be designed with the same
favourable energy alignments asdiscussedabove for the single absorber layers. As
discussed below, tandem solar cells as well as tandem based PEC cells can deliver
higher conversion efficiencies. Especially for photoelectrolysis devices, this pro-
vides a decisive advantage with respect to possibly available conversion efficien-
cies as also small band gap semiconductors can be utilized to absorb amajor part
of the solar spectrum and thus will deliver part of the needed photopotential for
the water splitting reaction under illumination. To achieve high efficiencies the
two (three, four) semiconductor junctions must be matched to each other across
their interfaces by an efficient tunnel junction without losing too much of their
difference in minority carrier chemical potential. In addition, the photocurrents
from the two (three, four) separate PV junctions must be matched to each other,
since the cell with the lowest photocurrent determines the maximum photocur-
rent reached through the device. These boundary conditions are also true for all
other multi-absorber arrangements in which e.g. two photoelectrochemical cells
are combined as photoanode and photocathode to the final water splitting device.
It is therefore not reasonable to couple PV converters with high photocurrents to
low photocurrent PEC converters in a series connection.

Unfortunately, there are only a limited number of investigations on the devel-
opment of wide band gap absorbers, and also the alternatives for highly efficient
low bandgap absorbers are scarce. The only systematically investigated and suc-
cessfully developed class ofmaterials are 3–5 semiconductors, which also provide
the highest PEC efficiencies inmultiabsorber cells [63, 64]. But, all the above given
arguments how to optimize a specific semiconductor as absorber for PV cells or
as PV component in PEC cells can also be transferred to tandem PV or PEC cells.
The PV converter part must be optimized in a comparable manner independent
of a possible application as electricity producing solar cell or fuel producing pho-
toelectrochemical cell. This argument can also be turned around and simplified
to the fact, that only good PV tandem arrangements will also provide competi-
tive PEC tandem arrangements. On top of it the specific design criteria need to



574 | W. Jaegermann et al.

be solved, which are related to the electrochemical reactions: To optimize the
multi electron hydrogen and oxygen evolution reactions, specifically designed
and adjusted co-catalysts must be included. To stabilize and passivate the semi-
conductor chemically and electronically, specifically designed wide band gap
interlayers must be developed. And finally, to secure a loss free coupling of the
co-catalysts to the valence und conduction band states, the electronic interface
structure must be tuned in relation to each other.

2.4 Interface engineering to obtain eflcient PEC junctions

As is evident from the considerations presented above an efficient PEC device
is either based on an already optimized PV device and then modified for the
water splitting reactions or is alternatively constructed from promising semi-
conductor absorber materials and then adjusted as PEC junction with opti-
mized properties: it can be expected that both device structures will look very
much the same at the end (see Figure 7). As is well known for Schottky barri-
ers, semiconductor/electrolyte interfaces but also for semiconductor/passivation
layer/co-catalyst/electrolyte interfaces active intrinsic surface (formed from dan-
gling bonds) or extrinsic interface states (formed by interaction to the contact
phases)may stronglymodify the idealized interface energy diagrams as presented
in Figure 7c (compare also Figure 4). As deduced from fundamental semiconduc-
tor physics, intrinsic surface states exist on the surface of most semiconductors
due to the loss of the crystalline translational symmetry (for a more detailed dis-
cussion refer to [65]). These states may be situated in the band gap and thus
interfere with contact formation and charge transfer. For most covalently bound
semiconductors (e.g. Si, GaAs, CdTe) such surface states are related to dangling
bonds. Theymay be situated at different energy positions in the band gap depend-
ing on the electronic properties (covalency vs ionicity) and on surface orientation
andwill bemodified by surface relaxation and reconstruction (see e.g. a summary
in [66]). However, due to possibly formed interface interactions during contact
formation with any contact phase and thus also with the electrolyte, these intrin-
sic surface states are energetically shifted by chemical bond formation forming
extrinsic surface states or interface states. As a consequence the electronic struc-
ture of most semiconductor surfaces, as represented by the electronic density of
states as well as by the surface potential as a function of Fermi level position,
band bending, and work function, will deviate from the bulk as can be easily
measured for UHV processed surfaces. After being exposed to ambient condi-
tions or to the electrolyte further changes will occur, which need to be investi-
gated inside the electrolyte or at least after the exposure to possible reactants.
Finally, solid state phases deposited being either of metallic or semiconducting
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nature are forming hetero contacts and will further change the contact proper-
ties [38, 65, 67–71]. Depending on the details of the interface interactions, where
in most cases chemical reactions are involved, the surface (interface) proper-
ties may be designed (engineered) for reaching proper contact potential distri-
butions and electron transfer reactions. Surface science techniques have been
used to elucidate the microscopic details of semiconductor junction formation
and to determine the decisive factors governing the contact properties (see e.g.
[30, 39]. For a schematic representation of the expectedmodification of interfacial
contact layers compare Figure 8. In general, a semiconductor/electrolyte inter-
face without exposing modified electronic properties will not exist in contact to
the electrolyte, maybe with the exception of layered MX2 semiconductors [40] or
chemically passivated semiconductors [72]. But also for such at first sight ideal
semiconductor/electrolyte junctions containing chemically saturated inert sur-
faces, the need of catalyzing the multi electron transfer reactions of the HER and
OER, respectively, requires active surface reaction sites, which must be provided
by the co-catalyst. These catalytic surface reaction centers, in general, will mod-
ify the underlaying layers. As a consequence, onemay either deduce a “chemical”
molecular surface design of a PEC junction providing a SC/X-R-Y/Z-Mcat sequence
of chemical layers with strong bonding groups X, Y, Z (R: organic sidechains) for
electronic and chemical surface passivation and for bond formation to theMcat co-
catalyst. Alternatively, one may choose a solid-state approach with a SC/MO/Mcat
sequence of solid layers,whichhave toprovide the identical duties.Howmanydif-
ferent layers will be needed or if layers must be substituted by other compounds
(e.g. oxides as MO vs. other compositions MX) depends on the details of bonding

Fig. 8: Different SC/co-catalyst layers as used for PEC HER. a) Direct deposition of the metal
catalyst onto the semiconductor showing Fermi level pinning. As a consequence the photo-
voltage is small and the photocurrent at the MPP will be reduced by surface recombination. b)
Deposition of the metal co-catalyst onto an insulating wide band gap passivation layer. As a
consequence a MOS/MIS junction is formed, which will lead to a complete diminishement of
the photovoltage inside the SC by electron transfer to high workfunction catalysts. c) Ideally
designed MOS/MIS layer with a degenerately doped contact layer (n+ Oxide, n+ SC (I) layer).
The metallic co-catalyst aligns to its Fermi level and the high photovoltage of the device can be
used.
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interaction and the band energy alignment across the interface. This is also true
for a chemical set of passivation layers. These considerations indicate, that the
design of a specifically adjusted “interphase” will be needed for every efficiently
working device. The considerable complexity in structure and composition may
be further changed by the involved interface chemistry and physics. The research
effort to design and engineer the interfaces of semiconductor junctions is one of
the challenging research directions in the optimization of thin film solar cells and
plays a comparable decisive role in PEC junctions.

The experimental and theoretical understanding of such complex hetero
interfaces (e.g. SC/electronic passivation layer/(chemical passivation layer)/co-
catalysts/electrolyte) needed for PEC applications is still not given. Even for indi-
vidual interfaces (e.g. SC/oxide or SC/metal) the electronic properties depend on
surface orientation, pretreatment and processing of the specific junction. For this
reason, a number of different theoretical models are still being discussed in the
literature to account for the experimental facts regarding non-ideal Schottky bar-
rier heights (Fermi level pinning) to be expected for SC/co-catalyst interfaces [39].
Similar theories have been developed for the hetero interface as it forms between
the absorbing lowband gap semiconductor and thewide band gap hetero-contact
(see e.g. Refs. [38, 65]). In general, it cannot be expected that such hetero inter-
faces are free of detrimental electronic interface states especiallywhen latticemis-
matched and chemically dissimilarmaterials are combined. Inmostworking solar
cell devices either homo junctions (Si) or interdiffused graded heterocontacts
(CIGS, CdTe) provide reasonable interface properties [51, 73]. In a similar way sur-
face (interface) states are also expected to be formed at semiconductor/electrolyte
contacts. Due to the large number of possible reactants, the chemical nature of
possibly formed surface states and their surface density of states distribution is
mostly unknown.

An extensive discussion on the formation and properties of surface and inter-
face states as given by the the intrinsic (distribution of dangling bonds or open
coordination sites) or extrinsic (band gap interface related states induced by the
contact phases) surface/interface electronic structure of semiconductors is out of
the scope of this paper. But, because of the severe effects in contact formation
(Fermi level pinning) as well as for charge transfer (recombination and mediated
charge transfer) induced by additional bandgap states at phase boundaries some
general considerations shall be presented, because they are essential for interface
engineering. Especially for numerous of the novel semiconductors studied in PEC
devices no elaborate theoretical or experimental surface studies do exist, which
would allow to deduce their surface/interface electronic properties. Therefore,
only some qualitative conclusions are possible:
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1. Generally, most (all) semiconductors will initially form a high concentration
of intrinsic surface states when the bulk translational symmetry is lost. These
states dependon the surface orientation,whichdetermines thebondinggeom-
etry of the involved surface atoms and will usually be influenced by surface
relaxation and reconstruction.

2. The type and character of surface states depend on the bulk bonding of the
parent semiconductor. Shockley states are formed due to dangling bonds of
covalently bound semiconductors. Tamm states are due to unsaturated ionic
surface atomswith dominant ionic bonding. Semiconducting transitionmetal
compounds form new states due to a change in their coordination sphere.

3. The initially present intrinsic surface states will bemodified by chemical bond
formation or surface interactionwith contact phases. As a consequence extrin-
sic surface states or interface states may be formed. Contact phases may lead
to the passivation (shift of surface states out of the bandgap) or induction of
new states into the bandgap.

4. These surface/interface states take part in contact formation; band bend-
ing can be induced or removed depending on the Fermi level position in
the bulk determined by semiconductor doping concentrations and the sur-
face/interface DOS and their electron occupation, defined by the surface neu-
trality level (formally equivalent to a surface state Fermi level position before
equilibrium formation).

5. The concentration of surface/interface states may be very high (one to sev-
eral electronic states per surface atom translating to surface concentrations
of 1014 to 1015 cm−2); if they are active they will lead to Fermi level pinning at
their charge neutrality level and in dependence on their energetic positions to
enhanced surface recombination or loss of photopotential in charge transfer.

6. Transient surface states may also be formed in the course of multi elec-
tron charge transfer reactions, when intermediates are strongly bound to the
electrode’s surface and the involved charge transfer reactions are slow.

7. Due to the interactionwith contact phases, surface states can be electronically
passivated (shifted outside the bulk band gap). In this case they will not inter-
fere with contact formation and charge transfer. If due to contact formation
new energetic positions will be reached, these states may be strongly interfer-
ing with the charge carrier distribution in the dark and under illumination.

Many research efforts in semiconductor (opto)electronics are directed
towards a better understanding of surface/interface effects as they may dominate
the (opto)electronic properties. The rationale design of interface composition and
interface electronic structure are efficient measures for electronic passivation or
controlled engineering of surface/interface states; the aim is to shift them to an
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energy range which is favorable for contact formation and which allows to con-
trol the involved electron transfer reactions into the right directions. In order to get
additional insights of the involvement and character of surface/interface states
surface science studiesmay provide appropriatemeans ([74] and articles therein).

It is evident that for any efficient PEC device the interface properties must
be also adjusted for securing the maximum photovoltage of the PV converter
by minimized surface recombination and electronically aligned electron transfer
reactions. From the photocurrent voltage curves provided in literature it is obvi-
ous, that this has not been reached for most junctions as shifts in the photocur-
rent onset and transient current spikes usually show up. An optimal engineered
hetero interface will show current voltage curves and conversion efficiencies
approaching those of ideal semiconductor junctions.

One important further difference of semiconductor/electrolyte contacts e.g.
compared to semiconductor/metal contacts should be emphasized. In solid state
contacts usually the positions of the interface DOS are fixed and only the occupa-
tion will change with contact formation (formation of band bending) according
to Fermi statistics or under illumination according to the distribution of quasi
Fermi levels. For semiconductor/electrolyte contacts also the density of surface
states may change, as certain defect levels (surface states) may be formed by
surface corrosion reactions inducedby voltage or illumination thresholds. Aspho-
tocorrosive decomposition reactions of semiconductors under illumination are in
most cases multistep electron-transfer reactions, the intermediates may form dif-
ferent new surface species with modified energy density of states distributions
of transient surface species with electron occupations not in equilibrium with
bulk states, which in turn will change the electric potential distribution across
the interface. This eventual instability of surface conditions is more severe con-
sidering surface/interface reactions of semiconductor/electrolyte contacts. It may
even be expected to be generally occurring if charge transfer reactions are con-
sidered which need strong interfacial bonding for electrocatalytically demanding
reactions as HER and evenmore for OER. This will be different for solid-state junc-
tions (Schottky barriers), where generally only the occupation of given electronic
interface states may be considered (rigid surface band structure approach). The
problem of dynamic Fermi level pinning involving transport of charges and reac-
tants from and to the semiconductor surfaces is thus a general problem for low
charge transfer kinetics and needs specific experimental tools for analysis [36].

The H2O redox reaction steps can only be realized without large energy loss,
if formed intermediates are stabilized by the interaction with the solid surface.
Possibly formed intermediate states, which are energetically or kinetically unfa-
vorable, will therefore lead to an undesired formation, occupation and side reac-
tions of surface/interface states. As a consequence, the photoelectrochemical
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cells show bad performance. Proper interface engineering strategies to modify
the active semiconductor junction in contact to the electrolyte must be devel-
oped to improve the performance of the water splitting device. If the desired
interface engineering can be better performed by wet surface treatments within
the electrolyte junctions or if the needed contact layers are prepared before as
specifically developed contacts, this strategy should be decided in dependence
on the performance of the overall device. In the latter case knowledge and opti-
mization strategies of solid-state semiconductor junction applies. Whenever the
surface photovoltage is strongly reduced compared to the expectation for a good
semiconductor or when recombination and/or charge trapping kinetics is evi-
dent fromphotocurrent transients due to high concentrations of surface/interface
states an electronic passivation layer is needed, which shifts the unfavorable sur-
face states out of the band gap region by chemical bond formation. Dynamic
charging effects of interface or band gap states may shift the energetic position
of a specific solid state component in the layer sequence in relation to other
components [75]. Therefore, a proper energetic alignment of all energy levels
involved in the charge transfer sequence across the junction during the photoelec-
trochemical HER or OER reaction will be essential for obtaining high conversion
efficiencies. This shall be exemplified for the hydrogen evolution reaction for a
p-semiconductor/passivation layer/co-catalyst/electrolyte junction with perfect
passivation properties, which will not be negatively affected by the involvement
of semiconductor interface states. In Figure 8 we show the band energy diagram,
which would be expected for a p-semiconductor (Si) junction for HER; we assume
that a bulk Pt layer is used as H2 evolving catalyst. Note that for such consid-
erations the energy diagrams must be sketched close to the MPP representing
the working conditions. Band energy diagrams showing short circuit conditions
with the original existing band bending in the dark should not be applied as no
photovoltages have been built up (short circuit condition). Without any passiva-
tion layer the Pt directly deposited onto Si will lead to pinning, expected close to
midgap, and about half of the photovoltage will be immediately lost. In addition,
the related high surface recombination velocity will lead to reduced photocur-
rents. Such Fermi level pinning effects will bemostly independent of themetal for
most classical semiconductors with covalent bonding properties [38, 39, 65]. For
a passivated surface using a non-doped and thin insulating layer (e.g. a thin SiO2
perfect passivation layer) the high work function of Pt would lead to a position of
the metal Fermi level close to the valence band edge of the semiconductor. Such
junctions are called MIS or MOS devices and can be treated with the well-known
Cowley-Sze model [76]. As a consequence of the non-aligned electron states the
photovoltage built-up in the semiconductor would be completely lost, as the elec-
trons from the conduction band will be transferred to the low-lying Pt Fermi level
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position, which is situated close in energy to the semiconductor valence band
edge (Figure 8b). Thus, the usable photovoltage obtained with active HER cat-
alysts consisting of noble metals with high work functions will be small at the
MPP even if the photocurrent reached under strong reverse biasmay be high. This
loss is in contrast to the chemical expectations but is an effect of semiconduc-
tor physics in contact formation. Applying lower work function metals (e.g. Ag
or Cu) will not solve the problem as the gain in photovoltage due to the upward
shift of their Fermi level position will be counterbalanced by bad HER overpoten-
tials. This unfavorable situation can only be avoided, if the passivation layer(s)
also works as a contact layer. For this purpose, a low work function wide band
gap contact of an highly conductive TCO layers as SnO2, TiO2 etc. may be used.
Also, a highly doped n+ Si surface layer can be applied to define the junction. In
these cases, the energy-converting junction with large band bending is built up
at the p-SC/TCO contact interface. If the doping level in the first contact layer to
the semiconductor is high enough, the high work function catalyst will align to
the Fermi level of this n+-TCO or n+-Si contact layer with no or small potential
losses. As a consequence, the electron transfer will occur close to the energy level
of the conduction band edge. Therefore, the overall device structure is basically a
PV solid state solar cell contact inserted into an electrolyte solution. In this device
the inner layer forms a buried junction, which defines the energetic conditions
of the PV converter and thus the operative photovoltage, whereas the outer sur-
face layer involving the co-catalyst forms the electrolyzer component of the device
whichwill not disturb contact formation, as it will align to the n+-oxide (Si) Fermi
level and will just lead to low overpotentials for the electrochemical reactions.
Such buried junctions to passivation layers evidently characterize the envisaged
interface design of any efficient PEC electrolyte junction, where the deposited co-
catalyst is aligned to the Fermi level of the highly conductive n+ passivation layer.
This may be a TCO or degenerately doped SC-layer of lowwork function. For these
conditions the co-catalyst layer and its energy states involved in electron transfer
will not lead to voltage losses.

As a consequence of these considerations, the buried junction may be rather
complex. It consists at first of an electronic passivation and/or contact layer to
the semiconductor, which must define good PV converter properties due to the
formation of high diffusion voltages. The next layermay be an appropriate chemi-
cal passivation layer before the co-catalyst forHER andOER is added. These layers
shall prevent surface corrosion and enhance the desiredH2O redox reactions. This
sequence of layers must be adjusted in a way that the HER catalyst is aligned
close to the conduction band edge and for a photoanode the OER catalyst close
to the valence band edge of the PV component. These are the conditions needed
to avoid losses of photopotential to allow for the electron (hole) transfer close
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to the conduction (valence) band edge at operation voltage under illumination.
How many different layers are needed and which sequence will provide the best
performance must be checked for every case as some layers may provide several
functions at the same time.

It should be mentioned at this stage, that most direct semiconductor elec-
trolyte contacts which have been modified by co-catalysts or additional layers,
whichmay be formed outside the electrolyte by the deposition of additional layers
or inside the electrolyte bypotential cycling experiments,most probably also form
such buried junction interfaces if their performance is approaching the desired
positive values. However, in many cases the interface properties have not been
analyzed yet sufficiently to allow such conclusions.

3 Examples of highly eflcient
photoelectrochemical cells

3.1 Buried junction multiabsorber cells

As already discussed above, the photovoltage needed for bias-free water splitting
varies with the used catalysts. The photocurrent reached at the required voltage
determines the solar-to-hydrogen device efficiency (see eq. 12). For an efficient
device it is therefore essential to identify anddevelop solar cells,whichprovide an
adjusted large voltage (Uph

oc andUMPP) range in combinationwith highphotocur-
rents. So far there are only a limited number of multi-junction PV cells available
which can be tuned according to the PEC needs forwater splitting. Besides the dif-
ferent 3–5 semiconductors, which are very expensive, the high photovoltage/high
photocurrent tradeoff can be solved by multijunction solar cells made of amor-
phous (a-Si:H) and microcrystalline (µc-Si:H) silicon which we have chosen as
working examples. But at first we want to present in a short survey multiabsorber
cells which have been realized so far with meaningful conversion efficiencies.

3.2 Development of Si thin film solar cells for
photoelectrochemical water splitting

The exploration of multi-junction photovoltaic cells made from silicon for pho-
toelectrochemical water splitting has been around for more than 20 years now
[77–85]. They can be used in a wired or wireless (artificial leaf) arrangement and
are comprised in most cases by two or more active thin film silicon (a-Si:H, µc-
Si:H) or silicon alloy layers. The solar to hydrogen conversion efficiencies are
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reported of being below eight percent. In 2011 a triple cell based on thin film
silicon was presented by Reece et al. reaching a total efficiency for hydrogen
production between 2.5% and 4.7% [26].

In our attempts we started our researchwork in usingmulti-junction thin film
Si solar cells as photocathode. The details on the experimental development of
the multi-junction PV cells and the integration into advanced photoelectrosyn-
thetic cells will be described in another paper within this issue [86]. In this part
we will just shortly discuss the design criteria for the experimental realization to
the theoretical concepts discussed in Section 2 of this paper.

Combinations of a-Si:H and µc-Si:H allow for amore precise adjustment of the
PV parameters and suffer less from stability issues under prolonged illumination
(Staebler-Wronski effect) [87] compared to their all-amorphous counterparts. In
the following sections of our contribution,wewill demonstrate howmultijunction
solar cells of thin film silicon can be applied as photocathodes in an integrated
PV-EC device.

3.2.1 Performance of Si thin film multi-junction cells

The typical solar to electric power conversion efficiency performance of different
multijunction solar cells using thin film Si cells are presented in Figure 9. A max-
imum efficiency of nearly 14% can be reached [88]. The figure also shows how
increased values in photovoltages are detrimental to themaximum photocurrent,
which can be achieved. In remembrance of the discussion of the possible solar-
to-H2 efficiency (Section 2.) the important boundary condition is to reach an
operative photovoltage Uph

op > 1.6 V of the maximum power point; the pho-
tocurrent reached at this point will determine the maximum solar-to-hydrogen
efficiency.

a-Si:H and µc-Si:H absorber layers were implemented in multi-junction solar
cells. It was found, that the Uph

oc of these solar cells can be tuned in both large
(600 mV) and small (50 mV) steps from 1.5 V to 2.8 V in Uph

oc and from 2.3 V
to 2.3 V in UMPP without significantly impairing the device efficiency. Figure 10
displays the achieved Uph

oc as a function of the jsc of the developed single and
multi-junction solar cells. As a consequence, our development routes allow us to
tune theUph

oc of the photovoltaic cells over awide rangewhile keeping the device
efficiency above 11% for the multijunction solar cells. The highest efficiency in
combination with a high Uph

oc of 2.3 V was achieved with the a-Si:H/a-Si:H/µc-
Si:H triple junction solar cells, which exhibited a solar to electric efficiency of
13.6%. Also Figure 10 nicely shows the effect of the Uph

oc – jsc tradeoff of thin
film silicon solar cells.
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Fig. 9: Illustration of the achievable solar-to-hydrogen eflciency ηSTHmax in PV-EC devices for
water splitting based on thin film silicon solar cells (adapted from [35, 89]). The illuminated
j-V curves of tandem, triple, and quadruple junction solar cells are linked with the theoretical
operation point of a PV-EC device at 1.23 V (dashed vertical line, without overpotential losses).
In real PV-EC devices this operation point is shifted due to overpotential losses, which are plot-
ted on the upper x-axis. The right y-axis depicts the achievable STH eflciency as a function of
the respective photocurrent density at a certain overpotential multiplied by the value of 1.23.

Fig. 10: Open circuit voltages Uph
OC as a function of the short-circuit photocurrent densities jsc

of the developed a-Si:H and µc-Si:H based single and multi-junction solar cells. The grey dotted
line indicates a photovoltaic eflciency ηPV of 10% assuming a FF of 72% (adapted from Refs.
[35, 89]).
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It should be noted that the conversion efficiencies of the multi-junction solar
cells presented in our study are very close to the highest efficiencies reported for
solar cells made of thin film silicon of 13.4% [90]. These high efficiencies of our
high-voltage cells have been realized by a careful adjustment of the individual sub
cell current densities. It is important to “match” the photocurrent densities, i.e. to
equally distribute the total current among the sub cells in a multi-junction solar
cell in order to avoid current limitation. We matched our cells with respect to the
photocurrent by integrating microcrystalline silicon oxide [91, 92] as doped inter-
mediate reflecting layers and by adjusting the thicknesses of the sub cell absorber
layers [87]. The current matching was evaluated by means of quantum efficiency
measurements.

The ability to vary the photovoltaic parameters over a wider range, as pre-
sented in Figure 9, to adjust the needed photovoltages provided by the PV con-
verter component to the needs of the electrolyzer component of the integrated cell
is a very helpful design advantage for photo-electro-synthetic cells. Depending on
the particular requirements of various PV-EC systems, which may combine differ-
ent co-catalysts for the HER or OER with different overpotential losses, the PV
component can be chosen to fulfil the different voltage requirements for bias free
water splitting. Figure 9 illustrates the range of overpotential losses whichmay be
possible for different PV-EC devices based on the developed multi-junction solar
cells. The illuminated j-V curves of the developed tandem, triple and quadruple
junction solar cells are plotted and linked to the theoretical operation point of
a PV-EC device. The PV-EC device operates in its operational photovoltage value
with maximized efficiencies when both electrodes are connected to each other
in a two-electrode arrangement without adding extra bias potentials e.g. via a
potentiostat. As a reference point indicating an ideal system without overpoten-
tial losses, the PV-EC device would operate at a voltage of 1.23 V of the solar cell,
indicated by a straight vertical dashed line in Figure 9.

In real systems overpotential losses lead to a shift of the operation point
towards more positive bias. The photocurrent density jop at this required photo-
voltageUph

oc canbeused to estimate themaximumSTHefficiency ηSTHmax (under
the assumption of 100% faradaic efficiency) of the PV-EC device. Assuming that
all PV parameters of the solar cells remain unchangedwhen they are integrated in
a PV-EC device, the current voltage curve of the PV component and its maximum
power point allows, in considering any additional shift induced by voltage losses
of the electrochemical cells, to predict the performance of PV-EC devices based on
the integration of the different developed solar cell arrangements with appropri-
ate integrated electrocatalysts (see Figure 2). The validity of these assumptions
can be checked by comparing the current voltage curves of the solar cell with
the current voltage curve of the electrolyzer arrangement to each other. Strong
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deviations of the ideal curves to the measurements of the real PV-EL system will
indicate additional losses in the device, which may be either due to interface
losses due to device integration or additional resistance losses within the circuit
e.g. due to membranes or electrolyte resistance. The maximum STH efficiency
which can be expected when using different multicrystalline/amorphous Si thin
film multijunction cells can be deduced from Figure 9 from the operation point
line at the respective overpotential from the upper x-axis. As can be deduced from
this figure, a-Si:H/µc-Si:H tandem junction could provide a maximum STH effi-
ciency over 10%when the PV-EC device would operate without any overpotential
losses.When considering losses, triple andquadruple junctionphotocathodes are
needed for a working device. These results indicate that different multi-junction
Si thin film solar cells can be prepared based on the combination of µc-Si and
a-Si absorber layers. Based on a maximum solar-to-electricity efficiency of such
cells wemay expect amaximum of STH efficiency of about 10%when the realized
photocurrents are considered.

3.3 Buried PV-EC water splitting cells based on thin film Si

When the thin film silicon solar cell is setup as aPV-EC, it becomes the photoactive
part of a buried-junction photoelectrode (compare Figure 11). The separation of
the light induced charge carriers and the generation of the photovoltage is located
far away from the electrolyte interface. Therefore, the photovoltaic characteristics
of the solar cell are not altered, when the cell is used as a photoelectrode (buried
junction approach). Between the photoactive silicon layers and the electrolyte a
contact layer is inserted, which acts also as a protection layer against corrosion. In
our case the solar cell is covered with a highly reflective Ag back contact layer for
the photovoltaic characterization without electrolyte. In a buried-junction elec-
trode the Ag layer would have to act in addition as the buffer layer. Usually the
buffer layer material exhibits high overpotential for the chemical reaction. In this
termAg is also not a good catalyst for thewater splitting reaction. A common strat-
egy to increase the performance of a buried junction electrode is to add a catalyst
onto the buffer layer (i.e. Pt) to enhance the chemical reaction. Because the thin
film solar cell, the buffer layer and the catalyst is arranged in series, the current
flowing through all layers (components) is equal. Hence the buried junction elec-
trode can be understood as a series connection of the separate characteristics of
its components. Given that the resistivity of the Ag contact can be neglected, the
photoelectrochemical characteristic of our system can be predicted by the photo-
voltaic performance of the solar cell (PV) and the electrocatalytic properties of the
applied catalyst [34, 93], compare Figure 2.
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Fig. 11: Schematic of a buried triple junction electrode. The electrode is composed of a pho-
toactive part (the thin film silicon solar cell), buffer layer (Ag) and an electrocatalyst for the
chemical reaction (Pt). The cell is completed by the addition of an anode with an eflcient OER
catalyst material (adapted from [35]).

To investigate the complete PV-EC device characteristics, two-electrode
arrangements have to be employed and are presented in this section. Figure 12
depicts the voltammograms in two-electrode configuration of the real PV-EC
devices based on the developedmulti-junction solar cells (see Figure 9). Themea-
surements were performed in 0.1 M KOH and Pt was used as HER catalyst layer
(approx. 150 nm) on top of the solar cell Ag contacts.

The shape of the curves is different from the pure solar cell j-U presented in
Figure 9. In particular the FF and Uph

op are reduced, mainly because of the elec-
trolyte resistance and the overpotential losses at the electrode surfaces (Pt and
RuO2), respectively. Themodeling of the photocurrent-voltage characteristics was
presented elsewhere [34] (see Figure 2). The saturation photocurrent is slightly
reduced compared with the pure j-U measurement on the solar cells, because for
the PV-EC measurements no anti-reflection foil was used. As could be predicted
fromFigure 9, themeasurement shown inFigure 12 confirms that thephotovoltage
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Fig. 12: Linear sweep voltammetry measurements of the PV-EC devices based on thin film sili-
con multi-junction photocathodes with a 150 nm thick Pt layer as HER catalyst on top of the Ag
contact and a RuO2 counter electrode for the OER reaction. The measurements were performed
in 0.1 M KOH at a scan rate of 30 mV/s. The right y-axis depicts the achievable STH eflciency
as a function of the photocurrent density at 0 V applied bias multiplied by the value of 1.23.
Figure adapted from Refs. [35, 89].

generated by the a-Si:H/µc-Si:H tandem photocathode is not sufficient to operate
the constructed PV-EL device in its maximum power point (MPP) under real oper-
ating conditions. This is very unfortunate as the device provides the highest Jsc of
all investigated solar cell types (see Figure 9). But when this PV device is coupled
to the co-catalyst to be used as PV-EL system the additional losses within the cir-
cuit (mostly the overvoltage losses) only allow its operation at a jop of 0.5 mA/cm2.
This result supports the previously given estimation that an effective photovolt-
age Uph

op of 1.5 V is the minimum output voltage required to run this specific
PV-EC device (Pt and RuO2 as HER and OER catalyst, respectively, and 0.1 M KOH
electrolyte solution) bias-free in an efficient manner. For the a-Si:H/µc-Si:H solar
cell this value is hardly reached. For the a-Si:H/a-Si:H based device the operation
point is still not at its maximumpower point but in the current slope of its voltam-
mogram, thus an increased photocurrent is found with jop of 4.8 mA/cm2, but it
is not reaching the possible maximum value of about 7 mA/cm2. Although the
a-Si:H/µc-Si:H/µc-Si:H triple junction devices provides a higher Uph

oc, and con-
sequently a higher Eonset,cat (as apparent from Figure 12), the jop is not increased
compared to the a-Si:H/a-Si:H tandem cells. Evidently for this device additional
further improvements in the fill factor must be realized in order to reach the
MPP photocurrent under short-circuit condition, and thus, to achieve a higher
STH efficiency. The highest operation photocurrent density jop is provided by the
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a-Si:H/a-Si:H/µc-Si:H based PV-EC device. The device operates close to its MPP at
7.1 mA/cm2, which corresponds to an estimated STH efficiency of 8.7%. This STH
conversion value can be further increased when this device is operated in 1 M
KOH electrolyte to reduce the electrolyzer related losses even further. As a conse-
quence an even higher operation photocurrent density is achieved and the device
is able to provide an estimated STH efficiency of 9.5%. This is to our knowledge
the highest STH conversion valuewhichhas ever been reported for cheap thin film
based artificial leaf devices. Alternatively, onemay also consider the performance
of a quadruple junction device. This device provides a lower photocurrent in its
plateau region of 6.3 mA/cm2 with a corresponding 7.6% STH efficiency of lower
value with the same catalysts used. But as the jop of this device is found in the
flat region of the voltammogram (current plateau region) this device provides a
rather large excess photovoltage, which could be used in choosing other non-
precious catalyst materials for the HER and OER, respectively. In summary these
examples showhow thedevice performance of PV-EL systems canbededuced and
realized based on the knowledge of the current voltage curves of the components.
The advantage of using thin film Si devices is that the PV and the electrolyzer
performance can be adjusted to each other within certain limits.

3.4 Interface engineering of thin film PV-EC cells

3.4.1 Stabilization of the photoelectrodes with a TiO2 buffer layer

Alternatively, to the up to now considered configuration one may envisage a
specifically designed interface architecture in combining layers for contact for-
mation with layers for chemical passivation on the photocathode. An improved
stability of the photoelectrodes can be achieved by substituting the Ag back con-
tact with an oxidic buffer layer. In contrast to silver an oxide exhibits a stronger
bonding to silicon semiconductors. TiO2 is well known for its chemical stabil-
ity in aqueous electrolytes and provides the required protection of the tandem
cell against corrosion [94]. Due to oxygen vacancies TiO2 is intrinsically n-doped
and supplies a high conductivity for electrons, which is required for the HER
[95]. The TiO2 buffer layer is in this case prepared by reactive magnetron sput-
tering from a metallic Ti target onto the previously etched a-Si:H/a-Si:H tandem
solar cells. The Pt catalyst is deposited via an electrochemical route from a 0.5 M
H2SO4 + 0.5mMK2PtCl4 solution. After deposition (−0.5 mA/cm2 for 20 min), Pt
particles with diameters up to 200 nm are formed on the photoelectrode with the
TiO2 buffer layer (see Figure 13).

These electrodes exhibit an improved stability during HER visible by the
almost constant potential while evolving hydrogen at−0.5 mA/cm2. In Figure 14a
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Fig. 13: Scanning electron microscopy image of a-Si:H/a-Si:H/TiO2 photoelectrodes after Pt
deposition. An overlay of the secondary and the back-scattered electrons was used to generate
the image. The white bar at the bottom of the figure corresponds to an one micrometer length.
Figure adapted from [96].

(a) (b)

Fig. 14: (a) Potentiometric measurement of a-Si:H/a-Si:H/TiO2 at −0.5 mA/cm2 in 0.5 M H2SO4.
(b) Linear scan voltammetry of a-Si:H/a-Si:H photoelectrodes with TiO2 and Ag contact/buffer
layer and Pt in 0.5 M H2SO4. Both graphs were obtained under illumination with a white light
LED (10 mW/cm2). Figures adapted from [96].

a comparison between a photoelectrode with Ag contact and one with TiO2 buffer
layer is depicted. The TiO2 sample suffers a reduction in photovoltage and current
(see Figure 14b). When measuring the resistive potential drop for a titania layer
at a current density of 1 mA/cm2 a potential loss of only 4 mV is encountered.
Hence, the reduction of the photovoltage does not originate from the resistivity of
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the thin TiO2, but has to be assigned to the interface property between the tandem
cell and the buffer layer.

To get an insight into the charge transfer properties of the a-Si:H/TiO2 contact,
interface experiments were performed by subsequently depositing TiO2 onto the
a-Si:H/a-Si:H tandem cell and XPS analysis after each step. The spectra are dis-
played in Figure 15 after different deposition times. At the beginning of the exper-
iment the Si surface of the tandemsolar cell is visible. The Si 2p signal is composed
of the amorphous silicon and an oxygen component at higher binding energy,
which is assigned to a SiO2 surface layer. From both Si 2p components a SiO2 layer
thickness of 1.3 nm can be extracted before the deposition of the TiO2 starts [97].
The contribution of the oxide layer is also visible in the O 1s spectrum. Upon depo-
sition the Ti 2p emission and a second O 1s species at lower binding energy shows
up, which is attributed to TiO2. Further deposition subsequently reduces the sili-
con components and increases the TiO2 signals. Additionally an increasing SiO2
layer thickness can be observed. The topmost spectrum in Figure 15 shows the
sample after electrochemical deposition of Pt onto the TiO2 buffer layer. It con-
tains an asymmetric Pt 4f line indicating themetallic properties of the Pt catalyst.
The position of the valence band of a-Si:H and TiO2 can be monitored from the
relative positions of the respective core lines as well as from the valence band
spectra. The absolute positions of the core lines are affected by the photovoltage
of the tandem cell device during XPS analysis, induced by the XPS source and
caused by a low lateral conductivity of the a-Si:H/TiO2 layer structure [30, 98, 99].
The small shift of the spectrum in the topmost spectrum can be explained by a
changed photovoltage due to the Pt deposition.

Fig. 15: XPS spectra of an a-Si:H/a-Si:H solar cell after subsequent deposition of TiO2 (adapted
from [96], for more information see [100]). The total deposition time of TiO is indicated in the O
1s spectra. The XPS spectrum of the a-Si:H/a-Si:H solar cell after Pt deposition is shown in the
top row. All lines are shifted due to surface photovoltage effects [30, 98, 99].
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From the photoelectron spectra given in Figure 15a a band energy diagram
can be constructed for dark conditions, which gives information about the energy
alignment of the energy bands across the Si/SiO2/TiO2/Pt interface. As is theoret-
ically expected (see Section 2.3) the Pt Fermi level is adjusted to the Fermi level of
the highly n-doped TiO2 passivation layer. The Pt catalyst forms an ohmic contact
to the TiO2 buffer layer. Therefore, no potential loss can be expected at this inter-
face. Also the junction is mostly defined by the space charge layer induced by the
n-doped TiO2 layer. However, the diffusion voltage as well as the charge transfer
properties are strongly governed bydefect stateswithin an intermediate SiO2 reac-
tion layer (see Figure 16). The interface between a-Si:H and TiO2 exhibits only a
small conduction band offset, which is negative for electrons traveling from the
tandem cell into the buffer layer. Hence, the principle band line-up of the TiO2 to
Si used for the tandem solar cell arrangement seems to allow a favourable align-
ment of conduction band states, which was also observed on model interfaces
with crystalline silicon [101]. Unfortunately, the electron barrier induced by SiO2,
which canbe identified at the interface, leads to deviations from the ideal junction
behaviour: The SiO2 interface layer on the a-Si:H reaches a thickness of >2 nm at

Fig. 16: Band alignment in the dark of the interface between an a-Si:H/a-Si:H solar cell, TiO2

and Pt on the basis of core line positions of the XPS measurements. Indicated values are in eV.
The conduction band minimum (CB), the valence band maximum (VB), the band gaps (EG) and
the Fermi level (EF) are shown. The conduction band offset (∆CB) and the valence band offset
(∆VB) is indicated between a-Si:H and the TiO2 buffer layer. Adapted from [96], for more details
see [103].
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the end of the deposition using ALD, which is made responsible for the reduced
photovoltage of the electrodes with TiO2. Due to the high thickness a tunnel pro-
cess through this layer is unlikely and the charge transfer is hindered [102]. In
further optimisation steps the oxide layer has to be reduced to improve the photo-
electrochemical performance. This interface layer is one clearly proven example
of the case where also an internal double layer potential drop ∆Φ lead to a loss of
usable photovoltage (see Section 2).

One strategy to reduce the SiO2 thickness is the application of chemical etch-
ing to remove the native oxide on the silicon tandem solar cell before the deposi-
tion of the TiO2 buffer layer. The XPS spectra after three pretreatment recipes are
depicted in Figure 17a. After etching the tandem solar cell in 50 wt% KOH (2 min)
a distinct signal remains in the Si 2p region originating from a 1.6 nm thick SiO2
layer. An extended treatment in 1 M HCl and 50 wt% KOH (each 2 min) leads to
a slight reduction of the oxide layer to 1.1 nm. A further reduction of the thick-
ness can be achieved by an etching procedure with NH4F (1 M HCl 2 min and 40
wt%NH4F 5 min). This treatment reduces the SiO2 layer almost completely before
the TiO2 deposition (0.1 nm). Afterwards the TiO2 buffer layer as well as the Pt
catalyst were deposited and electrochemically characterized in 0.5 M H2SO4 (see
Figure 17b). Despite the significantly different amount of oxide at the beginning of
the TiO2 deposition the impact on photoelectrochemical behaviour is small. Only
the sample etched in KOH, with a much thicker oxide layer, shows a reduction in
photovoltage. The other pre-treatments lead to a similar performance. Unfortu-
nately, the complete removal of the SiOx layer does not restore the performance

(a) (b)

Fig. 17: (a) XPS detail spectra of Si 2p emission of pretreated a-Si:H/a-Si:H tandem solar cells
before TiO2 deposition. (b) Cyclic voltammograms of these photoelectrodes after TiO2 and Pt
deposition in 0.5 M H2SO4 under illumination with a white light LED (10 mW/cm2). Figures
adapted from [96].
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shown by the photoelectrodes with Ag back contact. One possible reason may
be that during sputter deposition the interfacial oxide grows, making the initial
thickness insignificant.

An adjustment of the oxygen partial pressure in the sputter atmosphere is one
approach to prevent the oxide formation during the TiO2 deposition. An oxygen
amount of 4% in the sputter atmosphere results in a strongly reduced photovolt-
age of the tandem cell electrode (see Figure 18). As the oxygen amount is lowered
the photoelectrochemical curve is shifted to anodic potentials. A photovoltage
almost equal to the photoelectrode with Ag back contact can be achieved with
1.5% oxygen in the sputter atmosphere. Consequently, the optimization of the
deposition parameters of TiO2 is a key to reduce the silicon oxide formation and to
improve theperformance of thesephotoelectrodes. The growthof the siliconoxide
interfacial layer is only possible, when the TiO2 deposit is not thick enough to pre-
vent the oxidation of the silicon beneath. Therefore, the adjustment of the oxygen
partial pressure at the beginning of the deposition is sufficient to prevent the SiO2
formation. A metallic Ti interface layer between Si and TiO2 was investigated by
Seger et al. [104, 105]. With this strategy they achieved good contact properties for
their crystalline siliconphotoelectrodes.Adetailed studyof the a-Si:H/Ti/TiO2 has
to be conducted to clarify, if this strategy can be adapted for amorphous silicon
photoelectrodes.

Fig. 18: Cyclic voltammograms of a-Si:H/a-Si:H photoelectrodes with TiO2 and Pt in 0.5 M
H2SO4 under illumination with a white light LED (10 mW/cm2). The TiO2 buffer layers are
deposited with different gas atmospheres containing 1.5, 2 and 4% O2. Figure adapted
from [96].
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3.4.2 Optimization of catalysts

Besides a good buffer layer an optimized catalyst is also necessary to achieve a
high solar to hydrogen efficiency. Such a catalyst must show a long-term stable
adhesion to thebuffer layer andahigh activity. Enlarging the active area can easily
increase the activity itself. It is therefore desirable to deposit these catalysts with
a large surface area but reduced overall weight (mass activity). Also the process
must be “soft” in order to avoid damaging the supporting tandem cell.

As catalyst material we continued to use platinum. However, the deposi-
tion technique was switched to a chemical vapour deposition (CVD) process. By
employing CVD a good adhesion to the TiO2 can be guaranteed. Furthermore, this
synthesis technique enables the deposition of 3D structures with a high surface
area and thus with a low overvoltage.

Catalysts were prepared from a platinum (II) acetylacetonate precursor. Lay-
ers were deposited on titanium foil covered with a native oxide. As reactive gas,
to decompose the precursor, hydrogen and oxygen were assessed. The reactive
gas has amajor impact on the deposition process.Whereas in oxygen atmosphere
the platinum grows as a film on the substrate, in hydrogen the spherical parti-
cles were deposited. Here it was concluded that nucleation already starts within
the gas phase, facilitating their spherical appearance. In Figure 19 a comparison
between the achievable morphologies is shown. The preparation technique and
detailed results have been published in a separate report [106]. It is especially
noteworthy, that the deposition in hydrogen is possible at temperatures as low as

Fig. 19: (a) Pt clusters synthesized in H2 atmosphere at 150 °C substrate temperature and (b) a
platinum film deposited in O2 atmosphere at 400 °C. Both images have the same scale. Figures
adapted from [107], see also [106].
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150 °C. At this temperature the a-Si:H/µ-Si:H tandemcells are still stable,whereas
the deposition under oxygen atmosphere requires at least temperatures of about
300 °C.

In Figure 20 the overvoltage for the HER in dependence of the ratio between
active and geometric surface area is shown. Values for the active area were deter-
mined by cyclic voltammetry in the hydrogen underpotential deposition regime,
related to hydrogen adsorption onto the Pt surfaces [108] (The reference value
used for our calculation is 145 µC/cm2 for one monolayer of hydrogen on Pt(111)
[109]. As can be seen the overvoltage decreases with increasing active area to
about 40 mV. In the semi-logarithmic plot even a linear correlation can be identi-
fied, as would be expected when a simplified Butler-Volmer current-voltage char-
acteristic can be assumed (eq. 4). Beginning at about R = 10, any increase in
surface area does not lead to an improvement of the overvoltage. Hence, there
is the optimum point in terms of mass activity.

To assess the quality of the distinctive deposition techniques, Figure 21 shows
a comparison between three differently prepared electrodes. In all cases they have
not been specifically treated additionally. Furthermore, they show a less steep
current slope than freshly prepared and cleaned single crystal electrodes [111].
Clearly, the high surface area of the CVD prepared catalyst leads to an increased
activity. The overvoltage has a direct impact on the performance of the photo-
electrochemical cell, hence the optimisation of the catalyst with regard to active
surface as well as mass activity is of utmost importance. In addition, also the

0.1 1 10 100

0

-20

-40

-60

-80

-100

-120

-140

Oxygen samples

Hydrogen samples

O
v
e
rv

o
lt
a
g
e
 η

5
 m

A
 (

m
V

)

Ratio active/geom. area R

Fig. 20: Correlation between HER overvoltage and the active area. At R = 1 the geometric area
matches the active area. Figure adapted from [110], see also [106].



596 | W. Jaegermann et al.

-0.30 -0.25 -0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10

-10

-8

-6

-4

-2

0

 Pt sheet metal

 Sputtered Pt

 CVD Pt

C
u
rr

e
n
t 
d
e
n
s
it
y
 (

m
A

/c
m

²)

Potential vs. RHE (V)

Fig. 21: Current-voltage characteristics of three cathodes prepared by different techniques. The
high surface area platinum (CVD) shows the steepest current onset. Figure adapted from [110].

coupling of the catalyst to the buffer layer will be decisive. Fortunately, the high
n-type charge carrier density in TiO2 enables an Ohmic contact to the platinum
catalyst despite their large difference in work function.

Further information and results especially on multi junction device stabil-
ity, interface layer optimisation as well as optimized and more abundant catalyst
materials are given in our other contributions [86, 112–115] within this special
issue of “Zeitschrift für Physikalische Chemie” and are therefore not repeated
here.

4 Summary and conclusions
In this review we have shortly summarized in Section 2 our view on the design
architecture of artificial leaves, which in our case are based on inorganic semi-
conductor absorbers (for a more detailed elaboration please refer to an extended
review [30]). In the second part of our contribution in Section 3 we have sum-
marized the prototypical results, obtained in recent years applying thin film
Si multiabsorber cells to support our view on the need to use buried junction
photo-electrochemical cells (PV-EC devices) for efficient devices.

It can be deduced from fundamental considerations of the involved semi-
conductor physics and water oxidation and reduction electrochemistry that for
working arrangements the PV component and the electrolyser must be connected
in series. Theworking photoelectrochemical cellmost probable corresponds in all
working devices to a buried PV cell exposed to the electrolyte. There may be cases



Design Considerations of Eflcient Photo-Electrosynthetic Cells | 597

where this buried junction is formedwithin the electrochemical cells by reactions
of the semiconductor surface with the electrolyte, but we are not aware of any
surface modified non-semiconductor/electrolyte contacts, which lead to efficient
devices. Bias freewater splittingwith competitive conversion efficiencieswill only
be possible if the performance of the PV component provides the photovoltage
needed to drive the oxygen and the hydrogen evolution reaction as given by their
electrochemical potentials and in additionprovides sufficient voltage to overcome
additional losses due to the respective overpotentials and other possible series
resistances or internal and external double layer potential drops within the cir-
cuit. Adding up these relevant potential differences leads to a minimum open
circuit photovoltage of about 1.9 V; this value is higher than the usually discussed
value of about 1.5–1.6 V as the difference of Uph

oc to the operation voltage of the
PEC Uph

op cell is often not considered. To reach reasonable photocurrents the
open circuit photovoltage Uph

oc is of no sense as here the current is 0; the opera-
tional photovoltage of the integrated cell Uph

op must be close to the photovoltage
of the solar converter component at its maximum power point Uph

MPP, which is
often not considered in studies on photoelectrochemical cells. From such consid-
erations it is clear, that only multijunction cells or a combination of photoanodes
and photocathodes will provide high enough photovoltages to reach reasonable
conversion yields for light induced H2 evolution by H2O splitting.

Working devices need specific surface engineering steps to transfer the
electron-hole chemical potential difference produced in the PV absorber under
illumination to the electrolyte. First of all, the absorber cell needs contacts, which
allow to obtain the maximum photovoltage possible. These contact layers will
usually not be equivalent to the co-catalysts deposited in addition for reducing the
electrochemical overpotentials due to non-adjusted contact properties. For exam-
ple, Pt as goodHER electrocatalyst is not an appropriate contact layer for p-doped
semiconductor surfaces to be used for HER because of its high work function. In
general, electronic passivation layers are needed to avoid Fermi level pinning,
which may be or may not be equivalent to the contact layer and to the chemical
passivation layer, depending on the materials involved. Consequently each layer
applied and possibly formed at the junctions must be checked with respect to its
contribution to the interface functionality, which is to be achieved.

The solar to H2 STH conversion efficiency is basically given only by the pho-
tocurrent density, which flows at the operation photovoltage point of the current
voltage curve. This value must be reached without a potentiostat or bias volt-
age in a two-electrode arrangement. From this boundary condition it is immedi-
ately clear, that the photovoltage onset must be situated more positive than the
reversible O2 evolution potential (ROE) for photocathodes or more negative than
the reversible O2 evolution potential (RHE) for photoanodes; in cases where the
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photoelectrode does not provide the needed operational photovoltage for water
splitting and the onset of photocurrent is found in between the RHE and the
ROE, respectively, only a partial contribution to the overall needed water disso-
ciation potential is provided by the photoelectrode. Especially worse are cases,
when the photocurrents are considered at a potentialmore negative of the RHE for
photocathodes andmore positive of the ROE for photoanodes, as in these cases no
photovoltage is used for providing the needed light induced energy gain for water
splitting. The photocurrent density at Uph

op (being situated outside RHE or ROE)
must reach values as defined by the bandgap of the absorber(s) and the reached
quantum efficiencies of the PV device. In rather ideal cases this photocurrent is
nearly identical to thephotocurrentmeasured in the respectivePVcell. From these
considerations the possibly reached STH conversion yields can be estimated by
adding up the current-voltage curves of the PV component and of the electrolyser
component. These can be measured at first independently from each other and
then, if the basic data allow their combination, can be realized in an integrated
device. If no other additional losses are induceddue to the integration, the current
voltage behaviour of the integratedPV-EL systemshould come close to the theoret-
ically added curves as has been show for our Si based devices. This argumentation
may be turned around: if the PV component of the photoelectrochemical cell can-
not deliver high photocurrents and the needed photovoltages, one cannot expect
working or competitive PECdevices forwater splitting either. If one is interested in
any limitation given by the bulk properties of the used semiconductors or by the
contacts forming the energy converting junctions, the performance of regenera-
tive PEC cellswith reversible and fast redox couples can be checked in preliminary
experiments before specific interface engineering steps related to the integration
of co-catalysts and to the severe limitations associated with the water splitting
reaction are started.

As is evident from the results on multijunction thin film Si solar cells as pre-
sented in the second part of our contribution, the PV componentmust be adjusted
to the conditions of the PV-EC cell to realize the highest performance, which may
be possible with a given system. As we could show with our studies the overall
performance indeed follows the expected series connection of the components
whenmostly loss free integration steps could be realized. However, in other cases
we have also seen additional unexpected losses e.g. in the photocurrent onset
(reduced photopotentials). These are often found when additional chemical sta-
bilisation layers have been added to the devices by extra deposition procedures
which have not yet been optimized. These extra losses can be related to addi-
tional series resistances in the cell e.g. due to weakly conducting interfacial layers
or double layer potential drops across intermediate layers in the device or high
series resistances in the electrolyte. So far we have reached an overall maximum
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STH efficiency of 9.5% with triple cells made of a-SiH/a-Si/µc-Si, which is the
highest value obtained so far with a low cost absorber material. These values
were reached by applying so far expensive noble metals as co-catalysts [116]. But
as was also shown, if quadruple cells are used with higher photovoltages, even
non-noble metals can be applied as electrocatalysts. Additionally, the stability
of these devices is still an issue, but can be improved by stabilizing passivation
layers as e.g. TiO2, which on the other hand unfortunately lead to a reduction of
performance due to intermediate formed SiO2 layers.

It should be noted, however, that multijunction cells based on 3–5 epitaxial
films still provide higher performance values (see Introduction and ref. [63]). If
these high efficiency cells,which are extremely expensive and rather small in size,
provide a technologically more promising solution is still a matter of discussion.
However, with both approaches it has been proven that STH efficiencies above
10% are feasible. Overall, these results can be taken as promising proof of con-
cepts for direct light induced water splitting and that the production of a storable
solar fuel by direct conversion of light energy in an artificial leaf approach will
be feasible. There are still a number of novel absorber materials available, which
may be developed for efficient thin film tandem or triple solar cells. The promis-
ing expectations of reaching higher solar conversion efficiencies by applying the
different third generation photovoltaic concepts as suggested by [117] and [23]
have not been realized so far, but we do not see any principle hurdles for devel-
oping new multi-absorber cells, which require the identification and research on
novel wide band gap thin film absorbers to be coupled with known or novel low
band gap absorbers. Also improved catalysts avoiding or minimizing the use of
noble metal catalysts as well as using highly porous catalyst layers may reduce
overvoltage demands and may help to apply low photovoltage devices. Given the
significance of the challenge, which must be solved soon to overcome the threats
of the energy transition, the needed research money is well spent. The route to
a competitively produced fuel from solar radiation seems given; we just need the
determination to follow it.
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