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Resistance-based analysis of limiting interfaces in
multilayer water splitting photocathodes by
impedance spectroscopyt

Thomas Moehl, & Wei Cui, @@ René Wick-Joliat ©® and S. David Tilley 2 *

Photoabsorber materials such as Cu,O, which are normally prone to degradation reactions in aqueous
environment, have regained attention for photoelectrochemical water splitting (PEC) due to the use of
protective overlayers. Furthermore, by implementing an additional interlayer between the photoabsorber
and protective layer, the photovoltage and the overall device efficiency can be enhanced due to the
increased built-in voltage at the p-n junction. The detailed analysis of these multilayer PEC
photoelectrodes under operando conditions is challenging due to the multiplicity of interfaces and
charge carrier processes. To facilitate routine investigation of such multilayer systems, we have
established a resistance-based method using electrochemical impedance spectroscopy (EIS) to identify
the underlying potential-dependent processes of water splitting photocathodes under operation, which
quickly reveals the problematic interfaces in these structures. Cu,O/Ga,O3/TiO,/RuO, and p-Si/TiO,/
RuO, photocathodes were investigated, with varying thicknesses of both interlayer and protection layer.
The main limitations in the Cu,O devices were found to be the Ga,Osz/TiO, interface and the surface
properties of the cuprous oxide absorber (most likely Cu* at the surface). We demonstrate that
a commonly applied etching procedure of the Cu,O to remove surface impurities reduced the
associated resistance, but was not sufficient to achieve an ideal interface to the electron accepting layer.
The analysis scheme enabled us to shed light on most of the involved charge carrier processes taking
place in these complex systems, and we expect that this method will be applicable to other multilayer
systems, facilitating a more routine and powerful operando characterization method for water splitting
photoelectrodes. Furthermore the knowledge gained in this investigation will pave the way for the
development of a complete equivalent circuit model of these protected buried heterojunction
photocathodes.

Due to the high complexity of these photoelectrodes along
with the involved charge carrier processes, in-depth routine

Several promising photocathode absorber materials for PEC
applications—normally prone to (photo)corrosion in aqueous
electrolyte solution—can be stabilized by using protective
overlayers such as TiO,, generating “buried junctions” where
the photovoltage is generated at a solid-state junction under-
neath the semiconductor-electrolyte junction. Amongst these
promising semiconductors are Cu,0,“* CuO,* Si,*” III-V semi-
conductors,*® Cu,BaSnS,," Cu,ZnSnS,,"* and BivVO,.'>** Addi-
tionally, semiconducting buffer layers such as Ga,Oj; (ref. 2 and
14) or CdS® can be inserted between the photoabsorber and
protection layers to increase the built-in voltage, the charge
separation and the overall device efficiency. A scheme of these
multi-layer structures is presented in Fig. 1.
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analysis is challenging. So far, there are few reports on the
systematic study on interface and charge transport limitations
through the multilayered structure under operational condi-
tions. A scheme of the most common photophysical and elec-
trochemical processes taking place in PEC devices are depicted
in Fig. S1.1 Electrochemical impedance spectroscopy (EIS) is
a powerful non-destructive characterization method widely
applied in different fields such as solar cells*** and PEC
systems.”?" Devices can be investigated under operando
conditions both in the dark and under illumination. In the
dark, measurements are normally performed to facilitate
a Mott-Schottky analysis, which gives access to the band
alignment of the semiconductors as well as the doping density
and type of the majority carriers (electrons or holes).?*?* In
contrast, under illumination, the light induced processes,
which are normally dominated by the minority charge carriers,
can be evaluated and their implications for the device efficiency
understood.
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Fig. 1 Band energy diagrams at equilibrium in the dark for (a) p-type silicon-based and (b) Cu,O-based devices (the red circles show potential
barriers for the photogenerated electrons); (c) a Si- and (d) a Cu,O-based photocathode under illumination.

In PEC research, EIS under illumination has been applied to
a variety of photoelectrodes, though interpretation of the data is
not trivial, since an equivalent circuit (EC) model is required
that sufficiently mimics the underlying photophysical and
electrochemical processes in the system under study.'*** Even
for such a relatively simple and well investigated system as
Fe,0;, several EC models have been developed, as surface
treatments, nanostructuring and/or fabrication process condi-
tions alter the properties of the material.>**>**® Furthermore, the
EI spectra can be complicated to analyze if two or more
processes take place in the same time domain, as they can
usually not be separated during the fitting procedure. On the
other hand, the overall resistance of the two processes can be
determined, which enables one to draw conclusions on their
nature, especially if their potential dependence is investigated.
Normally the capacitive elements distinguish the EC models, as
the detected resistances are normally all in series (see Fig. S27).
Here, we apply a resistance-based analysis using EIS as a facile
and generally applicable method to quickly identify the prob-
lematic layers and/or interfaces in these complex device
architectures.

We investigated two systems, a more traditional photo-
absorber material with relatively simple architecture (p-Si/TiO,/
RuO,) as a well-behaved standard, and one based on the
emerging material cuprous oxide (Cu,0/Ga,05/TiO,/RuO,),
which features a buffer layer and therefore contains additional
interfaces. The heterojunction with Ga,O; is of particular interest
due to the high photovoltage that can be obtained (1.2 V).

The n-type layer in the investigated photocathodes that is in
contact with the electrolyte solution serves as both a protective
layer and as an electron accepting layer. Commonly, TiO, is
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used due to its good (photo)electrochemical stability over a wide
range of pH. On the other hand, the built-in voltage between Si
or Cu,O with TiO, is relatively low. By implementing ZnO or
AZO,* ZnS,** or Ga,0; (ref. 14) as an interlayer, the built-in
voltage and therefore also the photovoltage can be greatly
increased for the Cu,O-based devices.” The increased photo-
voltage is reflected in an earlier onset potential in j-V curves.
The shift in onset potential of the photocurrent by the Ga,0;
interlayer is between 500 to 600 mV as compared to the devices
with a direct Cu,O/TiO, contact, reflecting the increased built-in
voltage in the semiconductor heterojunction.

Results and discussion
Photocathodes in the dark

We first performed a Mott-Schottky analysis of the two photo-
cathode types and of the ALD Ga,O; to understand the energetic
alignment of the different materials. The results on the built-in
voltage (combined with the optical bandgap and the calculated
distance of the Eg to the valence and conduction band) are
presented in Fig. 1. A more detailed description of the Mott-
Schottky plots and the processing of the resulting data can be
found in the ESI (Fig. S3, S4 and Table S27). The position of the
reduced redox states of the RuO, hydrogen evolving catalyst
(namely Ru(m)O,'~ and Ru(n)O,>”) have been implemented
based on literature values and our own measurements (see
Fig. S5t and main text below).>*"**

By evaluating the band diagrams in Fig. 1, potential
barriers for photogenerated charge carriers are revealed. Such
unfavorable band bending can lead to a limited charge
transfer for electrons at the junction if the space charge

This journal is © The Royal Society of Chemistry 2019
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forming the barrier is not thin enough (preventing tunneling).
Indeed, we can conclude on the basis of Fig. 1a (for silicon)
and Fig. 1b (for Cu,0) that there is one limiting junction for
the charge transfer of electrons from the TiO, to the catalyst,
and in case of the Cu,O-based devices a second one between
the Ga,O; and the TiO, (see red circles in Fig. 1b). Especially
this latter one between the two n-type ALD layers could cause
resistive limitations for the electron flow. We emphasize at
this point that Mott-Schottky plot analysis must be taken as
a first approximation of the actual band alignments in the PEC
photocathodes. For example, the conduction band edges of
the Ga,0; with the photoabsorber and the TiO, will most
probably not be symmetrical, but will still show the two
potential barriers between Cu,0/Ga,O; and Ga,03/TiO, as
indicated in Fig. 1b.

Photocathodes under illumination

Typical J-V curves of the two systems are presented in Fig. 2. The
photocurrent onset is shifted ~0.6 V for the Cu,O-based device,
showing the higher built-in voltage as compared to the silicon
devices. On the other hand, the j-V curve of the Cu,O-based
devices is more resistive, showing a lower fill factor (FF). When
plotting the photocurrent logarithmically, three distinct regions
are observed, which are also found in the resistances extracted
from the EIS spectra (Fig. 3). In region I, at most positive
potentials, a small (photo)anodic current is observed (nA to pA
cm~?). This phenomenon can also be observed for other
photocathodes®*** and originates from the leakage current of
the majority carriers. In region II, the electron quasi Fermi level
is negative enough (on the RHE scale) so that the catalyst is
reduced from RuO, to RuO, ' by injecting electrons into the
Gaussian shaped density of states (DOS) of the catalyst, showing
photocathodic current (uA cm ™ ?).3> Still most of the photo-
generated charge carriers are subject to recombination as the
electrochemical potential of the H, evolution has not yet been
reached. In region III, the hydrogen evolution current can be
observed as the electron quasi Fermi level has reached the
second reduction step of the catalyst and the hydrogen evolu-
tion potential. The protons present in the electrolyte solution
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then act as electron acceptor, now enabling the charge transfer
and the photocurrent generation.

Comparing the different resistances determined for the Si
and Cu,O devices by EIS analysis (see Nyquist and Bode plots in
Fig. S6 and S7t as well as Table S17 for associated frequencies),
we can also observe three distinct potential regions, which
coincide with those of the photocurrent plots (Fig. 3¢ and d).
Furthermore, clear similarities in the potential dependent
behavior of the resistances can be noted between the different
photocathode types. The low frequency resistance Rcr (charge
transfer resistance) has a strong potential dependence for both
photocathode types. Also, Rrio, and Rgc (related to the TiO, layer
and the recombination resistance inside the semiconductor
junction, respectively) show clear changes with applied poten-
tial. Rincer (discussed in detail below), in contrast, is only present
in the Cu,0-based devices and is rather constant with potential,
though showing a valley at ~0.6 V vs. RHE and another one at
~1.2 Vvs. RHE.

The similarities between the resistances of the different
photocathodes are even more evident when accounting for the
different photovoltages in each system: after shifting the data to
give the same quasi-Fermi level of electrons (set by the onset of
the hydrogen evolution current as determined by Rcr at the
beginning of region III), the J-V curves and extracted resistances
of the Si and Cu,O devices overlap with one another, enabling
a direct comparison (Fig. S81). The detection of the onset
potential via Rcr is more sensitive as compared to the extrapo-
lation of the photocurrent to the voltage axis or by setting an
arbitrary (low) photocurrent as a measure.

The low frequency resistance, Rcr, mirrors the shape of the J-
V curves in potential region III (Fig. 3c and d) and represents the
hydrogen-generating charge transfer over the hydrogen evolving
catalyst (HEC) into the electrolyte solution (Rcr—H, in Fig. 4).
Prior to the onset of hydrogen evolution in potential region II,
Rrio, shows a deviation from exponential behavior representing
the increased current flow for the HEC reduction (Fig. S9t). In
part of this potential region, Rcr is convoluted with Rrijo,. For
the Si-based devices, the separation of Rcr and Rrio, could be
achieved by extrapolating an exponential decrease of Rrjo, and
subtracting it in the potential region of the first HEC reduction
(Rcr-RuO, in Fig. 4). In the case of the Cu,O devices, the
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Fig.2 TypicalJ-V curves (a) of a silicon-(100 nm ALD TiO, and RuO,) and (b) of a Cu,0O-(20 nm ALD Ga,Os3, 100 nm ALD TiO, and RuO,) based

standard device, under white light illumination of 10% sun.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Logarithm of the photocurrent of the devices presented in Fig. 2: (a) Si- and (b) Cu,O-based standard devices (light intensity of 10%);
resistances from the EIS fitting procedure of the (c) Si- and (d) Cu,O-based standard devices; (e) EC model used to fit the EIS data (for the silicon

devices the RC element of Rjer is Omitted as it was not present).
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Fig. 4 Data from Si sample in Fig. 2a: exponential extrapolation of
Rrio, (blue dotted line) and the residual resistance (Rcr—RuO,) relating
to the current for the HEC reduction.

separation did not yield reliable results due to the interference
with the additional resistance Ri,er-

Rer—RuOy itself mirrors the current flow for the first reduc-
tion step of RuO, to form RuO, " (from Ru(wv) to Ru(m)), which
is a prerequisite for hydrogen evolution.******** Notably, the
shape of Rcr—RuO, reflects the DOS of the catalyst. RuO, as the
HEC can be seen as a protonic electrochemical capacitor due to
H' exchange with the electrolyte solution: RuO,(OH), + 6H" +
de” < RuO, ;(OH),; (see also ESI and Fig. S51 for further

2070 | Sustainable Energy Fuels, 2019, 3, 2067-2075

discussion on the redox states of the HEC).*** The charge
inside the HEC can be visualized by its storage and release
process during transient photocurrent decay measurements
(TPC).*** In the TPC experiments, a steady state white light bias
was applied (10% sun). The wavelengths of the light pulse to
generate the photocurrent transients was either 447 nm (Fig. 5a)
or 530 nm (Fig. 5b), which led to an excitation of charge carriers
near the surface of the photoabsorber. The possible excitation
at 627 nm (red) is near the absorption onset of the Cu,O and
would therefore probe the bulk of the semiconductor with the
deeper penetration depth of this wavelength (see Niu et al.).> As
the focus in the TPC experiments was the detection of the
charge inside the HEC, we have used a perturbation pulse with 5
to 10% of a sun as light intensity (i.e. 50 to 100% of the actual
white light bias). Therefore, our TPC measurements are not
“small” perturbation experiments near equilibrium but rather
photocurrent transients similar to the investigations by Las-
kowski et al. with a strong perturbation.** The TPC measure-
ments were performed similar to the EIS measurements at
different bias potentials to further observe the potential
dependent changes of the accumulated charge.

During the light pulse, normally a double-exponential decay
of the photocurrent was observed. The fast component of the
decay is associated with the recombination of photogenerated
charge carriers while the slow one is related to the formation of

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9se00248k

Open Access Article. Published on 17 June 2019. Downloaded on 4/4/2026 6:04:05 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Sustainable Energy & Fuels

Paper
a gop— 60x10°
—@— Photocurrent
—@- stored Ch -
(\"E 0.5 -e- fefezsed Ca)t?aerge 50
[3)
¢ (@)
X =40 =
£ 1.0 %
- @
g 15 1° 5
3
% 20 -20 o
o
55 =110
a0

0.0 04 0.8
Potential /V vs RHE

0.0 . T ®
b —@- Photocurrent 60x10
—-@- stored Charge
- @- released Charge 450
e 02f
<.(° PR Ja0 2
£ o4 &
— ar ®
@ <30 3
3 % o
S 06 o 420 3,
2 i RuO
ul
& 0s a & 410
- .‘._._._._._‘_..0" S .
1 1 1 ¥ O
0.0 0.4 0.8 1.2

Potential /V vs RHE

Fig.5 Stored and released charge in the TPC (measurements with 10% sun white light bias) showing the charging of the RuO, catalyst for (a) a Si
device (excitation at 447 nm (5% sun), same sample as in Fig. 2a) and (b) a Cu,O standard device (excitation at 530 nm (10% sun)), Cu,O standard

device) device.

RuO,'” or RuO,>" species.® After the light pulse is turned off,
the photocurrent steeply drops and changes sign before
returning to the steady state white light bias current. The
photocurrent with inverted sign represents the release of stored
charge inside the HEC (the decay back to steady state white light
bias current was normally mono-exponential). Examples of the
TPC transients can be found in Fig. S107 together with a table of
the exponential fittings (Tables S3 and S4t).

The charge in a current transient was determined from the
integral of the exponential decay of the current density over
pulse duration (Q = [ jdt; with Q as the charge per cm?, J as the
current density and ¢ as time). The amount of charge deter-
mined in the TPC experiments for the storage (from the slow
component of the photocurrent decay during the light pulse)
and release (after the light pulse has been turned off) process
are very similar and show the capacitive loading of the HEC at
its different redox states (Fig. 5, see also Table S5%). As the
release of stored charge is competing with the hydrogen
evolution reaction, normally the amount of released charge
detected is lower as compared to the initially stored charge,
especially near the RuO,”>~ redox potential.

Rrio, is a strongly potential dependent resistance at inter-
mediate frequencies present in potential regions I and II
(Fig. 3). At very positive potentials Rrjo, dominates the photo-
anodic current flow. In region II Rrijo, decreases exponentially
but shows a deviation in the form of a valley as discussed above.
After the formation of RuO, ?, Rrio, further decreases expo-
nentially. As both the Si and Cu,O-based systems possess the
TiO, protection layer and the associated interfaces (TiO,/cata-
lyst or the TiO,/electrolyte solution), one possibility is that Ryjo,
is related to a resistive transport inside the TiO,, or a second
possibility is that it is related to a potential barrier at the
aforementioned interfaces (for both of these cases, Rrio,
manifests as a series resistance). To differentiate these options,
we varied the protection layer thickness between 50, 100 and
150 nm. A transport related resistance should show a significant
increase for the thicker protection layers while a resistance
related to a potential barrier at the TiO,/RuO, interface would
not be influenced by the different thicknesses of the TiO, layer.

This journal is © The Royal Society of Chemistry 2019

The results for Cu,O and silicon (Fig. S11t) did not show any
significant change in the resistance with increasing thickness of
the ALD TiO, layer. A charge transport resistance within the
TiO, can therefore be excluded. Considering the observation in
Fig. 1a and b of the unfavorable band bending at the TiO,
contact to the catalyst we can conclude that Rro, represents the
resistive limitation at this interface. The implications, however,
for the overall device efficiency of this series resistance are
limited to the photocurrent rise, as it is low or vanished when
the surface potential approaches the thermodynamic HER
potential. An additional observation is that the thickness of the
TiO, layer did not have any significant influence on the V¢ nor
on the photocurrent.

The resistance at the highest frequencies, Rsc, is mainly
constant in the potential regions I and II and increases in region
III. It is related to the recombination current of the photo-
generated charge carriers and the steeper its increase in
potential region III the better the FF of the /-V curves. The
increase of Rgc with increasing reverse bias after passing the H,
evolution potential represents the reduced recombination of
photogenerated electron hole pairs (i.e. higher recombination
resistance) as now the band bending in the space charge of the
photoabsorber increases and acceptor states are available
inside the electrolyte solution to enable the flow of photocur-
rent. It should be noted that in PEC photoelectrodes, the system
is effectively in open-circuit until the surface potential is in
a region where charge transfer can occur. Thus, if the quasi
Fermi level of the electrons has not reached the second reduc-
tion step of the catalyst and the energetic position of the
hydrogen evolution potential, the photogenerated charge must
recombine (i.e. low recombination resistance, potential region I
and II).*”” The observation that Rs¢ increases more slowly in the
case of the Cu,O as compared to the Si samples (see Fig. 3 and
S8t) originates from an additional series resistance that is
present in the metal oxide-based devices, namely Rjy¢e;-

So far, the three different resistances described have been
observed in both photocathode types. In the case of the fourth
resistance, Rincer, Observed only in the cuprous oxide devices, it
stands to reason that it is related to the Ga,Oj; layer or the Cu,O

Sustainable Energy Fuels, 2019, 3, 2067-2075 | 2071
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surface (or interface). Though Rj,; shows as mentioned one
valley around the second reduction of the catalyst, the valley at
the first reduction step is not always clearly visible and is
therefore disregarded in the analysis.

Generally, one would expect a reduction of Rjn.r Similar to
Rrio, with increasing negative potential if it is purely related to
a potential barrier at the Ga,0;/TiO, interface. Compared to
Rrio, this reduction of the barrier would appear only after the
electron quasi Fermi level reaches the redox potential of the H,
evolution potential, as only then the barrier at the Ga,03/TiO,
interface would begin to reduce. This behavior is what we can
observe in the descent into the valley starting from 0.8 V vs. RHE
in Fig. 3d and 6 (for devices with Ga,O; layer).

However, Rin¢er Starts to increase again after passing 0.6 V vs.
RHE, indicating that it is a superposition of different contri-
butions. To better understand Rj,.r, Cu,O-based devices
without the ALD Ga,O; layer were fabricated and evaluated. In
Fig. 6, the J-V curves and Rj, of devices without and with 20
and 70 nm ALD Ga, O3 layer are plotted before (a and c) and after
(b and d) adjusting to the H, evolution onset potential by Rcr. As
expected, the built-in voltage (see Fig. S3bf) and the photo-
voltage for devices without Ga,O; layer are lower but interest-
ingly Rinr is still present, albeit with a different potential
dependence. It has a constant and low value in potential region
I and II at positive potentials before the onset of the photo-
current (~90 ohm cm? as compared to ~1000 ohm cm? for the
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case with 20 nm Ga,0; interlayer, Fig. 6), and then increases at
more negative potentials.

This observation shows that the Cu,O surface properties are
of crucial importance for high device efficiencies, as surface
traps or an unwanted overlayer are limiting the charge transfer
to the n-type semiconductor (discussed in more detail below).
The magnitude of the Rj., (for devices with Ga,0; layer) in
potential region II correlates with the increased Voc observed in
the devices. And in potential region III R, represents the
series resistance that dominates the fill factor of the J-V curves
(Fig. S127), pinpointing the main limitation for the FF of the
Cu,O photocathodes.

These observations on Ry, (series resistance in Region III,
Voc correlation in region II, and existence even without the
Ga,0; interlayer (though in latter case with a different potential
dependence)) imply that it is composed of at least two compo-
nents (see Fig. S13f). One component, as visible for the case
with 0 nm of Ga,0;, must be related to the Cu,O surface
properties (Rgurface)- The second contribution must be related to
the ALD Ga,O; interlayer (Rg,) at the Ga,03/TiO, interface. The
height of Rg, in potential region II is accompanied with a higher
built-in voltage and Vo (see also Mott-Schottky plots in
Fig. S3b¥). With 20 nm Ga,0; still no bulk of the buffer layer can
be formed as the layer is to thin and the full heterojunction
potential is therefore lower as compared to 70 nm of buffer layer
(in which the bulk can be already formed, see Fig. S14a-ct).
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RUuO,); (b) Rsurface Of the samples presented in (a).

Higher built-in voltage in turn increases the barrier height at
the Ga,03/TiO, interface and the associated resistance.

To better understand the potential dependence of Rg, we
have to consider the interplay of the redox potential in solution,
the applied potential and the position of the conduction bands
of Ga,0; and TiO,. Before the H, onset potential, the barrier
between Ga,0O; and TiO, remains unchanged (Fig. S14df). At
the onset of the H, evolution the potential barrier at the inter-
face between the Ga,03 and the TiO, will start to decrease as the
Fermi level inside the TiO, layer is now pinned by the redox
potential of the hydrogen evolution potential inside the elec-
trolyte solution. On the other hand, the conduction band of
Ga,0; will continue to move to higher energies with scanning to
more negative potentials (Fig. S14e and f}), reducing the barrier
between the two n-type metal oxides. This will manifest as an
exponential decrease of the Rg, if it is related to a potential
barrier (as for the case of Ryjo,).

Indeed, Rg, is, like Rrio,, reducing exponentially with
increasing reverse bias, limiting its influence on the J-V curve
mainly to the region of the hydrogen evolution current onset
(see Fig. 6d). The relation between the built-in voltage and the
change of Rg, further supports our interpretation that it
represents the potential barrier predicted by the Mott-Schottky
plots (in Fig. 1d).

It is known that Cu,O in ambient conditions undergoes
surface oxidation to Cu®* species such as Cu(OH), or CuO,
which can limit the performance of the devices.*® According to
Lee et al.®® a reduction of the Cu®" species by the gallium ALD
precursor is possible as the authors have shown by XPS
measurements which should improve the surface quality. Still
we have implemented an additional etching of the Cu,O surface
as a first cleaning process.*® Therefore, the as-prepared Cu,O
sample was immersed in nitric acid (1:1 of H,O and 65%
HNO;) for 10 seconds, followed by rinsing with DI water and
sonication in isopropanol for 30 seconds. Finally, the foil was
dried under nitrogen flow and immediately transferred into the
ALD chamber for the ALD buffer layer deposition.

In Fig. 7, the results for devices with and without etching are
presented. Devices were measured without the Ga,O; layer to
avoid superposition with the Rg, component of Rj,e,. The
performance of the pre-etched devices showed an increased FF
due to the reduced Ryyrface at the Cu,O/TiO, contact (which

This journal is © The Royal Society of Chemistry 2019
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could also be observed for the case with ALD Ga,O; buffer layer,
Fig. S151). Nevertheless, Ry face 1S still present after the etching,
implying that the surface treatment is not sufficient to achieve
a defect free interface. This resistance is probably induced by an
energetically low-lying energy state at the surface through which
the electrons must flow in order to cross over to the buffer layer.
In contrast to Rg,, the Cu,O surface resistance, Rgyrface, would
not reduce with further reverse bias. It increases as the
conduction band of Ga,O; shifts up at more negative applied
potential, increasing the barrier for the electrons that have to be
transferred through the limiting Cu,O surface layer (see
Fig. S14d-ff).

Combining the knowledge about the potential dependence
of Rinter with and without the Ga, O3 layer, we can conclude that
Rinter is the source of the main limitations observed in the j-V
curves. We can achieve high photovoltages, but the fill factor is
limited by the resistive components of Rjn;. Our results can
explain now e.g. why Lee et al. observed for their Cu,0/Ga,0;-
based solar cell devices high photovoltages of 1.2 V but
a hampered FF of only 45%.%

The resistances observed in the EIS spectra under illumina-
tion have been assigned to the relevant charge carrier processes,
and we can understand their influence on the J-V curves,
a precondition to make sophisticated routine analysis and to
facilitate the development of a generally applicable EC. Further
investigations are being conducted to tackle the limitations
observed in the Cu,O devices. On the one hand, we expect that
the decrease of the space charge layer width through increased
doping of the Ga,0; layer would reduce the potential barrier
and therefore the associated resistance for the electrons at the
Ga,0;/TiO, interface, and may enable both high Vo and FF.
Furthermore, the higher doping would enable to achieve
a higher built-in voltage at lower buffer layer thickness. On the
other hand, with the presented analysis approach, we can
evaluate the effect of different surface treatments on Rgyrface and
optimize the surface cleaning process, which should finally lead
to a better FF and overall device efficiency.

Conclusion

We have investigated silicon- and Cu,O-based multilayer
photocathode devices by EIS in the dark and under illumination

Sustainable Energy Fuels, 2019, 3, 2067-2075 | 2073
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to pinpoint the limitations for the J-V curves and device effi-
ciencies. Based on the dark measurements we have identified
potential barriers at the TiO,/RuO, and Ga,0;/TiO, interfaces.
Under illumination conditions we have analyzed the EIS data in
terms of the potential dependence of the determined resis-
tances. We have shown that shifting the data to align the
hydrogen onset potential in the different samples (determined
by the onset of the hydrogen evolution via the charge transfer
resistance) enables the comparison of similar device types with
different photovoltage and even different photocathode
absorber materials. The resistances were assigned to the related
photophysical or electrochemical processes, namely, the
recombination of photogenerated charge carriers in the bulk or
space charge region of the semiconductor, the charge transfer
into the electrolyte solution, and the limited charge transfer due
to a potential barrier between the TiO, and the electrolyte
solution. In the case of the Cu,0O-based devices, an additional
resistance appears, convoluting several different processes such
as charge transfer from the absorber to the n-type semi-
conductor and a potential barrier at the Ga,03/TiO, interface.
Based on our analysis we can conclude that this emerging
photocathode material is hampered by its surface quality (i.e.
interface defects), limiting the charge transfer between the
Cu,0 and the buffer layer and therefore the fill factor for these
devices. The series resistance associated with the Cu,O surface
could be reduced by a commonly applied etching treatment of
the Cu,O surface, but our analysis shows directly that such
a pre-treatment is not sufficient to achieve an ideal or nearly
ideal surface that enables reproducibly high efficiency devices.
We further identified a potential barrier for the photogenerated
electrons at the Ga,0;/TiO, interface which limits the rise of the
photocurrent at the onset of the hydrogen evolution. By this
analysis scheme we have opened the way for a fast and better
understanding of the interplay of the different materials and
interfaces and how to evaluate optimization treatments in
complete multilayer device structures. Finally, the knowledge
gained on the determined resistances and their associated
photophysical and electrochemical processes will advance the
development of a generally applicable EC of these multilayer
photocathode systems.
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