Article
pubs.acs.org/JPCC

Photoelectrochemical Screening of Solar Cell Absorber Layers:
Electron Transfer Kinetics and Surface Stabilization
Diego Colombara,† Phillip J. Dale,† Gabriela P. Kissling,‡ Laurence M. Peter,*,‡ and Sara Tombolato†
†
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ABSTRACT: Redox electrolyte contacts oﬀer a simple way of testing the
photocurrent generation/collection eﬃciency in partially completed thin-ﬁlm solar
cells without the need to complete the entire fabrication process. However, the
development of a reliable quantitative method can be complicated by the instability
of the semiconductor/electrolyte interface. In the case of Cu(In,Ga)Se2 (CIGSe)
solar cells, these problems can be overcome by using samples that have undergone
the next processing step in solar cell fabrication, which involves chemical bath
deposition of a thin (ca. 50 nm) CdS buﬀer layer. The choice of redox system is
also critical. The frequently used Eu3+/2+ redox couple is not suitable for reliable
performance predictions since it suﬀers from very slow electron transfer kinetics.
This leads to the buildup of photogenerated electrons near the interface, resulting
in electron−hole recombination. This eﬀect, which can be seen in the transient
photocurrent response, has been quantiﬁed using intensity-modulated photocurrent spectroscopy (IMPS). The study has demonstrated that the more oxidizing
Fe(CN)63−/4− redox system can be used when a CdS buﬀer layer is deposited on the CIGSe absorber. The wide bandgap CdS
acts as a barrier to hole injection, preventing decomposition of the CIGSe and formation of surface recombination centers. The
IMPS response of this system shows that there is no recombination; i.e., electron scavenging is very rapid. It is shown that
measurements of the external quantum eﬃciency made using the Fe(CN)63−/4− redox couple with CdS-coated CIGSe layers can
provide reliable predictions of the short-circuit currents of the complete solar cells. Similar results have been obtained using CdScoated GaAs layers, suggesting that the new approach may be widely applicable.

■

INTRODUCTION

current under short-circuit conditions, which also depends on
the eﬃciency of carrier extraction at the contacts.
In principle, the EQE spectrum measured using the absorber
layer in contact with a suitable redox electrolyte can be
convoluted with the AM1.5 solar spectrum to predict shortcircuit currents in ﬁnal devices. In recent work, we have shown
that the eﬃciency of CIGSe-based solar cells can be predicted
quite well by measuring the PEC photocurrent under reverse
bias of just the Mo|CIGSe part of the ﬁnal cell structure
immersed in an aqueous Eu3+ solution.4,5 The same electrolyte
was also employed in our earlier work on CuInSe2 (CISe)6 and
Cu2ZnSnS4 (CZTS) solar cells.7,8 The europium electrolyte
was chosen because it has been used by Memming and coworkers to study the photoelectrochemical behavior of a range
of p-type semiconductors.9−11 However, we have observed that
the photocurrent response in this electrolyte is complicated by
pronounced electron−hole recombination (surface recombination) at the absorber/electrolyte interface, which competes with

In order to maximize throughput in the development of new
and existing1 thin-ﬁlm solar cells, simple screening methods are
needed as a quality control tool to check whether absorber
layers should be selected for complete device fabrication. In this
context, photoelectrochemical (PEC) analysis oﬀers a facile,
and in principle nondestructive, approach to the characterization of semiconductor layers since it only requires formation
of a semiconductor/liquid junction at which photogenerated
minority carriers are scavenged eﬃciently by a redox system.2,3
The method can be applied to large area substrates produced,
for example, by solution-based methods, with the option of
mapping the external quantum eﬃciency (EQE) as a function
of wavelength to detect inhomogeneities in the layer thickness,
composition, and doping. Large area substrates characterized in
this way can be used subsequently for fabrication of a large
number of small test cells, allowing correlation of EQE data
with cell performance. The PEC screening approach can be
used in conjunction with photoluminescence (PL) spectroscopy. PL enables estimation of the maximum quasi Fermi level
splitting (and hence open-circuit voltage) under illumination,
which depends on the rates of generation and recombination of
electron hole pairs. By contrast, PEC measures the photo© XXXX American Chemical Society
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electron transfer to Eu3+. This eﬀect can be overcome to some
extent by increasing the chopping frequency when making EQE
measurements, but clearly this is not an ideal solution.
Recombination eﬀects are evidently more important for the
electrolyte contact since the apparent collection eﬃciency of
photogenerated carriers (as reﬂected in the EQE) is often lower
in the photoelectrochemical conﬁguration with Eu3+ electrolyte
than in the complete solid-state device. As a consequence,
short-circuit photocurrent (or ultimately device eﬃciency)
predictions based on PEC measurements in europium
electrolytes may not be suﬃciently reliable for routine
application. Here we present a quantitative analysis of the
kinetics of electron transfer and recombination for CdS-coated
CIGSe layers in contact with diﬀerent redox electrolytes. The
results provide new insights into the importance of electron
transfer and recombination kinetics in the selection of redox
systems for absorber layer screening and show why the
europium electrolyte is not ideal for quantitative measurements.
The extent of recombination losses at the semiconductor/
electrolyte interface depends on the kinetic competition
between charge transfer and surface recombination.12,13 In
many cases, recombination is mediated by surface states.14
These states may already be present on the surface of the
material as a consequence of physical defects or, for example,
surface oxidation. They may also be formed by chemical or
(photo)electrochemical reactions involving the semiconductor
and the electrolyte. In order to prevent the recombination of
photogenerated minority carriers trapped in surface states, it is
desirable to use fast outer sphere redox systems so that
interfacial electron transfer is much faster than recombination
with majority carriers. Two prerequisites for a reliable
measurement of the EQE are therefore (i) a chemically stable
semiconductor/electrolyte interface and (ii) rapid scavenging of
photogenerated minority carriers by the redox electrolyte.
These two prerequisites are not independent since rapid
interfacial electron transfer is required in order to prevent
decomposition of the semiconductor by reactions involving
photogenerated minority carriers (electrons in the case of pCIGSe).
The choice of redox couple is based initially on its standard
reduction potential or redox Fermi level, which needs to be
aligned with the bands of the semiconductor in such a way that
eﬃcient capture of minority carriers can occur. This means that
the redox Fermi level should be located in the middle of the
bandgap of the semiconductor. Based on this criterion alone,
the Eu3+/2+ redox couple, which has a standard reduction
potential of −0.38 V vs NHE,15 seems to be a good choice for
p-type CIGSe. By contrast, the Fe(CN)63−/4− couple has a
much more positive standard reduction potential (+0.36 V vs
NHE16) that is expected to result in hole injection into the
CIGSe, leading to oxidation and corrosion of the semiconductor. However, the present study has shown that the
Eu3+/2+ couple does not satisfy the second criterion because the
transfer of photogenerated electrons from p-CIGSe to Eu3+ is
very slow. The reasons for the anomalously slow self-exchange
rate of the Eu3+/2+ couple in water have been discussed
extensively in the literature. Balzani et al.17 have attributed it to
the fact that the electron transfer process is strongly
nonadiabatic. However, Yee et al.18 have concluded that there
is insuﬃcient evidence to support this view, and they have
proposed that the low rate constant is associated with an
unusually high Franck-Condon barrier arising from changes in
the europium oxygen distances and possibly also in the number

of coordinated water molecules in the electron transfer reaction
from Eu3+ to Eu2+. At metal electrodes, the standard
heterogeneous rate constant for the Eu3+/2+ couple is ca. 10−4
cm s−1,19 which is 3 orders of magnitude lower than for the
Fe(CN)63−/4− couple, where outer sphere electron transfer is
catalyzed by alkali metal ions.20
In the case of CIGSe, a further problem arises with the use of
electrolyte contacts. Siripala et al.21 have shown that the band
edge energies of CIGSe relative to solution redox Fermi
energies can vary enormously depending on the pretreatment
of the surface. Band energy variations of up to 1 eV were
observed by these authors, depending on whether the surface
was in a reduced or in an oxidized state. It is evidently possible
to control the band edge positions of CIGSe systematically by
varying the degree of surface oxidation. Such large uncertainties
in band energy positions make it diﬃcult to decide which redox
system to use for PEC characterization. In the present work, we
show that the problem of surface instability and band edge
shifts can be overcome by coating the CIGSe with a thin layer
of CdS. Furthermore, the CdS coating allows the Fe(CN)63−/4−
redox couple to be used without destabilization of the CIGSe
by hole injection.
In order to evaluate the eﬀect of the CdS layer and to
compare the diﬀerent redox electrolytes, we initially studied
transient photocurrent responses obtained for square wave
pulsed illumination, where the eﬀects of surface or interfacial
recombination are evident as a characteristic decay and
overshoot of the photocurrent. Intensity-modulated photocurrent spectroscopy (IMPS)22,23 was then used to obtain the
rate constants for electron transfer and surface recombination
as a function of band bending. The results conﬁrm that the
Eu3+/2+ couple is not suitable for quantitative EQE measurements since the sluggish kinetics of electron transfer allow
surface recombination to attenuate the photocurrent response.
By contrast, electron transfer from CIGSe to the Fe(CN)63−/4−
couple mediated by the thin CdS layer is so fast that
recombination eﬀects vanish entirely and reliable EQE data
can be obtained.

■

EXPERIMENTAL SECTION
Sample Preparation. Samples were cut from a large area
CIGSe absorber layer (provided by NEXCIS, France24), which
was produced by selenization of a Cu−In−Ga metallic
precursor ﬁlm electrodeposited on a Mo-coated soda lime
glass substrate. Prior to coating the CIGSe ﬁlm with ca. 50 nm
thick CdS buﬀer layers, samples were etched for 30 s in 5 wt %
KCN aqueous solution, rinsed with ultrapure water, and then
immersed immediately in the CdS chemical deposition bath
(see Supporting Information) to avoid as far as possible any
degradation by contact with air.5 The same KCN etching
procedure was used for bare CIGSe electrodes before
photoelectrochemical measurements in an attempt to improve
reproducibility. Measurements were also made using p-GaAs
wafer samples coated with CdS. Experimental details and
results are given in the Supporting Information.
Photoelectrochemical Characterization. PEC measurements were performed on glass|Mo|CIGSe and glass|Mo|
CIGSe|CdS samples using setups described previously.4 The
two 0.2 M redox electrolyte solutions employed for the
measurements contained either EuCl3 (with or without equal
amounts of 0.2 M EuCl2) or K4Fe(CN)6 + K3Fe(CN)6 in
ultrapure water. The samples were illuminated by a lightemitting diode (LED, Thorlabs), which was switched on and
B
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formed with the electrolyte and that electroactive species, some
of which are probably formed by corrosion, are being reduced.
In spite of the large dark current, it is possible to see a
photocurrent response on the forward scan, which decays
almost entirely on the reverse scan. We conclude that the
CIGSe sample is not stable in the equimolar hexacyanoferrate
solution and that hole injection occurs, giving rise to partial
dissolution of the ﬁlm. It is therefore obvious that this
electrolyte cannot be used for PEC measurements with bare
CIGSe ﬁlms. By contrast, the Eu3+ electrolyte does form a
blocking contact. However, the slow rise of the photocurrent
with potential suggests that substantial recombination occurs at
low band bending, where the surface concentration of holes
(majority carriers) is signiﬁcant.
Evidence for the dark corrosion of bare CIGSe by the
Fe(CN)63−/4− redox couple is provided by the XPS data
presented in Figures 2 and 3. In order to detect changes in

oﬀ with an asymmetric duty cycle in order to diﬀerentiate
readily between dark and photocurrents. The photocurrent
response was measured as a function of voltage using a linear
sweep at 50 mV s−1. Photocurrent transients were also recorded
at diﬀerent values of constant potential. The incident light
intensity was measured with a calibrated silicon photodiode in
order to allow calculation of the EQE of the layers.
IMPS Measurements. Intensity-modulated photocurrent
spectroscopy (IMPS) measurements were carried out on
CIGSe|CdS samples in Eu3+ and in Fe(CN)64−/3− electrolytes.
The responses were obtained using a collimated Thorlabs LED
(625 nm) and a Thorlabs DC4100 LED driver. The dc and ac
light levels of the LED were controlled via the LED driver by a
Solartron 1260 frequency response analyzer, and the
modulation depth was set to 10% of the dc light level. The
potential of the CIGSe/CdS sample was controlled with respect
to a Ag|AgCl reference electrode by an Autolab PGStat30
potentiostat, and the current signal was output to the Solartron
1260. The IMPS response was displayed in the complex plane
using ZView software (Scribner).
XPS Analysis. A Kratos Axis Ultra DLD setup using Al Kα
radiation with a power of 250 W was used for X-ray
photoelectron spectroscopy measurements (XPS). These
were carried out on pristine Mo|CIGSe and Mo|CIGSe|CdS
samples and on rinsed samples that had been subject to PEC
analysis in the presence of Fe(CN)63−/4−. For spectrum
reference purposes, XPS spectra were also measured for the
K4Fe(CN)6 and K3Fe(CN)6 powders employed for the
solution preparation (see Supporting Information).

■

RESULTS AND DISCUSSION
Bare CIGSe Layers in Eu3+/2+ and Fe(CN)63−/4− Electrolytes. Attempts to use just Fe(CN)63− electrolyte (i.e., no
Fe(CN)64− ions present) resulted in very rapid corrosion of a
bare CIGSe sample and immediate strong discoloration of the
solution. However, the CIGSe layers appeared to be more
stable in equimolar 0.2 M Fe(CN)63−/4−, and it was possible to
record a voltammogram under periodic illumination as shown
in Figure 1. However, the large cathodic current seen on the
negative voltage scan indicates that a blocking contact is not

Figure 2. High-resolution XPS spectra in the In 3p1/2 region of a
pristine CIGSe ﬁlm (black) and of a CIGSe ﬁlm subject to PEC
analysis in the presence of hexacyanoferrate (red). The presence of a
strong Fe 2p3/2 peak is consistent with corrosion of the CIGSe by the
hexacyanoferrate redox electrolyte.

surface chemical composition, survey and high-resolution XPS
measurements were performed on pristine CIGSe samples and
on samples after immersion in Fe(CN)63−/4− for PEC analysis.
It can be seen from Figure 2 that a very strong Fe 2p3/2 signal is

Figure 1. Voltammograms for bare CIGSe ﬁlms recorded for
intermittent illumination in 0.2 M europium and in 0.2 M
hexacyanoferrate redox electrolytes. 625 nm LED. Intensity 4.5 mW
cm−2. Sweep rate 50 mV s−1.

Figure 3. High-resolution XPS spectra in the Cu 2p1/2 and Cu 3p3/2
region of a pristine CIGSe ﬁlm (black) and of a CIGSe ﬁlm subjected
to PEC analysis in the presence of hexacyanoferrate (red).
C
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transient photocurrent response of CdS-coated CIGSe in the
two redox electrolytes. Figure 5 illustrates typical photocurrent

detected on the CIGSe sample that has been subjected to PEC
analysis in the hexacyanoferrate solution, suggesting the
presence of Fe bound to the CIGSe surface in the form of
Fe(II).
The high-resolution Cu 2p signatures of the uncoated CIGSe
ﬁlms are shown in Figure 3. The pristine CIGSe ﬁlm shows two
distinct peaks at ca. 952.2 and 932.3 eV, corresponding to 2p1/2
and 2p3/2 of Cu(I). For the CIGSe ﬁlm that had been subject to
PEC analysis in Fe(CN)63−/4−, these two peaks display
shoulders (approximately half the intensity) at ca. 3 eV higher
binding energies, consistent with the corresponding Cu(II)
peaks. The XPS signatures of In, Ga, and Se (not shown)
remain unaltered apart from an overall decrease of the peak
intensities.
These results suggest that Fe(II) may partially displace In/
Ga to form a surface layer of Cu(II)Fe(II)Se2, the selenium
analogue of chalcopyrite CuFeS2.25,26 Based on the XPS results,
we suggest that the corrosion of the CIGSe layer probably takes
place by the reaction sequence
Cu(I)In(III)Se2 + Fe(III)(CN)6 3 − → Cu(II)Fe(II)Se2
+ In 3 + + 6CN−

Figure 5. Comparison of transient photocurrent responses of CdScoated CIGSe ﬁlms measured in europium and hexacyanoferrate
electrolytes at −0.28 V vs NHE. Note the decay and overshoot in the
case of the europium electrolyte compared with the ideal square
response in the case of the hexacyanoferrate electrolyte.

This reaction is likely to be followed by further oxidation to
form elemental selenium and soluble ionic species. The XPS
results conﬁrm that the CIGSe layers are unstable in contact
with hexacyanoferrate electrolyte.
CIGSe|CdS Layers in Eu3+/2+ and Fe(CN)63−/4− Electrolytes. The PEC behavior of CdS-coated CIGSe layers in the
two redox electrolytes is contrasted in Figure 4. In both cases, a

responses measured in the two electrolytes at −0.28 V vs NHE
(cf. Figure 4). The decay and overshoot seen in the case of the
europium electrolyte indicates that electron−hole recombination is taking place.27 If this were the only eﬀect, the decay and
overshoot would be symmetrical, but closer examination shows
that the decay in the “on” transient is larger than the overshoot
in the “oﬀ” transient. This is characteristic of systems in which
substantial band edge unpinning occurs as a consequence of the
fact that the accumulation of minority carriers at the interface
changes the potential drop across the Helmholtz double layer.
The accumulation of minority carriers is a consequence of
sluggish electron transfer kinetics,28 which in this case is
consistent with the many reports of slow electron transfer in
the Eu3+/2+ system. The absence of any decay or overshoot in
the photocurrent response measured using the hexacyanoferrate electrolyte indicates that electron accumulation and surface
recombination are negligible. Evidently interfacial electron
transfer is much faster in this case.
Stability. The stability of the CIGSe surface in contact with
air as well as with the electrolyte is a key issue for
photoelectrochemical characterization since some time may
elapse between absorber ﬁlm fabrication and characterization.
The greatly enhanced stability of the semiconductor/electrolyte
junction provided by the CdS buﬀer layer is illustrated in Figure
6. Here the photocurrent is plotted as a function of the time
that the samples were exposed to air (all photocurrents are
scaled to an initial value of 100% for comparison purposes).
Four samples are shown: bare CIGSe without KCN etching
prior to measurement, bare CIGSe etched in KCN just before
each measurement and measured using the Eu3+ electrolyte,
and CIGSe/CdS measured in Eu3+ and Fe(CN)63−/4−. In the
case of the bare CIGSe ﬁlms, the photocurrents decreased
substantially after only 2 min exposure to air, probably due to
surface degradation. KCN etching just before each PEC
measurement reverses the eﬀects of short-term degradation

Figure 4. Voltammograms for CdS-coated CIGSe ﬁlms in 0.2 M
europium and 0.2 M hexacyanoferrate redox electrolytes recorded for
intermittent illumination. 625 nm LED. Intensity 4.5 mW cm−2. Sweep
rate 50 mV s−1.

well-behaved photocurrent is observed in response to the
chopped illumination. The photocurrent measured with the
Fe(CN)63−/4− electrolyte rises earlier to a well-deﬁned plateau,
suggesting more eﬃcient collection of photogenerated carriers
in the junction.
These results show that ideal semiconductor/electrolyte
junctions are formed by the CdS-coated CIGSe layers,
particularly in the case of the hexacyanoferrate electrolyte.
This conclusion was conﬁrmed by a comparison of the
D
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state part of the transient response at long times), the
photocurrent is again in phase with the illumination, but its
magnitude is decreased by recombination since it is determined
by the sum of the electron and hole currents. The equivalent of
the exponential decay and overshoot seen in the time domain is
a semicircle in the upper complex plane when the imaginary
component of the ac photocurrent is plotted vs the real part
(see Supporting Information for further details). The high
frequency intercept corresponds to the instantaneous transient
photocurrent, and the low frequency intercept corresponds to
the (lower) steady state photocurrent observed after the initial
transient decay. In addition, RC attenuation becomes apparent
at very high frequencies. This RC eﬀect is also seen in the ﬁnite
rise-time of the photocurrent transients that is evident if
measurements are made at short times (typically on a
millisecond time scale). The relationship between the transient
and IMPS photocurrent responses is illustrated by the
calculated example in Figure 7. The exponential decay and
Figure 6. Graph showing the eﬀect of air exposure on the
photocurrents measured with diﬀerent samples. Note the high stability
of the CIGSe/CdS samples and the superior reproducibility when they
are measured using the hexacyanoferrate electrolyte.

(less than 30 min), but more prolonged exposure evidently
leads to irreversible degradation, resulting in a decay of the
measured photocurrent with exposure time. By contrast, the
CdS/CIGSe samples give reproducible photocurrent values,
even after 6 h exposure to air, with the data for the
hexacyanoferrate electrolyte showing much less scatter. The
combination of CdS coating with the use of the hexacyanoferrate electrolyte therefore appears to be ideal for reliable
photoelectrochemical characterization of solar cell device grade
CIGSe layers.
Characterization of Charge Transfer and Recombination by IMPS. The application of IMPS to study the
competition between charge transfer and recombination at
semiconductor photoelectrodes has been discussed elsewhere.23,29−33 The IMPS technique is based on small amplitude
sinusoidal modulation of the illumination intensity incident on
the semiconductor/electrolyte interface. The modulation
frequency is varied over a wide range (typically 1−105 Hz),
and the magnitude and phase of the photocurrent relative to
the illumination are measured as a function of frequency. In the
ideal case where no interfacial recombination occurs, the
modulated photocurrent remains in phase with the illumination, except at high frequencies where RC attenuation occurs
due to a combination of series resistance and space charge
capacitance. However, if surface recombination takes place, the
frequency domain response mirrors the time-domain response
seen in photocurrent transients (cf. Figure 5). Hence at high
frequencies (equivalent to short times in transient measurements), one sees only the displacement current due to minority
carriers (in our case electrons) charging the space charge
capacitance as they move toward the interface. Recombination
is essentially frozen out. At lower frequencies (corresponding to
times where the decay is seen in photocurrent transients), the
photocurrent response is attenuated and shifted in phase since
it is determined not only by the ﬂux of minority carriers
(electrons) but also by the ﬂux of majority carriers (holes)
ﬂowing to the surface to recombine with minority carriers that
are “queuing up” to take part in interfacial electron transfer.
Finally, at very low frequencies (corresponding to the steady

Figure 7. Calculated examples of the normalized transient and IMPS
responses for a case where surface recombination results in a 50% loss
of carriers. The RC time constant has been set to be 10 times smaller
than 1/(ktr + krec). The upper (low frequency) semicircle is due to
surface recombination, and the lower (high frequency) semicircle
arises from RC attenuation. Note that the photocurrents are negative
since we are dealing with a p-type semiconductor.
E
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overshoot of the transient are determined by a time constant
that is the inverse of the sum of the rate constants for charge
transfer and surface recombination (ktr and krec, respectively). It
should be noted that both of these rate constants are used to
deﬁne the rates of reaction in terms of the surface concentration
of minority carriers (i.e., in units of cm−2).23 krec is a pseudoﬁrst-order rate constant since it depends on the concentration
of majority carriers at the surface, which is assumed to be
constant at a given value of band bending23 (see Supporting
Information).
The steady state current, j∞, reached following the initial
decay of the transient corresponds to the EQE measured under
dc conditions, and it is given by
EQE =

⎛ k tr ⎞
= η⎜
⎟
qI0
⎝ k tr + k rec ⎠
j∞

(1)

Here I0 is the incident photon ﬂux corrected for reﬂection loss.
η represents the fraction of photogenerated minority carriers
that reach the surface, which is given by the Gärtner equation
η=1−

exp( −αW )
1 + α Ln

(2)

where α is the absorption coeﬃcient; W is the width of the
space charge region; and Ln is the electron diﬀusion length. The
eﬀect of the RC time constant is to introduce a ﬁnite rise and
fall time into the transient as illustrated in Figure 7 (the eﬀect
has been exaggerated here to make it visible).
The corresponding IMPS response plotted in the complex
plane in the normalized form j/qηI0 for the same relative values
of ktr, krec, and RC has two main features. The upper semicircle
has a low frequency intercept corresponding to the steady state
photocurrent. In this example, since ktr = krec, the intercept is
located at ktr/(ktr + krec) = −0.5 on the normalized real axis.
The maximum of the upper semicircle occurs when the radial
frequency 2πf = (ktr + krec). The lower semicircle is due to RC
attenuation, and the RC time constant corresponds to the
inverse of the radial frequency at the lowest point. In the
example shown in Figure 7, the RC attenuation also aﬀects the
point at which the plot crosses the real axis with increasing
frequency. If the RC time constant is smaller, as is the case
experimentally, the plot crosses the normalized real axis very
close to −1.0 rather than at the somewhat lower value seen in
Figure 7.
IMPS experiments were carried out with both bare and CdScoated CIGSe samples. In the case of the uncoated samples,
measurements were only possible in the Eu3+ electrolyte,
whereas both electrolytes were used in the case of the CdScoated samples. The experimental results shown in Figure 8 can
be compared with the calculated response in Figure 7. As
outlined above, analysis of the IMPS response involves
determination of two unknowns (ktr and krec) from two
measured parametersthe frequency of the maximum in the
recombination semicircle and the normalized low frequency
intercept. Normalization involves taking the high frequency
crossing point on the real axis as the ac photocurrent without
recombination. Hence the ﬁrst-order rate constants for electron
transfer (ktr) and surface recombination (krec) can be obtained
using the radial frequency of the maximum in the
recombination semicircle (ωmax = ktr + krec) and the ratio of
the high frequency crossing point (HF) to the zero frequency
intercept (LF) on the real axis: LF/HF = ktr/(ktr + krec).

Figure 8. Comparison of the experimental IMPS responses measured
using europium and hexacyanoferrate electrolytes at the potentials
shown. Note the absence of the recombination semicircle in the
response obtained using hexacyanoferrate.

Quantitative treatment of the IMPS data for the CIGSe/CdS
sample in europium electrolyte leads to the results shown in
Figure 9. It can be seen from the plots that the charge transfer
rate constant ktr is only weakly potential-dependent, as is
expected for a one-electron transfer redox system in the
absence of complications due, for example, to band edge
unpinning. The recombination rate constant krec, on the other
hand, is strongly potential-dependent since it is proportional to
the concentration of majority carriers (holes) at the surface,
which is controlled by the band bending. The exponential
decrease in krec that is seen as the potential is made more
negative reﬂects the withdrawal of holes from the interface. The
much smaller variation of ktr with potential may reﬂect changes
in the potential drop in the Helmholtz layer associated with
surface states at the CdS/electrolyte interface.
The ﬁrst-order rate constant ktr for charge transfer measured
by IMPS is of the order of 102 s−1, which is remarkably low for
a one-electron redox system. As shown in the Supporting
Information, this ﬁrst-order rate constant can be related to the
second-order heterogeneous rate constant k2het (cm4 s−1) for
reactions between electrons and Eu3+. An order of magnitude
estimate of k2het for the europium system gives 10−28 cm4 s−1.
We can compare this with the upper limit of k2het for ultrafast
outer sphere redox reactions, which was calculated theoretically
by Pomykal et al. to be ca. 10−17 cm4 s−1.34 The low value of
F
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al.38 have used photoemission spectroscopy to examine the
eﬀect on the work function of adsorbing a monolayer of water
on WSe2 and other layer type chalcogenides. They observed a
decrease in the work function of 0.6−0.7 eV. This corresponds
to a strong degree (ca. 70%) of preferential orientation of water
at the semiconductor/electrolyte interface.
The band alignment at the CIGSe/electrolyte interface is
particularly interesting since it determines whether the material
will be stable in contact with a particular redox electrolyte.
Siripala et al.21 have shown that the ﬂat band potential of
CIGSe depends strongly on whether the surface has been
oxidized. For a reduced surface at pH < 4.0, they found that the
ﬂat band potential was constant at −0.05 V vs NHE. Since the
pH(pzc) of CIGSe is pH4.0,39 we assume that the ionic
contribution is negligible, so that we are left only with χdip. The
value of the ﬂat band potential places the Fermi level of the
CIGSe at − (4.5−0.05) = −4.45 eV (we have used −4.5 eV for
the NHE level). The valence band edge energy calculated from
the doping density of the CIGSe (ca. 1016 cm−3) is then −4.53
eV. According to Sharbati and Sites,40 the valence band energy
is independent of gallium content at −5.35 eV on the vacuum
scale. The diﬀerence between these two values should be equal
to χdip, in this case 0.82 eV. This is higher than the average
value of 0.5 eV discussed above but comparable with the value
derived for layer-type chalcogenides by Mayer et al.38 In our
case, a more positive ﬂat band potential (ca. 0.2 V vs NHE)
than the value given by Siripala at al. (−0.05 V vs NHE) for a
reduced surface was estimated from the photocurrent onset in
the europium electrolyte. This may indicate that the surface is
partially oxidized by exposure to air. If we use this value to
estimate χdip, we obtain 0.57 eV, which is closer to the average
value of 0.5 eV discussed above. Since the standard reduction
potential of the Eu3+/2+ couple is −0.38 V vs NHE and the band
gap of the CIGSe is 1.1 eV, we can conclude that the solution
redox level is located close to the mid gap position relative to
the CIGSe. This makes Eu3+ a suitable electron scavenger in
terms of the thermodynamics, but as shown by the transient
photocurrents and IMPS response, the europium couple suﬀers
from sluggish kinetics.
Turning now to the hexacyanoferrate electrolyte, its redox
Fermi level would be well below (by nearly 0.4 eV) the valence
band edge calculated above. This would mean that the
hexacyanoferrate couple would inject holes into the valence
band, bringing about oxidation of the CIGSe. However, the
corrosion may become self-limiting since Siripala et al.21 have
shown that the ﬂat band potential of the oxidized CIGSe
surface is much more positive. Remarkably, these authors
showed that it is possible to control the ﬂat band potential by
varying the anodic limit of a voltammetric scan. If we assume
that immersion of the CIGSe in the hexacyanoferrate couple is
equivalent to polarizing the CIGSe to the equilibrium
hexacyanoferrate potential, the ﬂat band potential derived
from the data provided by Siripala et al. would be around +0.5
V vs NHE, after allowing for a Nernstian pH dependence. This
corresponds to a downward shift of the CIGSe valence band by
ca. 500 meV relative to the reduced surface. The CIGSe would
therefore move from strong accumulation immediately after
immersion to weak depletion after oxidation. This seems to be
consistent with the observation that corrosion is slower in the
equimolar hexacyanoferrate electrolyte than in Fe(CN)63−
alone. Figure 10 contrasts the band alignments and band
bending derived from this analysis for the two electrolytes. In

Figure 9. Potential dependence of the rate constants for interfacial
charge transfer (ktr) and recombination (krec) measured for a CIGSe/
CdS sample in Eu3+ electrolyte.

k2het is consistent with the very low self-exchange rate constant
for the aqueous Eu3+/Eu2+ couple (ca. 10−4 M−1 s−1 ≡ 1.7 ×
10−25 cm3 s−1).
Band Alignments. A key issue in the context of the present
study is the alignment of the CIGSe and CdS band energies
relative to the solution redox levels. The band alignment at the
contact between the CIGSe and the CdS buﬀer layer is
normally calculated by using the electron aﬃnities of the two
semiconductors. This involves the implicit assumption that
there is no dipole layer present at the interface between the two
materials. The contact between CIGSe (or CdS) and the
electrolyte is more problematic. In order to be able to relate the
electron aﬃnities of the two semiconductors to the standard
electrochemical scale, it is necessary to take into account the
potential drop in the Helmholtz double layer at the solid/
electrolyte interface. This can be separated into an ionic
contribution arising from excess ionic charge on the semiconductor surface and a dipole contribution χdip arising from
partial orientation of water molecules at the surface. It is usually
assumed that the ionic contribution vanishes at the isoelectric
point of the solid. In the simplest case, where protons are the
potential determining ions, one assumes that the ionic
contribution is zero at the pH of the point of zero charge
(pH(pzc)). The situation is more complicated in the case of
chalcogenides since the corresponding chalcogenide ions (HS−
and HSe−) are potential determining.
If the ﬂat band potential of a semiconductor can be
determined under conditions where the ionic contribution to
the potential drop can be neglected, the energy alignment can
be calculated for the appropriate majority carrier band (i.e., the
conduction band for n-type and the valence band for p-type
materials). Comparison with the values obtained, for example,
by photoemission should then allow evaluation of the surface
dipole potential. This approach has been discussed in several
papers,35−37 and there appears to be a consensus that an
average value of χdip is 0.5 eV. The dipole orientation with the
oxygen of the water molecule pointing in to the surface results
in an upward movement of the energy band of the
semiconductor relative to the solution redox levels. Mayer et
G
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conﬁguration with the EQE in a ﬁnal device. To avoid
complications due to absorption by the hexacyanoferrate
couple, a wavelength of 735 nm was chosen for the comparison
(corrections for the optical absorption by hexacyanoferrate
solution at shorter wavelengths can be minimized by reducing
the optical path length). Figure 12 contrasts the PEC response

Figure 10. Comparisons of band alignments of CIGSe in europium
and hexacyanoferrate electrolytes. Applied potential −0.4 V vs NHE.

both cases, the applied electrode potential is −0.4 V vs NHE,
i.e., close to the region of the saturation photocurrent.
The band alignments in the case of the CdS-coated CIGSe
samples will be determined by the band edge position of the
CdS relative to the redox Fermi levels and the relative positions
of the conduction and valence band in CIGSe and CdS. The
bandgap of CdS is 2.4 eV, and its conduction band appears to
be well aligned with that of CIGSe. The ﬂat band potential of
CdS at the pH(pzc) is around −0.5 V vs NHE in the absence of
HS− ions.41 This places the conduction band 120 meV above
the Eu3+/2+ redox level and 0.88 eV above the Fe(CN)63−/4−
redox level. The valence band of the CdS is therefore ca. 1.5 eV
below the Fe(CN)63−/4− level, so that no hole injection can
occur. Based on these values, the band alignment for the CdScoated CIGSe is as shown in Figure 11. The large oﬀset
between the valence bands of CIGSe and CdS means that the
junction will block hole transfer from the CIGSe to the
electrolyte.

Figure 12. EQE spectrum of completed CIGSe device compared with
the PEC EQE measured at −0.6 V vs NHE, 735 nm (see inset). Note
the agreement between the two EQE values.

at 735 nm with the EQE spectrum measured under shortcircuit conditions for a device fabricated using the same
CIGSe/CdS ﬁlm after careful rinsing. It is important to note at
this point that prior exposure of the layer to the electrolyte does
not signiﬁcantly aﬀect device performance; i.e., the PEC test is
truly nondestructive. The good agreement between the EQE
measured in the PEC conﬁguration and the EQE of the ﬁnal
device provides evidence that a useful predictive test using
electrolyte contacts is possible. Work is in progress to obtain
suﬃcient data with a large number of diﬀerent samples in order
to allow a statistical analysis of the method. We have also
developed an X−Y scanning system for use with electrolyte
contacts, and this is being used to produce EQE maps to
compare with ﬁnal CIGSe and CZTS devices produced on
large area substrates. Work is also planned to see if stability of
uncoated absorber layers could be achieved in nonaqueous
media with suitable redox couples such as cobaltocene/
cobaltocenium, which has been used successfully for other
systems.42

Figure 11. Band alignment for CIGSe electrodes coated with a thin
CdS ﬁlm. Applied potential −0.4 V vs NHE. The thickness of the CdS
ﬁlm and the corresponding band bending have been exaggerated for
clarity.

■

CONCLUSIONS

This study has shown that reliable EQE measurements can be
made on CIGSe absorber layers provided that they are coated
by a CdS buﬀer layer, and a fast redox system is used to
scavenge photogenerated electrons. The widely used Eu3+
electrolyte gives less reliable results since the slow electron
transfer kinetics can lead to substantial reduction of the EQE
due to surface recombination. The utility of the PEC screening
method has been demonstrated, and the work reported here
should provide a platform for further development of PECbased screening methods, including X−Y imaging.

It can be seen from Figure 11 that the Fe(CN)63−/4− Fermi
level actually lies close to the valence band of the CIGSe. The
presence of the CdS layer prevents hole injection when the
electrode is immersed at open circuit because there is a large
barrier to hole transfer across the CdS. This explains why the
CdS/CIGSe electrode behaves so ideally.
Application for Performance Prediction. The application of the PEC screening method developed in this work has
been tested by comparing the EQE measured in the PEC
H
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