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ARTICLE INFO ABSTRACT

Keywords: Metal chalcogenide semiconductors are being widely investigated for applications in solar energy conversion,

CIGS, such as photovoltaics and visible light photocatalysis. Herein, an initial assessment of potentialities of new

Flat band potential lamellar chalcogenides named CIGS, is provided, while comparing them with that of the well-known CIGS

iﬁ?{;;frisgucmre chalcopyrite. The main difference between CIGS and CIGS, compounds concerns their electronic properties and
more precisely the nature of charge carriers. Cug 32In; 74Gag g4S4 (CIGS4) is an n-type semiconductor, unlike the
chalcopyrite Culng 7Gag 3S2 (CIGS) that is a p-type semiconductor. More noticeable, Cuy 44In2 77Gag 76S¢ (CIGSe)
and in a lesser extent Cug gs5In1.75Ga; 4S5 (CIGSs), exhibit an ambipolar character with a slight predominance of
electron transport. The Fermi levels of all lamellar CIGS,, compounds are similar (-4.5 eV) and higher that of the
chalcopyrite CIGS (-5.1 V). In addition, the charge carrier densities of CIGS,, compounds (10**-10'7 cm™3) are
significantly lower than that of CIGS (10%° cm™2), which is consistent with their higher resistivity. Photo-
luminescence measurements and OCP decays suggest much more in-gap defect states in the lamellar compounds.
These results suggest that CIGS, compounds would not be suitable for photovoltaic applications. Nevertheless,
their energy bands show an interesting positioning, with respect to redox potentials involved in water splitting
and CO3 reduction. In addition, ambipolarity could enhance the efficiency of catalytic reactions, because a type
of minority charge carriers does not limit the charge transport.

1. Introduction

Metal chalcogenides semiconductors stand out as promising candi-
dates for different light driven applications such as photovoltaics (PV)
and photocatalysis [1,2]. Formally, the great interest of such compounds
resides in their optical properties with often a gap lower less than 3 eV.
That makes them active in the visible range of the solar light, with
concomitantly higher propensity than oxides to absorb light due to
higher covalency of chemical bonds. Moreover, a lower effective mass of
carriers may be expected, due to lesser localization effects and larger
dispersion of electronic bands. This should favour the separation of
electron-hole pairs, migration of photo-generated charges toward the
surface, and consequently chemical reactivity towards species to reduce
or to oxidize. Moreover, two-dimensional (2D) metal chalcogenides,
especially materials with van der Waals gap prepared as lamellas, offer
additional advantages. Formally, the 2D nature reduces the diffusion
length of charge carriers, which improves the kinetics of photoinduced
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reactions on the surface. As well, the band gap energy and band posi-
tions of 2D materials usually depend on the overall thickness of the
structural slabs, which can be employed to modify their photo-generated
properties [3]. Among these materials, copper-based sulphide chalco-
genides, especially ternary and quaternary compounds, are very inter-
esting, due to their wide range of composition and their structural
flexibility, which allows the adjustment of their optical properties.
Accordingly, the pseudo-ternary Cu»S-InpS3-GasSs system is currently
the focus of exploratory research to identify new compounds for
photo-induced applications.

Recently, new quaternary lamellar compounds named CIGS; have
been reported in the literature [4], namely Cug 32In; 74Gagp.g4S4 (CIGS4),
Cu0,651n1‘75Ga1,455 (CIGSs) and Cu1.44In2,77Ga0,7686 (CIGSG). As shown
in Fig. 1, CIGS, compounds present a 2D structure built upon infinite
2/oo[InSz] layers based on [InSg] octahedral sharing edges, on which
condense, on both sides, mono-, bi-, or tri-2/.,[MS] layers (i.e., [MS4]
tetrahedral sharing corners) with M = Cu, In, Ga. The [M(rd))n-2(Inon)]
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Fig. 1. Schematic representation of CIGS,, crystal structures

Sp slabs, where n is the total number of sulphur layers, are separated
from each other by a van der Waals gap. Let us put the emphasis that
tetrahedral sites (Td) exhibit intrinsic cationic vacancies and mixed
occupancy (Cu™, In*" and Ga®"), allowing chemical composition tuning.

These lamellar materials are potentially interesting for photoinduced
applications for several reasons. First, CIGS, compounds exhibit optical
gaps (1.7 - 1.9 eV) comparable to that of the chalcopyrite Cu(Ing ;Gag 3)
S5 (CIGS), studied as absorber in tandem solar cells [5], but also as
photocatalyst for hydrogen evolution reaction (HER) [6]. Second, CIGS,
phases are isostructural with ZIS, compounds (i.e., ZnIn,S4 and
Zn3lInySe), extensively investigated as visible-photocatalysts for HER [7,
8]. Given the beneficial role that lattice defects could have on photo-
catalytic properties [9], the existence of native cationic vacancies and
mixed-cationic occupancy in CIGS;, compounds could be considered as
an advantage over ZIS, photocatalysts. Third, Culn3Ga,Sg, isostructural
with Ag; 12In3 7Gag 68510 that exhibits a CIGSs type-structure, have been
studied for solar hydrogen production, evidencing a significant efficient
photocatalystic activity in the visible [10].

Therefore, the aim of this work is to provide an initial assessment of
potentialities of CIGS, compounds for photovoltaic and visible light
photo-catalysis applications, while comparing them with that of the
well-known CIGS chalcopyrite. This requires the evaluation of a number
of intrinsic properties such as visible light absorption, optical band gap,
nature of the majority carriers and carrier lifetime. The position of the
valence and conduction bands on an absolute scale, as well as that of the
Fermi level were also determined. For this purpose, an analytical
approach combining diffuse reflectance experiments, electrochemical
measurements and X-ray photoelectron spectroscopy (XPS) was
implemented.

2. Experimental section

CIGS, powders with n= 4, 5 and 6 were synthesised by a solid-state
reaction route, following the protocol previously reported [4].
Cup.32In1.74Gag.84S4 (CIGSy), Cugesny 75Gay 4S5 (CIGSs), Cuj.44Ing7y.
Gay 76S¢ (CIGSe) lamellar compounds and Culng;Gag 3S2 (CIGS) chal-
copyrite were prepared from binary precursors (i.e., metal sulphides
CusS, GasSs3 and InyS3) mixed in stoichiometric ratios. The mixture was
sealed in a silica tube, heated up to 800°C for 48h and then cooled down
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to room temperature by quenching. In the case of CIGSe, an additional
annealing is required.

For (photo)electrochemical measurements (PEC), CIGS and CIGS,
sintered pellets (~ 0.8 cm? of diameter) were prepared by spark plasma
sintering (SPS) in order to improve their compactness. Namely, samples
were pressed under 38 MPa under argon atmosphere in a graphite die at
high temperature (500°C) for 5 min. The working electrodes were pre-
pared by sticking the pellets to a copper wire using a conductive carbon
glue, then dipped in the resin and finally polished to obtain a flatten
smooth surface.

Chronopotentiometry, current—potential curves and electro-
chemical impedance spectroscopy, were performed using a three elec-
trodes cell with platinum, CIGS, pellets and Ag/AgCl as counter,
working and reference electrodes, respectively. KCl aqueous solution
(0.5 M) was used as electrolyte (pH ~ 6). PEC measurements were
carried out under chopped illumination using an MI-LED illuminator
(Edmund Optics). The corresponding emission spectrum and the
instrumental setup are shown in supplementary information (Fig. S1).

Impedance spectra were measured under dark in a frequency range
from 100 Hz to 100 kHz. Nyquist diagrams of all compounds, depicted in
Fig. S2, were plotted from the electrochemical impedance spectroscopy
(EIS) measurements in the dark. The equivalent circuit used to fit them
consisted to a simplified Randles circuit with neglecting Warburg as
shown in insets. The capacitance of the space charge region Cgc at the
surface of the semiconductor and the interfacial electrical double charge
layer, principally controlled by the Helmholtz layer in the electrolyte,
contribute to the total capacitance C. Indeed, due to the high concen-
tration of the electrolyte (> 0.1 M), the Gouy-Chapman layer can be
neglected. As the capacity of the Helmholtz layer Cy is notably higher
than Cgc, C 2 is approximately equal to C3é.

The Mott—Schottky (MS) plots were plotted in a potential range of
—0.8 to 0.2 V vs. Ag/AgCl at relatively high frequencies (1—10 kHz) to
neglect the diffusion phenomena, according to the formula below:

1 2 kT
- = Vg —— 1
Csc?  €€0eAN (V Vi e ) )

where Csc is the capacitance of the space-charge region, ¢, corresponds
to the vacuum permittivity, ¢ is the relative permittivity of the semi-
conductor, A is the surface of the probed semiconductor in contact with
the electrolyte, N is the donor density (formally, electron donor con-
centration Np for an n-type semiconductor or hole acceptor concentra-
tion Ny for a p-type semiconductor), k is the Boltzmann constant, T is the
temperature and e is the electron charge. Since kTT equals to 0.025 V at
20°C, this term is generally neglected. Consequently, Eq. (1) can be
simplified and replaced by Egs. (2) and (3):

1 2
——r———(V-V, 2
Csc?  ee,AN, (V= Vp) 2

1

Cs2 T eeAN, (V= Vp)

€))

Due to the difference in redox potential between the semiconductor
(determined by the Fermi level) and the electrolyte, bringing the latter
into contact causes the creation of a double layer at the interface.
Typically, the semiconductors are in depletion conditions at equilibrium
(at open-circuit). Indeed, for an n-type (p-type) semiconductor, the
Fermi level is typically higher (lower) than the redox potential of the
electrolyte, and hence electrons (holes) are transferred from the elec-
trode into the solution. Therefore, there is a positive (negative) charge
associated with the space charge region, and this is reflected in an up-
ward (downward) bending of the band edges. Thus, regarding the sign
and the value of the slope obtained by scanning from depletion to
accumulation conditions, the type of semiconductor and the donor or
acceptor density Np or N can be determined respectively. Their values
were approximated by using for calculations, the permittivity of the
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chalcopyrite CIGS (¢ = 13.6) [11] and the geometric surface of the pellet
as contact surface semiconductor/electrolyte (porosity of the pellet was
not taken at all into account). Consequently, Ny and Np calculated
values have to be regarded with precaution, and only as overall in-
dicators (estimation of the order of magnitude). The flat band potentials
Vp, were determined versus Ag/AgCl (Vag/agcl = 0.199 V vs. NHE) by
extrapolation at C2 = 0, calculated versus RHE (reversible hydrogen
electrode) taking into account the pH value of the electrolyte solution.
Note that the dependence of flat band potentials on pH values was not
investigated in this work. The positioning in energy of the Fermi level on
the absolute scale was then determined based on Egs. (4) and (5):

Vi (RHE) = Vi (Ag / AgCL) + 0.059 pH + Vag/agar “@

E;(eV) = —4.5 — eVp(RHE) 5

Generally, to plot the Mott-Schottky diagrams, the potential scan-
ning is done from the potentials inducing a situation of charge carrier
depletion (close to the open-circuit potential) towards a situation of
accumulation of the carriers, namely, from high (low) potentials for an
n-type semiconductor (p-type) towards low (high) potentials. In all
cases, to prevent the modification of the semiconductor surface, the
faradic processes are avoided by limiting the potential range scanning.
Sources of mathematical equations are referenced [12].

A SMU (keitley 236) with four-point probe technic was used for
electrical conductivity measurements. Samples were rectangular pellets
compressed by SPS under the conditions mentioned earlier.

Photoluminescence (PL) spectra were recorded using a Renishaw
InVia Raman microscope setup. The measurements were carried out at
room temperature with a laser beam excitation at 488 nm (2.54 eV) over
a 550-1200 nm wavelength range with an acquisition time of ten sec-
onds. The conditions used were optimized in order to avoid any possible
degradation of the sample surface by using a filter to reduce the laser
power from 5% down to 0.01%. At higher powers, the intensity was too
high to get accurate measurements without saturating detector.
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3. Results and discussion

The electronic properties of CIGS and CIGS,, materials were investi-
gated by steady state and transient electrochemistry. The evolution of
the open circuit potential (OCP) under chopped-light conditions was
collected to determine the nature of majority charge carriers. The ab-
sorption of light by a semiconductor modifies the charge distribution at
its surface, resulting in a change to the position of the Fermi level and
the band bending. The Fermi level is split into two pseudo Fermi levels,
Eg , for electrons and E ;, for holes, which results in a modification of the
OCP. This is the difference between the quasi Fermi level of majority
charge carriers and the Fermi level in the dark. Consequently, the OCP is
expected to increase (decrease) under illumination for a p-type (n-type)
semiconductor. Indeed, under light excitation, photo-generated charges
are formed, band bending is reduced and charge carrier concentrations
are readjusted, majority (minority) charge carriers being dragged to-
wards the bulk (the surface). Once the illumination is switched off, the
semiconductor returns to its equilibrium state. Before and after illumi-
nation, the OCP values were found to be comparable. The OCP decay
after light off is depicted Fig. 2. It is important to note that the effect of
illumination on the OCP decay is significantly reduced in the case of
CIGS. This is certainly due to a lower band bending, which in turn de-
pends on the inherent potential of the semiconductor-liquid junction.
Based on the observation of Fig. 2, CIGS chalcopyrite appears as a p-type
semiconductor (as expected from the literature) while CIGS, can be
considered as n-type semiconductors [13,14].

The difference of electronic behavior between lamellar CIGS, com-
pounds and the chalcopyrite CIGS was confirmed by current-potential
measurements under chopped light. The rate of charge carriers at the
semiconductor surface according the illumination influences the photo-
induced current. This photocurrent in aqueous media in classically due
to water splitting, namely, water oxidation or oxygen evolution reaction
(OER) for anodic currents and water reduction or hydrogen evolution
reaction (HER) for cathodic currents. In chorine-based media, chlorine
evolution reaction (CER) can contribute to the photo-oxidation current
too, as can photo-corrosion reactions. Although the CER kinetics is
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Fig. 2. Open circuit potential (OCP) curves under illumination (yellow region) and under dark of a) CIGS, b) CIGS,, ¢) CIGSs and d) CIGSe. KCI aqueous solution (0.5

M) was used as electrolyte (pH ~ 6)
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faster, due to the larger overpotential of the CER, the OER is thermo-
dynamically favored. Thus, in neutral conditions at low applied poten-
tials, as it is the case in this study, the photo-oxidation current due to
CER is limited. Moreover, the photodegradation of the compounds seem
limited too because voltammograms and EIS do not highlight additional
faradic peaks.Whatever the applied potential, a reduction current is
recorded on the chalcopyrite CIGS phase, whereas an oxidation current
is observed for the CIGS, phase (Fig. 3a and b). In depletion conditions,
the flow of minority charge carriers imposes the current. Consequently,
an increase of the oxidation current under illumination characterizes an
n-type semiconductor. Conversely, an increase of the reduction current
translates a p-type behaviour. Based on these criteria, the p-type and the
n-type behaviours of the chalcopyrite CIGS and CIGS4 phases are
confirmed. The semiconductor type behaviour of CIGS is more clearly
demonstrated in the negative potential range than in the positive one, as
illustrated in Fig. S3 in the supplementary information. The electro-
chemical behaviour of the CIGSg phase and, to a lesser extent, that of the
CIGSs one, are much more controversial since fully distinct of the two
previous ones (Fig. 3c and d). Formally, a photo-oxidation current is
detected for high potentials for both materials while a photo-reduction
one is observed for low potentials. The photocurrent inversion occurs
at reversal potentials of -0.06 V and -0.13 V vs. Ag/AgCl for CIGS¢ and
CIGSs phases, respectively.

Such a behaviour might be also associated to an ambipolar character
of probed semiconductors that could naturally transport and transfer
simultaneously both holes and electrons charge carriers in a comparable
way depending on the applied potential [15]. A slight predominance of
electron over hole transport is nevertheless suggested, the magnitude of
the photo-oxidation current generated being slightly higher than the
photo-reduction one (see Fig. 3d). This would be consistent with the
OCP evolution under illumination (Fig. 2). The prevalence of electrons
over holes is stronger marked in CIGSs phase than the CIGSe, the
photoreduction current being then barely detectable (Fig. 3c). A detailed
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examination of the current-potential curve of the CIGSg and CIGSs
compounds reveals notable features that need to be commented upon.
For CIGSg, the observation of some oxidation current spikes subsequent
to light-off can be attributed to transient charge transfer or accumula-
tion phenomena at the interface. The increase of the band bending after
light off increases the flow of the minority charge carrier at the interface,
causing a transient increase of oxidation current until the charges
recombination. In the case of CIGS5, the PEC measurements are char-
acterised by a high signal-to-noise ratio. This is due to its high electrical
resistivity.

To determine the flat band potentials of all compounds, and to
further investigate the possible ambipolar nature of CIGS¢ (and CIGSs in
a lesser extent) more in depth, electrochemical impedance measure-
ments were performed on pellets. Mott-Schottky (MS) plots displayed in
Fig. 4 illustrate two distinguishable trends for C~2 evolution, depending
on the type of charge carriers. The MS plot of CIGS (Fig. 4a) shows as
expected a negative slope, asserting definitely its p-type behaviour.
Conversely, the MS plot of the CIGS4 compound (Fig. 4b) exhibits a
positive slope, verifying its n-type behaviour. CIGSs exhibits the same
behaviour as CIGS4 (Fig. 4c) confirming that the charge transport is
dominated by electrons as hypothesized previously. Note that the value
of flat band potential determined on the chalcopyrite CIGS by extrapo-
lation at C™2 = 0 is around 0.67 V vs. RHE, slightly higher than the
values previously reported in the literature and commonly collected on
CIGS thin films deposited on a soda line substrate (around 0.13 V vs.
RHE [16]). Moreover, the change in the nature of the majority carriers
from CIGS to CIGS4 and CIGSs goes along with a decrease in the flat band
potential values that shift from 0.67 V to 0.04 V and -0.11V vs. RHE,
respectively. This corresponds to a displacement of the Fermi level of
about 0.6 - 0.8 eV towards high energies when the nature of the majority
charge carriers changes from p-type to n-type.

In contrast to the results obtained on the other lamellar phases and
CIGS, the EIS measurements carried out on the CIGSg phase (Fig. 4d)
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spotlight two different behaviours according to polarization. Indeed, a
negative (positive) slope of the C™2 vs. V curves is observed when the
potential decreases (increases). This evidences the versatility of elec-
tronic behaviour of CIGSg and tends to confirm its ambipolar character.
Let us notice that the flat band potential of CIGSg is the same (-0.12 V vs.

Table 1

Optical gap, valence band maximum vs. Fermi level, estimated Fermi level po-
sition and acceptor/donor rough concentrations for CIGS and CIGS, (n=4, 5 and
6) compounds.

RHE) whatever the potential sweep direction and is comparable to those Sample Eg(en)* VBM/Ef Ef (V) Carriers density N(cm )

obtained for the other lamellar phases. A shoulder is however discern- CIGS, 1.8 1.1 -4.5 Np ~10™°

ible in the -0.1/+0.1 V (vs. RHE) region when the slope is negative (right CIGSs L9 Lo 4.4 Np “101: 1

side on Fig. 4d). CIGSs 1.6 1.1 4.5 Np ~1020, Na ~10
CIGS 1.6 0.8 5.1 Na ~10

This can be due to a rearrangement of the Helmholtz layer due to the
modification of the charge distribution, namely decrease of the acceptor
and donor densities, at the surface according to the polarization. Indeed,
due to the ambipolarity of CIGSe and its electronic versatility, the
modification of the polarization impacts drastically the density and the
type of charges at the surface and the depletion and accumulation re-
gimes are finally reverse. This behaviour appears different from that
observed for a regime inversion, from accumulation to depletion and to
inversion or vice versa [17], where another slope is observed at higher
(n-type) or lower (p-type) potentials than the flat band potential.

The acceptor or/and donor densities of each compound were roughly
estimated from the values of the slopes of MS plots (see Eq. (1)). They are
gathered in Table 1. CIGS4 and CIGSs compounds exhibit dopant den-
sities five and three orders of magnitude lower than CIGS chalocopyrite
(10'%, 10'7 vs. 10%° em 3, respectively). For CIGSg, ambipolar semi-
conductor, the donor and acceptor densities are estimated around 1014
cm 2 and around 10'2 cm 3, respectively. This difference (two orders of
magnitude) turns to be in good agreement with the observed photo-
current values, suggesting a charge transport dominated by the electron
transport as mentioned above. Due to the calculated concentration of
acceptors and donors, CIGS4, CIGSs and CIGSg appear as regular doped

semiconductors while CIGS surprisingly as a degenerate semiconductor.
Let us remind here that CIGS data are collected here on a sintered pellet
and not on thin film deposited on a soda line substrate, as commonly
reported in literature. Consequently, density of charge carriers are not
expected to be identical, pellet being not contaminated by alkali metal in
contrast to thin films.

Formally, 4-probe electrical measurements were carried out on
pressed pellets for all samples. No conclusive results could be obtained
for CIGS, compounds (n=4-6) because of their much too high resistivity.
Measurements carried out on chalcopyrite CIGS evidence a remarkable
(and unprecedented) linear evolution of logarithm resistance In (R) with
the inverse of the root square temperature in the 10 to 100 K range
(Fig. S1). This behavior in a non-one-dimensional material is charac-
teristic of hopping conduction where carriers are localized by their
Coulomb interactions. Indeed, the resistivity (conductivity) of CIGS
varies surprisingly in a five orders of magnitude domain with a value of
515 Q.cm (1.94 10730 'l.cm’l) at room temperature. Such a behaviour
could be associated to a p-type degenerate semiconductor with localized
charge-carrier states (Fig. S4). This difference of resistivity between
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CIGS, and CIGS compounds was also inferred by electrochemistry.
Based on the examination of Nyquist diagrams (Fig. S2), it turns that the
series resistance (Rs) for the chalcopyrite CIGS-based electrode (Rs = 22
Q) is significantly lower than those obtained from the CIGS, phases (Rs
= 641, 163 and 867 Q for n = 4, 5 and 6, respectively). Since resistive
contribution of the electrolyte is neglected, the global Rs can be
considered as highly dominated by the contribution of the CIGS or
CIGS,-based electrodes.

By combining the electrochemical measurements reported in this
work with diffuse reflectance and X-ray photoelectron spectroscopy
(XPS) results already published [4], the energy diagrams of CIGS and
CIGS, were constructed. The Kubelka-Munk transformed reflectance
spectra of these compounds are shown in Fig. 5. The Fermi levels (Eg)
were estimated based on the experimental flat band potential, which
was initially determined relative to the Ag/AgCl reference electrode and
then adjusted on an absolute scale (see Experimental Section). The en-
ergy separation between the valence band maximum (VBM) and the
Fermi level was calculated by linear extrapolation of the low binding
energy edge of the XPS valence band spectra (Fig. S5). Finally, the
conduction band minimum (CBM) was located from the VBM value
using the optical gap value (Eg = Ecpm - Eypm). All values are listed in
Table 1.

The energy diagrams of CIGS,, and CIGS are sketched up in Fig. 6. The
Fermi levels of all lamellar CIGS, compounds are quite similar and
located around -4.5 eV. A similar trend is observed for the positioning of
the VBM and the CBM (-5.6, -5.4, -5.5 and -5.9, and -3.8, -3.5, -3.9 and
-4.3 for CIGS4, CIGSs, CIGSg and CIGS, respectively). It is striking to
observe that the Fermi level for all compounds is approximately pinned
in the middle of the forbidden gap, and far away from the VBM and the
CBM as commonly expected for a p-type and an n-type semiconductor,
respectively. This suggests that these materials at room temperature
have to be regarded as full compensated semiconductors, that is semi-
conductors where all defects are photo-ionized.

To corroborate the positioning in energy of the VBM and CBM of
aforementioned materials, empirical calculations were carried out using
the formulation described in the literature, based on the Mulliken
electronegativity [18,19]. In fact, it was reported that the valence band
maximum and the conduction band minimum of an AxByS, material may
be determined by the equation

1 g
Epypc = Eo + (){;}(ﬁ){é)"” +zt Eg (6)

——CIGS;

- : i .
1,2 1,4 1,6 1,8 2,0 2.2 24
Energy (eV)

Fig. 5. Kubelka-Munk transformed reflectance spectra of the CIGS chalcopyrite
and the lamellar compounds: CIGS,4, CIGSs and CIGSg.
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where Eg = -4.5 eV (scale-up factor between normal hydrogen electrode
(NHE) and absolute reference (vacuum)), and y,, is the electronegativity
of the neutral atom M on the Mulliken scale. Mulliken activity is
expressed by the following equation

|EL, + AE]|
A Mulliken = 2 (7)

where EI; represents the energy of the first ionization and AE is the
electron affinity. Corresponding values for copper, gallium, indium and
sulfur atoms are given in Table S1.

Experimental and calculated VBM and CBM values for each com-
pound are compared in Table 2. Calculations of Eyp gc match perfectly
with values determined experimentally. This strengthens our confidence
in our experimental work and bring to light the pertinence of our
analytical strategy, based on the synergic combination of electro-
chemical analyses with X-ray photoelectron spectroscopy (XPS) and
diffuse reflectance measurements, to catch the main features of the en-
ergy diagrams of inorganic materials.

To complete the optoelectronic study of these materials, photo-
luminescence measurements were carried out at an excitation wave-
length of 488 nm. Fig. 7 presents the photoluminescence spectra of
CIGSs, CIGSg and CIGS chalcopyrite measured at room temperature. For
ease of comparison, the normalised spectra are also provided. In contrast
to CIGS, measurements for lamellar compounds could only be conducted
with the use of a filter to reduce the laser power to 0.05% of the exci-
tation. At higher powers, the intensity was too high to obtain accurate
measurements. It is also important to note that measurements were
made at different laser powers, ranging from 5% down to 0.01%. In the
case of CIGS,, even at the lowest laser power, the photoluminescence
response was too intense to be measured without saturating the detec-
tor. As described in the literature [20], the PL spectrum of the CIGS
chalcopyrite is composed of two peaks. A narrow peak at 1.7 eV close to
the optical band gap (1.6 eV) likely associated to an exciton, and a
broader emission peak at lower energy (1.21 eV) that is probably due to
in-gap defects states. The PL emission of this defect band is much less
intense than that of the exciton peak. The difference in exciton energy
obtained from PL or diffuse reflectance measurements could be attrib-
uted to the use of the Kubelka-Munk approximation to estimate the
optical gap [21]. Although a value of 1.6 eV was estimated by linear
extrapolation, the threshold method on the first derivative leads to a
result identical to PL measurements.

Conversely, the emission spectra of the lamellar CIGS, compounds
have only one large peak attributed to a defect-related band. Indeed, this
broad band is centered at lower energy (1.47 eV and 1.36 eV for CIGSs
and CIGSg, respectively) than the measured optical band gap (1.9 eV and
1.6 eV for CIGSs and CIGSg, respectively). Despite the lower laser power
used for the measurements (0.05% vs. 1%), the defect-related emission
band is broader and more intense for CGIS, compounds than for chal-
copyrite CIGS. This fact seems to indicate that the recombination pro-
cesses through in-gap defects states are much more favoured in the case
of the CIGS,, lamellar compounds. This could be directly correlated to
the crystal structure. Indeed, as described above, CIGS, compounds have
a quite complex crystal structure with intrinsic cationic vacancies and
mixed occupancy (Cu-Ga-In) on tetrahedral sites that can lead to the
formation of different types of native defects (e.g., V¢y', Cuga’’or Ingu)
[4,22]. The presence of numerous defect states in the gap of CIGS,
lamellar compounds should affect the intensity of radiative transitions
carrier recombination.

Finally, as lifetimes of photo-generated carriers are directly corre-
lated to the OCP decay, we used it to compare carrier recombination
processes in these materials. In Fig. 8 are displayed normalized OCP
decays for each compound. The behaviour of CIGS chalcopyrite differs
significantly from the one of CIGS, lamellar compounds. Namely, carrier
recombination takes longer in chalcopyrite. Furthermore, it appears that
the lifetime of lamellar compounds increases with the number of
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Fig. 6. Energy diagrams of CIGS and CIGS, compounds compared to those of ZnO, CdS and Zn(O,S). Redox potentials involved in water splitting and CO, reduction

reactions are shown

Table 2

Experimental and calculated VBM and CBM values for each compound
Compound Experimental Calculated

CB (eV) VB (eV) CB (eV) VB (eV)

CIGS4 -3.8 -5.6 -3.6 -5.4
CIGSs -3.5 -5.4 -3.6 -5.5
CIGSe -3.9 -5.5 -3.9 -5.5
CIGS -4.3 -5.9 -4.0 -5.6

tetrahedral layers in their structure. Specifically, CIGS¢ has a longer
lifetime than CIGSs, which in turn has a longer lifetime than CIGS4. In
fact, CIGS,, compounds contain intrinsic cationic vacancies and mixed
occupancy on the tetrahedral sites, giving rise to a large number of point
defects, which can certainly influence recombination process. Moreover,
CIGSg slabs (i.e., [M(rdy)n-2(Incon)lSn) are thicker (18 10\) than CIGSs (15
}o\) and CIGS4 (12 f\) ones (Fig. 1). This suggests that charge recombi-
naison may be naturally longer if opposite photo-generated charges
migrate in opposite direction towards the two sides of the sheet.

These results support the photoluminescence measurements, which
suggest a higher number of in-gap defect states in the lamellar com-
pounds compared to CIGS. Furthermore, point defects could potentially

account for the observed differences in electrical behaviour between
CIGS and CIGS,,. Lamellar compounds actually exhibit a lower charge
carrier density and higher resistivity.

4. Conclusion

The aim of this work was to evaluate the potentials of CIGS, com-
pounds for photovoltaics or visible-light photocatalysis, and to compare
them with that of CIGS chalcopyrite. Based on electrochemical mea-
surements, the main difference between CIGS chalcopyrite and CIGS,
compounds concerns the nature of charge carriers at work. Chalcopyrite
Culng 7Gag 3S2 (CIGS) and Cug 32In; 74Gag 84S4 (CIGS4) are p-type and n-
type semiconductors, respectively. In contrast, Cuj 44Ing77Gag 76Se
(CIGSg) and Cug gsIng 75Ga; 4Ss (CIGSs) in a lesser extent, reveal an
outstanding ambipolar character.

The large number of in-gap defects of the CIGS; compounds together
with their low carriers density and high resistivity, may suggest that
these compounds would not be suitable for photovoltaic applications.
Moreover, as shown in Fig. 6, the band alignment of CIGS, compounds
towards the most typical buffer layers used in CIGS-based PV devices (i.
e., ZnO, CdS and Zn(0,S)) is far from optimal [23]. However, as certain
CIGS, compounds exhibit an ambipolar behaviour, an alternative could

3.5x10% 4 1.36 eV —— CIGS; (0.05%)
1 —— CIGS; (0.05%)
?3.0x10‘— ——CIGS (1%)
§ 2 5x10% 1
g ]
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Fig. 7. Photoluminescence spectra of CIGSg and CIGSs lamellar compounds compared to that of CIGS chalcopyrite (Aexe = 488 nm). To facilitate comparison, the

normalised spectra are also presented
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Fig. 8. Normalized OCP decay for CIGS and CIGSn compounds

be to use them as intrinsic semiconductors in a photovoltaic device
having an n-i-p architecture.

In addition, the energy bands of CIGS, compounds show an inter-
esting positioning, with respect to the redox potentials involved in water
splitting and CO, reduction [24-27]. In fact, these compounds appears
to be able to undergo hydrogen evolution reaction (HER) using a
sacrificial agent. Moreover, their ambipolar behaviour could enhance
the efficiency of simultaneous oxidative and reductive reactions, as long
as it is not limited by the mobility of the charge carriers. A preliminary
screening of the photocatalytic properties of CIGS, materials for
hydrogen evolution is in progress and will be published elsewhere.
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