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Highlights

The influence of the Cu-deficiency on band-energy diagram of CZTSSe was investigated

Cu-deficiency enhances optical absorption without modification of the optical gap

Cu off-stoichiometry influences notably the positioning of Er into the band gap

The VBM shifts towards a deeper energy level
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e Cu non-stoichiometry appears as a key point to design suitable CZTSSe PV absorbers

Abstract

The influence of the chemical composition on band edges and Fermi level of the
Cu2ZnSn(SxSe1-x)a stoichiometric compounds was investigated. The Cu-poor compounds,
Cu1.70Zn1.15SnSSes and Cuy.70Zn1.15SnS2Se2, were also studied according to the same
approach. As already reported, the absorption threshold increases linearly from 1.05 to
1.48 eV with increasing sulfur content. Simultaneously, the conduction band moves from -
4.4 to0 -3.8 eV respectively, while the position of the uppermost level of the valence bands and
the Fermi levels are almost not influenced by the S/Se ratio. In contrast, for Cu-poor
compounds, a significant change in the chemical surface composition is witnessed compared
to that of the bulk. Moreover, the absorption capability is enhanced without modification of
the optical gap. The Cu off-stoichiometry influences also notably the positioning of Fermi
level into the band gap. These features could be at the origin for the singular performances of

the Cu poor CZTSSe-based solar cell.

Keywords: Cu2ZnSn(S,Se)s, photovoltaics, Cu-poor, flat band potentials, XPS

1. Introduction

Although copper zinc tin chalcogenides (CZTSSe) have been extensively studied as
photovoltaic absorbers, the related thin film solar cells remain with unsatisfactory
performances (n < 12 %). Short minority carrier lifetime and low open circuit voltage (Voc)
have been identified as the key issues for CZTSSe materials [1-2]. Formally, cationic and

anionic disorders, i.e. random distributions of Cu and Zn as well as S and Se at specific



crystallographic sites of the kesterite-type structure [3-4], could impact these characteristics.
However, Cu-poor CZTSSe materials appear to have better performances than their
stoichiometric derivatives [5]. In that context, using advanced crystallographic techniques, a
classification of point defect clusters occurring in Cu-poor Cuz-2aZn1+aSN(SxSei-x)s series was
proposed (e.g. 2Cucy — Zncy +Vcu corresponds to the A-Type defects, 2Cucy + Snsh — 2Zncy
+Zng, to the B ones) [6-8]. It was shown that A-type defect could limits cationic disorder
which could explain the best optoelectronic properties of Cu-poor CZTSSe compounds [4].

On the other hand, it is well known that the efficiency of a solar cell is strongly correlated
to the band alignment between the absorber and the buffer materials, and specifically to the
conduction band offsets (CBO) [9]. For CZTSSe compounds, the dependence of the bandgap
and the band edge position versus the anionic composition (S/Se) has been studied
theoretically (first-principles calculations) and experimentally (both electrochemical and
spectroscopic methods). In the specific case of a CZTSSe/CdS heterojunction, the offset has
been directly determined by several spectroscopic techniques [10]. However, its magnitude
and its type (i.e. “spike-like” or “cliff-like”) are still subject to debate. One possible reason to
account for this still-existing controversy is chemical interdiffusion at the interface region that
would strongly impact CBO [9].

At that time, most studies reported in the literature on CZTS concern solely thin films or
nanocrystals where an accurate determination of the chemical composition remains naturally
difficult. Unfortunately, stoichiometry control is a key parameter since CZTSSe single-phased
compounds exist only in a very narrow region of the pseudo-ternary Cux(S,Se)-Zn(S,Se)-
Sn(S,Se)2 phase diagram [3, 11-14]. Thus, off-stoichiometric CZTS and secondary phases are
easily formed during the growth and post-growth processes, impacting possibly CBO and
consequently solar cell performances [5, 15-16]. To better understand the influence of the

anionic composition of CZTSSe on band edges (with possibility to fine-tune the CBO in



ultimate device approach), we prepared Cu2Zno.sSnos(SxSei-x)4 (0 < x <1) compounds as bulk
materials. In parallel, to get insight on the property change induced by a copper sub-
stoichiometry, two Cu-poor compounds, namely Cuz.70Zn1.15SnSSez and Cuz.70ZNn1.15SNS2Sez,
were prepared and their characteristics compared to those of related stoichiometric
compounds. The energy diagrams of all compounds on an absolute scale were determined
combining diffuse reflectance, electrochemical impedance spectroscopy (EIS) and X-ray

photoelectron spectroscopy (XPS) measurements.

2. Experimental

The Cu2ZnSn(SxSe1-x)4 stoichiometric compounds (0 <x < 1) (i.e. Cu2ZnSnSes (S00),
Cu2ZnSnS1Ses (S25), Cu2ZnSnS,Se> (S50) and Cu2ZnSnS4 (S100)) and the Cu-poor
compounds Cuzi.70Zn1.15SnS1Ses (A25) and Cu1.70Zn1.15SnS2Se2 (A50) were elaborated from
the constitutive chemical elements (elemental Cu, Zn, Sn, S and Se) via a ceramic route as
previously reported [6]. The purity of the samples was checked by powder X-ray
diffraction and by scanning electron microscopy (SEM) backscattered imaging. The
exact chemical composition was determined by Energy-dispersive X-ray analyses (EDX).
The analyses were performed on polished sections of the samples embedded in epoxy
using calibrated standards. Table 1 sums up the target and measured compositions as well

as the labelling used hereafter.



Table 1: Labelling and measured chemical compositions of Cu2ZnSn(SxSe1-x)s and Cu-

poor samples

sample targeted composition CE:E))r)éposi tion* x (EDX)
S00 Cu2ZnSnSes CU1.98(1)ZN1.02(2)SN0.996(6)S€4.00(2) 0

S25 Cu2ZnSnS;Ses Cu1.992)ZN0.99(1)SN1.019(7)S1.05(1)S€2.947(7) 0.263(2)
A25 Cu1.70ZNn1.15SnS1Se3 Cu1.812)ZN1.18(4)SN1.006(9)S1.08(1)S€2.923¢9) 0.268(3)
S50 Cu2ZnSnS;,Se; Cu1.982)ZN1.01(2)SN1.005(7)S2.092)S€1.91007) 0.523(5)
A50 Cu1.70Zn1.155nS2Se; Cuig@Znii15@)SNLor)S2113)Se1991)  0.528 (2)
S100 Cu2ZnSnS, CU1.99(2)ZN0.99(2)SN1.02(1)S4.000(9) 1

*Estimated standard deviations are given in parentheses

The UV-visible-NIR diffuse reflectance spectra of finely ground samples were recorded
with a UV-vis/NIR spectrometer (Perkin EImer Lambda 1050) equipped with an integration
sphere and controlled using the UV Winlab 6 program. The reflectance measurements were
made in the 1653-496 nm range (i.e. from 0.75 to 2.5 eV) with a 2 nm step. Barium carbonate
was used as white standard. The absorption (K/S) data were then calculated from the raw
reflectance data using the K/S = (1-R)%(2R) Kubelka-Munk formula. Spectra have been
normalized for easy comparison.

X-ray photoemission measurements were performed on a Kratos AXIS ultra-spectrometer
using a monochromatic Al Ka X-ray source (1486.6 eV). The X-ray source ran at 150 W and
the analyzed area was 700x300 pm?. The spectrometer was calibrated using Au 4f7, at 83.97
eV and Cu 2pz/, peaks at 923.63 eV measured from sputter-cleaned Au and Cu films. The Ag
3ds, FWHM is 0.47 eV at 20 eV pass energy giving an instrumental resolution of 0.1 eV. The
sound samples were ground and pressed into 6 mm diameter pellets and annealed at 350°C in
sealed silica tubes in order to avoid grain surface oxidation. The tubes were opened in a glove
box and mounted on double-sided carbon tape on an aluminium plate and transferred to the

XPS spectrometer using a bag under argon to limit surface oxidation. The wide scans were
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systematically recorded with a pass energy of 160 eV. For all compounds, high resolution
spectra of C1s, O1s, Cu2p, Zn2p, Sn3d, S2p/Se2p core levels and valence bands (VB) were
acquired at 20 eV pass energy. The intensities of the C1s and O1s peaks were very low and
similar for all compounds, in good agreement with a little contamination of the surfaces. In
addition, the C1s peak was used as energy reference (284.8eV). Spectra analysis was done
using CASA XPS program [17]. All the spectra were fitted using Voigt functions and a
linear background. A constraint on the area ratio according to their multiplicity (i.e.
S2p12 and S2pssz) was systematically applied.

Electrochemical impedance spectroscopy (EIS) measurements were performed in a three-
electrode electrochemical cell using platinum as counter electrode, a saturated calomel
electrode (SCE) as reference electrode and CZTSSe pellets as working electrode. A LiClO4 (1
M) aqueous solution (5.4 — 7.7 pH range) was used as electrolyte. Pellets were pressed under
0.6 MPa and sintered at 600°C for 48 h into a sealed silica tube. The more friable Cu-poor
compounds were consolidated by spark plasma sintering (FAST/SPS, FCT System GmbH,
model HP D10-SD) as reported in [18]. The sample powder was pressed at 410°C for 5 min
under uniaxial pressure of 60 MPa under an argon atmosphere in a high-density graphite die.
Each sintered pellet was connected to a cooper wire using a silver conductive paste, then
mounted in a chemical epoxy resin and polished to give a smooth electrode surface. For Cu-
poor samples, a KCI (0.5 M) aqueous solution (6.3 — 7.2 pH range) was used as electrolyte.
Impedance spectra were obtained under AC voltage (10 mV amplitude and 100 Hz—100 kHz
frequency range) in a potential ranging from —0.8 to 0 V vs. SCE. In order to determine the
flat-band potential (V), EIS spectra were analyzed using the Mott—-Schottky method [19] at

high frequencies (1-10 kHz).



3. Results and Discussion

3.1 Optical band gaps.

Figure 1a shows the Kubelka-Munk transformed reflectance spectra of the four
stoichiometric CZTSSe compounds. Their chemical compositions are indicated in Table 1
(see Experimental section). The estimated absorption thresholds, taken at the inflexion point,
continuously increase from 1.05 to 1.16, 1.28 and 1.48 eV for corresponding targeted x values
(i.e. 0, 0.25, 0.5 and 1), according an empirical y(eV) = 0.43 x' + 1.05 formula where X' is the
exact S/(S+Se) ratio determined by EDX. The linear variation of the gap is directly related to
that of the unit cell parameters which follow a Vegard' law. Let us notice that these measured

gap values are in a good agreement with those reported in the literature [20-22].
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Figure 1: (a) Kubelka-Munk transformed reflectance spectra of stoichiometric CZTSSe
compounds. Dotted lines point out the inflection points considered to calculate the

absorption thresholds, (b) reflectance spectra of S50 and A50 compounds

Let us now compare the reflectance spectra (see Figure 1b) of stoichiometric S50 compound
(Cuz.982)ZN1.01(2)SN1.005(7)S2.00(2)S€1.910(7)) and its A50 Cu-poor variant
(Cure3@Zni152)SN1o11)S2.113)Se1.99(1)). It is worth noting that the optical gaps remain

unchanged for both materials but the absorption onset is much steeper for A50 than S50. To



check whether this is related to a scattering effect depending on particle size, both powdered

samples underwent several grindings and no modification of the reflectance spectra was

observed. Thus, this strong difference in the reflecting behavior at low energy is associated to

the change in chemical composition of the bulk materials. and more precisely to the Cu off-

stoichiometry known to limit naturally the Cu/Zn disorder in kesterite [3].

3.2 Band-Edge energies and Flat band potentials

In order to determine the position of the valence band maximum (VBM), XPS

measurements were undertaken. For all collected spectra, the signal-to-noise ratio is high and

makes stronger our forthcoming arguments. The valence band spectra of the stoichiometric

and Cu-poor CZTSSe compounds are displayed in Figure 2a.
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Figure 2: (a) XPS spectra of stoichiometric and Cu-poor CZTSSe materials, (b) XPS

spectra at S2p, Se3p, Cu2psrz, Zn2ps32 and Sn3ds/2 threshold of S25 and A25 samples.

Namely, going from Cu2ZnSnSes to Cu2ZnSnSs, the binding energy associated to the VBM

varies from 0.1 eV to 0.3 eV with respect to the Fermi level set at zero eV. For A25 and A50,
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the valence band is clearly shifted towards higher binding energies (VBM at 0.6 eV and 0.5
eV, respectively) supporting a deeper valence band. It is also striking that a much higher
density of states at the top of the VB (built upon Cu-3d orbitals) [23] is evidenced for all
stoichiometric compounds compared to non-stoichiometric ones, in agreement with a higher
concentration of Cu in the targeted composition. This last observation is fully supported by
comparing the analyses of surface compositions of S25 and S50 samples to those of A25 and

A50 ones (see Table 2).

Table 2. Chemical composition of the surfaces of S25, A25, S50 and A50 samples
determined by XPS measurements. Expected values from the EDX analyses are given in

parentheses in italics.

At. % ratios Cu/Zn+Sn Zn/Zn+Sn Sn/Zn+Sn S/Se

$25 13(1.0) 04(05)  06(05)  0.3(0.4)
A25 0.1(03)  06(0.4) 0.4(04)  0.2(0.4)
S50 1.1(1.0) 0.4(05)  0.6(0.5) 0.6 (L.1)
A50 02(09) 06(05) 04(05 05(11)

To do this, the cationic core level spectra (i.e. Cu2p, Zn2p, Sn3d) were normalized with
respect to those of S2p/Se3p and superimposed for each cation (see Figure 2). Let us consider
A25 and S25 samples. Results indicate an under-representation of copper coupled to an over-
representation of zinc at the surfaces of A25 compared to S25. Although both compounds
exhibit the S/Se ratios quite similar to those expected, their cation surface compositions are
clearly distinguishable. Indeed, the already existing Cu deficit in the A25 bulk material is
significantly reinforced at the surface. The Cu/(Zn+Sn) ratio shifts from 1.3 to 0.1 from S25
to A25. Simultaneously, the Zn/(Zn+Sn) ratio increases from 0.4 to 0.6 while the Sn/(Zn+Sn)

follows the exact opposite trend (from 0.6 to 0.4). This analysis is also valid for the A50 and



S50 compounds excepting for the S/Se ratio which is lower than expected, indicating an
enrichment of the surface in Se.

The strong Cu-depletion observed in both Cu-poor samples at their surface, might be due
to the occurrence of A-type substitution defects (i.e. 2Cucu — Zncu +Vcu), already observed
in these bulk materials. Furthermore, B-type substitution defects (i.e. 2Cucy +Snsn — 2Zncy
+Znsn ) could explain the opposite evolution of the Zn/(Zn+Sn) and Sn/(Zn+Sn) ratios. This
change in composition from the core to the shell should also drastically modify the
optoelectronic characteristics of surfaces compared to bulk, and surely impact significantly
the overall photovoltaic performances of a CZTSSe-based solar cell.

In order to propose energy-level diagrams of all samples on an absolute energy scale
(AVYS), flat-band potentials (V) were determined via EIS measurements to position their
Fermi level.

The method is founded on the Mott—Schottky relationship: 1/Csc® = 2/e€0eA?N (V — Vi, —
kT/e) where Csc is the capacitance of the space charge region in the semiconductor, At the
interfacial surface area between the semiconductor electrode and the electrolyte, &o the
vacuum permittivity, € the relative permittivity of the semiconductor, N majority charge
carrier density, k the Boltzmann constant, T the temperature and e the electron charge. It
involves thus determining the capacitance at the semiconductor/electrolyte interface (C) as a
function of potential (V). In fact, at the semiconductor-electrolyte interface two capacitances
in series could be considered, that of the space charge region (Csc) and that of the Helmholtz
layer (Cn). Thus, the total capacitance is the addition of their reciprocals (C2= Csc?+ Cy2).
For calculations, C2 is assumed to be equal to Csc™ since the capacity of the Helmholtz layer
is notably higher than the space charge region capacity. Mott-Schottky plots (1/Cs? vs. V) for

all stoichiometric CZTSSe compounds are shown in Figure 3a.
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Figure 3. Mott-Schottky plots for (a) stoichiometric and (b) off stoichiometric CZTSSe
samples

The relationship between 1/Cs.? and V is linear in depletion region and the negative slope
observed for all samples confirms the expected p-type behavior (see Figure 3a) [19].

For potentials higher than 0.5V, a second slope is observed on all plots due to a surface
reactivity into the electrolyte. This reaction being very pronounced for the compound S00, its

flat-band potential could not be determined by EIS.

The flat-band potentials versus SCE (Vsce = 0.241 V vs NHE) were extrapolated to Csc? =

0 and then calculated versus RHE (reversible hydrogen electrode) on an absolute vacuum

scale using formulae (1) et (2):
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V1, versus RHE = Vs, versus SCE + 0.059 pH + Vsce (2

Em versus AVS =-4.5eV - Vg versus RHE 2

As summed up in Table 3, the S/Se ratio has no influence on the Fermi level position since the

value of Eris the same for all compounds.

Table 3: Characteristic of energy diagrams of studied powdered CZTSSe samples

sample SO0 S25 A25 S50 A50 S100
Eg (eV) 105 116 1.16 128 128 148
ViRHE (V) - 0.57 047 051 0.32 0.54
Er (eV) - 51 -50 -50 -49 -50
VBM (eV) -55 -52 -56 -53 -54 -53
CBM (eV) -44 -40 -44 -4 -41 -3.8

By combining Eg, VBM and Er values, an energy diagram sketched in Figure 4 can be
proposed for all compounds. Because CdS is commonly used as buffer material in CZTS solar
cells, its energy diagram is also shown for comparison. For SO0, in order to minimize surface
reactivity, the VBM was deduced from a shorter cyclic voltammetry analysis, in which one of
the anodic peaks observed could be co-related to the electron transfer mediated through
valence band edge. The VBM value thus obtained ( -5.5 eV), matched well with the one

reported previously in the literature.
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Figure 4: Schematic representation of the band structures of CZTSSe compounds on an
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As for Fermi level, the nature of the anion has also slight influence on the VBM. However,
the CBM increases with the sulfur content (from -4.4 to -3.9 eV). These results are in very
good agreement with those described in the literature for thin films and nanocrystals [21-22,
24]. Moreover, since the conduction band of all stoichiometric compounds is lower than that
of CdS, a “spike-like” offset has to be privileged over "cliff-like" one.

Conversely, the influence of the copper deficiency on the band edge parameters is notable.
Comparing the energy diagram of the stoichiometric compounds S25 and S50 with those of
their corresponding Cu-poor compounds A25 and A50 (see Figure 5), a band energy shift
towards a deeper level is experimentally observed, as predicted by density functional theory
(DFT) calculations [25-27]. This is concomitant with a slight but significant decrease of the
flat band potential, around 110-190 mV for A25 and A50, respectively (see Figure 3b).
Consequently, a notable difference of the Fermi level positioning with respect of VBM is

observed between the Cu-poor compounds and the stoichiometric ones.
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Figure 5: Schematic representation of the band structures of the stoichiometric compounds

S25 and S50 compared to their corresponding Cu-poor compounds A25 and A5O0.

Thus, the Fermi level of Cu-poor compounds move away from the VBM (~0.6 eV),
positioning itself close to the middle of the gap as expected for the formation of midgap states
due to A-type defects (i.e. 2Cucy — Zncu +Vcu )[25]. The acceptor densities (Na) of
stoichiometric (~10%° and 10° cm™ for S25 and S50, respectively) and Cu-poor (~10%2 cm™3
for A25 and A50) compounds were therefore estimated from the slope of Mott-Schottky plots.
Although these values are overestimated because of the underestimated of the interfacial
surface area between the porous semiconductor electrodes and the electrolyte, it appears
indeed that Na of the Cu-poor compounds are two or three orders of magnitude lower than
those of stoichiometric ones. These features could induce a significant change in the electrical

conductivity of these compounds.
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4. Conclusion

The synthesis of CZTSSe compounds with a well-determined chemical composition made
it possible to study precisely the influence of the anionic composition as well as that of the
non-stoichiometry of copper, on the position of the bands edges and the Fermi level.

The influence of the S/Se ratio had already been described in the literature while that of the
Cu deficiency had been studied mainly by DFT calculations. Our results allowed to
experimentally corroborate these theoretical studies.

While the anionic composition mainly influences the optical gap and the CBM, the Cu-
deficiency enhances optical absorption without modification of the optical gap. Moreover, the
positioning of the Fermi level with respect to the VBM is notably modified and this latter
shifts towards a deeper energy level. This feature could induce a significant change in the
electrical conductivity of these compounds These results confirm the key importance of
controlling precisely the chemical composition of CZTSSe compounds concerning to their use
as absorbers in photovoltaic devices.
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