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In this work, first-principles calculations of Cu2ZnSnSs, Cu2ZnGeSs and Cu2ZnSiS, are per-
formed to highlight the impact of the cationic substitution on the structural, electronic and optical
properties of kesterite compounds. Direct bandgaps are reported with values of 1.32, 1.89 and 3.06
eV respectively for CuzZnSnS,4, Cu2ZnGeSs and Cu2ZnSiSs and absorption coefficients of the order
of 10* cm™! are obtained, indicating the applicability of these materials as absorber layer for solar
cell applications. In the second part of this study, ab initio results are used as input data to model
the electrical power conversion efficiency of kesterite-based solar cells. In that perspective, we used
an improved version of the Shockley-Queisser model including non-radiative recombination via an
external parameter defined as the internal quantum efficiency. Based on predicted optimal absorber
layer thicknesses, the variation of the solar cell maximal efficiency is studied as a function of the
non-radiative recombination rate. Maximal efficiencies of 25.71, 19.85 and 3.10 % are reported re-
spectively for Cu2ZnSnSs, Cu2ZnGeSs and Cu2ZnSiS4 for vanishing non-radiative recombination
rate. Using an internal quantum efficiency value providing experimentally comparable Voc values,
cell efficiencies of 15.88, 14.98 and 2.66 % are reported respectively for CuzZnSnS,, CuzZnGeS, and
Cu2ZnSiSs. We confirm the suitability of Cu2ZnSnS4 in single junction solar cells, with a possible
efficiency improvement of nearly 10% enabled through the reduction of the non-radiative recombi-
nation rate. In addition, Cu2ZnGeS4 appears to be an interesting candidate as top cell absorber
layer for tandem approaches whereas CusZnSiSs might be interesting for transparent photovoltaic

windows.

Introduction

Over the years, photovoltaic (PV) thin film technol-
ogy has emerged as an interesting candidate for efficient
and large-scale energy production. To this aim, this tech-
nology must fulfill several criteria such as low-cost thin
film synthesis, high solar cell efficiency and materials re-
sources availability and accessibility [1]. In relation with
the latter point, the European Commission has identi-
fied Ga and In as critical raw materials and highlighted
the scarcity of those elements used for the synthesis of
inorganic chalcogenide CulnGa(S,Se)s (CIGS) alloys im-
plemented as absorber layer for PV applications [2]. De-
spite the high efficiency reported for CIGS solar cells,
with a record value of 23.3% |[3, 4], the incorporation
of this material in a large-scale energy production tech-
nology might be compromised. This justifies an urgent
search for alternative compositions with comparable or
better efficiencies than CIGS. As a consequence, over the
past 20 years, the scientific community has been inves-
tigating kesterite CusZnSn(S,Se), materials as absorber
layer in solar cell applications [5]. Benefiting from the
well-established knowledge of CIGS, kesterite-based solar
cell efficiency gradually increased over the years, reach-
ing values of 12.6% for CuzZnSn(S,Se)4 [6] and 11% for

CueZnSnS, [7] using various chemical [8] or physical [9]
routes for the synthesis of the kesterite thin films.

However, new challenges concerning further efficiency
improvements have recently arisen. Large open circuit
voltage Voo deficits have been reported as responsible
for the efficiency limitation encountered [5, 10]. Several
elements have been pointed out as possible culprits for
the Vo deficits, including interface recombination due
to bands misalignment [11, 12], formation of secondary
phases, and/or high intrinsic point defect concentration
leading to non-radiative recombination in the kesterite
bulk material [13, 14]. As a result, recombination cen-
tres are present both at the architectural level (band mis-
alignments with the buffer layer) and at the composition-
al/morphological level (defects and/or secondary phases)
within the absorber layer. Focusing on the kesterite ab-
sorber layer, several solution paths have been considered
to overcome the current efficiency limitation, like alloy-
ing using isoelectronic substitution elements such as Ag
for Cu, Ge for Sn or Se for S [15, 16] or via the cationic
substitution of Zn or Sn [17, 18§].

In the past, alternative kesterite materials have been
studied both theoretically and experimentally, leading
to promising efficiencies for Ge-containing kesterite com-
pounds [19-24]. Using density functional theory (DFT)



calculations, a few works reported predictions over struc-
tural properties, electrical properties or optical properties
of alternative kesterite materials such as CusZnSnS, [25-
31], CuaZnGeS, [25-27, 32, 33] and CuyZnSiS, [25-27].
However, the variety of computational approaches do not
facilitate the comparison of the materials physical prop-
erties. In addition, to the best of our knowledge, the
DFT results are rarely compared to experimental mea-
surements.

In this work, we first investigate theoretically the
cationic substitution of Sn by two other iso-electronic
elements: Ge and Si, in kesterite CusZnSnS,4. The struc-
tural and opto-electronic properties are calculated for
CueZnSnS, as the reference material [9], CuzZnGeS; as a
promising material regarding the experimental efficiency
achieved [9, 23] and Cu2ZnSiS, as an interesting candi-
date regarding the elemental abundance [1]. Then, the
obtained ab initio results are used as input data to feed
an improved version of the Shockley-Queisser model [34],
allowing us to connect the intrinsic material properties
to the solar cell macroscopic properties. Via this cell ef-
ficiency modelling, physical quantities such as the open
circuit voltage V¢, the short circuit current density Js¢
and the fill factor F'F' are computed.

In the first section of this paper, the structural prop-
erties of the materials are presented. Then, in the fol-
lowing sections, the Heyd—Scuseria—Ernzerhof exchange-
correlation functional (HSE06) [35] is used to compute
the electronic and optical properties. Based on the band
structures and the densities of states (DOS), the elec-
trical properties of the materials are reported and com-
pared. To complete the investigation, the optical prop-
erties are presented and related to the electrical ones.
This approach allows us to extract the general trends
highlighting the impact of the cationic substitution of Sn
by Ge and Si on the opto-electronic properties. In the
second part of this work, using the ab initio results as
input data, the upper limit of the kesterite-based solar
cell efficiency is calculated using the theoretical model
proposed by Blank et.al. [36]. This model allows us to
compute physical quantities that can be compared to ex-
perimental results such as the solar cell efficiency 7 using
as parameters the solar cell temperature T', the absorber
layer thickness d and the internal quantum efficiency @;.

Computational method

First-principles calculations have been performed us-
ing Vienna Ab initio Simulation Package (VASP) code
[37] with the Projector-Augmented Wave (PAW) poten-
tial method [38]. Perdew-Burke-Ernzerhof (PBE) GGA
pseudo-potentials [39] were used with the following va-
lence electrons considered for each element: Cu: 3d'%4s?,
Zn: 3d1%4s2, Sn: 4d'°5s25p?, Ge: 3d'94s%4p?, Si: 3s%3p?
and S: 3s23p*. Ionic and electronic relaxation were

achieved using a cut-off energy of 550 eV and a I'-centered
uniform k-points mesh of 6 x 6 x 6 k-points. Apply-
ing the strongly constrained and appropriately normed
semilocal density functional (SCAN) [40, 41], the struc-
tures were relaxed until the numerical convergence re-
garding the self-consistent cycles reaches forces between
ions less than 1072 eV/ A. The system total energy was
converged down to 10~% eV. During relaxation, the sym-
metry was kept constant to the kesterite point group
symmetry (I — 4) and the atomic positions, cell vol-
ume and cell shape were allowed to relax. The SCAN
meta-GGA functional was proven effective to predict im-
proved geometries for a computational cost comparable
to the GGA functional. Moreover, Fritsch et.al. reported
that the combination of SCAN functional calculations
for ionic relaxations followed by a single HSE06 func-
tional electronic calculation provides accurate results for
kesterite materials [42]. Consequently, starting from the
relaxed structure, the HSE06 exchange-correlation func-
tional, known for its bandgap prediction accuracy [43],
was used to compute the electronic and optical proper-
ties. Concerning the optical calculations, the imaginary
part of the dielectric tensor was first obtained via a sum
over states by applying the Fermi golden rule between va-
lence band and conduction band states at a given k-point.
Then, the real part of the dielectric tensor was obtained
thanks to a Kramers-Kroning transformation for which
the convergence was properly ensured via a sufficiently
high number of conduction band energy levels included
in the calculation.

Results and discussion
Structural properties

The lattice parameters a, b, ¢ (cfr. Fig.1), the conven-
tional cell volume V' and the atomic distances dc,—g and
dx_s (X=Sn,Ge,Si) were obtained as a result of the ionic
relaxation (see Table 1).

Figure 1. Representation of the conventional cells of the
CuzZnXS4 (X=Sn,Ge,Si) kesterites.

The sequential substitution of Sn by Ge and Si induces
a contraction of the kesterite lattice parameters. A re-



duction of a and b from 5.40 A (CupZnSnS,) to 5.25 A
(CuyZnSiSy) is observed while the ¢ parameter is reduced
from 10.79 A to 10.32 A. The results reported in Table 1
are in good agreement with experimental measurements
for CugZnSnS, [44-49] and CuzZnGeSy [47, 49-51]. To
our knowledge, experimental characterisation of Si-pure
kesterite crystal structures has not been reported yet.
According to Refs. [52, 53], an orthorhombic crystalline
structure is observed for high Si concentrations. Never-
theless, several theoretical works [26, 27] reported val-
ues close to a,b = 5.25 A and ¢ = 10.32 A as obtained
here. This lattice contraction can be interpreted by tak-
ing into account the successive reduction of the atomic
radius of the substitutional cation from rg, = 1.45 A, to
rge = 1.25 A and to rg; = 1.10 A [54]. Consequently, the

conventional cell volume decreases from 314.9 A® for the
Sn-containing compound to 294.87 A? for CusZnGeSy
and to 283.94 A® for CusZnSiSs. One can also notice
that the cation substitution does not impact the dcoy_g
distances. In the following section, the results presented
here will be put into perspective with the electronic prop-
erties.

[ Materials [Ref. (Type) ab[A] ¢ [A] VIAY  dxs A] dows [A]]
This work. 5.40 10.79 314.90 2.44 2.29
[44] (Exp)  5.67 11.30
[45] (Bxp.)  5.42 10.79 2.39 2.33
[46] (Exp.) 5.42 10.79
[47] (Bxp.)  5.43 10.86
Cu2ZnSnSy | [48] (Exp.) 5.43 10.86
[49] (Bxp.)  5.42 10.86
[26] (Theo.)  5.44 10.76
[28] (Theo.)  5.33 10.66
[20] (Theo.)  5.47 10.92
[27] (Theo.)  5.45
[30] (Theo.) 5.43 10.86
[31] (Theo.) 5.45 10.89
This work. 5.30 10.51 294.87 2.26 2.28
[47) (Bxp.)  5.34 10.57
[49] (Bxp.)  5.28 10.71
[50] (Exp.) 5.33-5.34 10.52-10.59 299.54-301.95
CuzZnGeS4| [51] (Exp.) 5.30-5.37 10.49-10.69
[26] (Theo) 5.28 10.49
[27] (Theo) 5.35
[32] (Theo) 5.35 10.49
[33] (Theo.) 5.38 10.49
This work. 5.25 10.32 283.94 2.15 2.28
Cu2ZnSiSy | [26] (Theo.)  5.22 10.30
[27] (Theo.)  5.31

Table 1. Lattice parameters a,b and ¢ (see Fig. 1) and conven-
tional cell volume V of Cu2ZnXS4 (X=Sn,Ge,Si) kesterites. Inter-
atomic distances between the cation (X=Sn,Ge,Si) and the sulphur
atom dx_g are reported as well as the copper-sulphur distances
dcu—s. Empty cells denote the absence of available data.

Electronic properties

As it can be observed in Fig. 2, all calculated kesterite
bands present a direct bandgap located at the I' point.
Using an approach similar to that reported in Refs. [25-
27], the bandgap values reported in Table 2 were obtained
from the energy differences between the conduction band
minimum and the valence band maximum energy levels
as extracted from the Kohn-Sham eigenvalues. As re-
ported in Table 2, the bandgap energy E¢ increases from
1.32 eV for CusZnSnS, to 1.89 eV for CuyZnGeS, and to
3.06 eV for CuyZnSiS,. These results are comparable to
those reported by Zamulko et.al. in their theoretical in-
vestigation [26]. In comparison to experimental values,
the Sn-containing kesterite bandgap is underestimated by
0.18 €V as usual reported values are around 1.5 ¢V [9]. In
contrast, the CusZnGeS, bandgap value of 1.89 eV fits
with the reported experimental bandgaps with values be-
tween 1.88 and 2.25 eV [49-51, 55-57]. According to Ref.
[58], a bandgap value of 2.71 eV was experimentally ob-
tained for CuyZnSiSy.

We provide here a focus on the orbitals projected DOS
and their contributions to electronic states in the band
structure, for the Sn-kesterite compound (Fig. 2a). The
main contributions to the conduction band states come
from S 3p and Sn 5s atomic orbitals close to the bot-
tom of the band and S 3p and Sn 5p atomic orbitals
for higher energy levels. Concerning the valence band,
the hybridisation between Cu 3d and S 3p orbitals pro-
vide the main contributions to energy states at the top of
the band. These results are corroborated by the work of
Paeir et.al. in Ref. [31]. This tendency is also observed
for the two other kesterite materials, i.e. the bottom of
the conduction band is formed by either the s atomic or-
bital of the cation X (X=Sn, Ge) or the p orbital of the
cation Si and the 3p orbital of the chalcogen S, while the
contributions to the top of the valence band come from
the 3d atomic orbital of Cu and the 3p atomic orbital of
the sulphur element.

For CusZnGeS, and CusZnSiSy, the substitution of Sn
by Ge and Si (Figs. 2b & 2c¢) seems to slightly flatten the
energy level at the bottom of the conduction band. The
bandgap increase from 1.32 to 3.06 €V is due to the vari-
ation of the chemical interaction between the cation and
the sulphur, which leads to (i) a weak flattening of the
energy level at the bottom of the conduction band and
(ii) a shift of this energy level towards higher energies.
To link those observations to the structural properties of
the materials one can put into perspective the decrease
of the cation/sulphur interatomic distance dx_g with the
increase of the kesterite bandgap. In contrast, the sub-
stitution of the cation atoms leaves the valence band un-
changed as the orbitals contributing to these states are
from Cu and S for which the interatomic distances dcy_g
are reported constant from one kesterite material to an-



Materials Ecq [eV] mjy Imel mi el €0 |€0]
TFvi Te2 Tosz Te Tunr T2 Tz T
1.32 (This work)
Cu2ZnSnSy 1.50 [9] (Exp.) -0.69 -3.32 -0.16 0.19 -0.77 -0.64 -0.19 0.18 | 6.77
1.26-1.77 [25, 26, 30, 31] (Theo.)
1.89 (This work)
CusZnGeSs | 1.88-2.25 [49 51, 55 57] (Exp.) | -0.72 -3.49 -0.19 0.23 -0.72 -0.63 -0.24 0.22 | 6.44
2.10-2.38 [25, 26, 30, 32| (Theo.)
3.06 (This work)
Cu2ZnSiSy 2.71 [58] (Exp.) -1.44 -3.65 -0.25 0.26 -1.63 -0.68 -0.33 0.25| 5.78
3.05 [25, 26] (Theo.)

Table 2. Bandgaps F¢ and effective masses m* scaled by the free electron mass mg of CuzZnXSy (X=Sn,Ge,Si) kesterites. Effective
masses have been calculated around the I" high symmetry k-point and along two directions in the reciprocal space: [0,0,0] to [0,0,1] (resp.
[0,0,0] to [0,1,0]) for the first effective mass component m | (resp. for the second component m,,) comparable to values reported in Ref.
[27]. High-frequency dielectric constants es, of the materials are also presented and scaled with the vacuum electrical permittivity e

comparable to values reported in Ref. [26].

other (cfr. Table 1).

In addition to the bandgaps, the effective masses are
presented in Table 2. These ones have been calculated
around the I' point, at the direct bandgap location, and
along two directions in the reciprocal space: [0,0,0] to
[0,0,1] for the first effective mass component m  and
along [0,0,0] to [0,1,0] for the second component m,.
As shown in Fig. 2, one energy level is present at the
bottom of the conduction band and three energy levels
are located at the top of the valence band. Consequently,
the effective masses have been calculated for the lowest
energy level in the conduction band named I'. and for
the three highest energy levels at the top of the valence
band I'y 1, I'y 2, I'y 3, labeled from the highest energy
level to the lowest one. For both the conduction and
valence band, the general trend observed is a slight in-
crease of the effective mass absolute value, with only two
occasions of exceptions (for I, ; and I, 2 of the m* com-
ponent), when Sn is sequentially substituted by Ge and
Si. Then, as kesterite materials behave electrically as p-
type semiconductor [10], we first discuss the hole effective
mass values. As presented in Table 2, concerning the m*
component, I', 5 effective masses are significantly higher
than I'; ; and I, 3, highlighting the presence of light and
heavy holes in this particular direction. In addition, sim-
ilar values are reported regarding I', ; and I'y 5 for the
perpendicular component while, in contrast, I'y 5 is five
times lower than in the parallel direction. Concerning
the electron effective masses, similar values are obtained
for both components m7, and m* with a slight increase
from a minimal value of 0.18 m. to a maximal value of
0.26 m, observed as the Sn cation is substituted. These
values are in good agreement with those obtained by Liu
et.al. with reported effective masses of 0.18, 0.21 and 0.26
me (resp. 0.19, 0.22, 0.24 m.) in the parallel (resp. per-
pendicular) direction [27]. This suggests that the hole

and electron effective masses would only slightly increase
as Sn is substituted by Ge and then Si. In summary,
the cationic substitution does not impact significantly the
hole nor electron effective masses but leads to a signifi-
cant increase of the kesterite bandgap.

Optical properties

Following the computation of the electronic properties,
the optical properties of the kesterite materials have been
determined via the calculation of the dielectric tensor
€(E) whose real €; and imaginary e parts are shown
in Fig. 3a (see supplementary material for the detailed
equations). In this figure, the components zz, yy and zz
of e(E) are presented for each compound. It appears that
the sequential substitution of Sn with Ge and Si leads
to a decrease of the high frequency dielectric response
€00 from 6.77 ¢y (CuzZnSnSy) to 6.44 ¢y (CuzZnGeSy)
and reaching 5.78 ¢ for the Si-containing compound (cfr.
Table 2). These results are comparable to the values of
6.7 (CuzZnSnSy), 6.6 (CuzZnGeS,) and 5.7 (CuyZnSiSy)
reported by Zamulko et.al. in Ref. [26]. As expected,
the decrease in €., is in agreement with the increase of
the materials bandgap. Concerning the imaginary part of
the dielectric tensor e5(E), the onset of absorption is also
shifted towards higher energies as the bandgap increases.
In addition, in Fig. 3a, one can notice that the peaks
positions correspond well to the bandgaps reported in
Table 2.

Then, the absorption coefficient «(FE) as well as the re-
flectivity R(E) and refractive index n(FE) are computed
as described in the supplementary material. In Fig. 3b
the absorption coefficient of the materials are presented
alongside the solar irradiance spectrum. First, one can
notice that the kesterite compounds exhibit absorption
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coefficient values between 0 and 2 x 10° cm™! within the
energy range of non-negligible solar irradiance (between
0.5 and 4 €V). This result highlights the applicability of
these kesterite materials as absorber layer in solar cell ap-
plications. However, an energetic shift of the absorption
curves is also observed from the Sn-containing kesterite to
the Si-containing kesterite with a first absorption peak lo-
cated at the respective bandgap energies of the materials.
The CusZnSnS; and CusZnGeS, curves have a similar
behaviour while for the Si-containing kesterite curve, the
plateau observed for the two other kesterites disappears
as a consequence of the energy level shift at the bottom of
the conduction (c¢fr. Fig. 2¢). Finally, in Fig. 3c, the re-
fractive index n(E) and reflectivity R(E) are presented.
As reported, the refractive indices at 0 eV are 2.59, 2.53
and 2.40 respectively for CusZnSnS,, CusZnGeS; and
CupZnSiS, with variations of 0.6 in values between 0 and
5 eV. Concerning the reflectivity values, a variation from
20 to 30% within the 0 to 5 €V energy range is observed.
Additionally, it is worth noticing some reflectivity differ-
ences of nearly 10% between CuyZnSnS, and CusZnSiSy
for some energy values.

Electrical power conversion efficiency

In this section, we focus on the theoretical modelling
of solar cell macroscopic physical quantities such as the
short circuit current density Jsc, the open circuit volt-
age Voc and the solar cell electrical power conversion
efficiency 7 using CusZnXS,; (X=Sn,Ge,Si) as absorber
layer. The predictions are realised based on the theo-
retical model presented by Blank ef.al. [36]. The im-
provements proposed by Blank et.al. over the Shockley-
Queisser model [34] are (i) the use of the internal quan-
tum efficiency @Q; as a model parameter to take into ac-
count non-radiative recombinations and (ii) the incorpo-
ration of light trapping by taking into account the refrac-
tive index n(F) in the calculation of the radiative current
density Jrada,0(n,d) (see supplementary material).

Non-radiative recombination occur via recombination
centres: intrinsic point defects, defect clusters and grain
boundaries in the bulk material or also through recom-
bination centres at the interfaces of the various layers
composing the solar cell. As a consequence, these recom-
bination centres have an impact on the solar cell proper-
ties. Therefore, in this theoretical work, we chose to use
the non-radiative recombination rate as a model param-
eter. In that perspective, the internal quantum efficiency
is expressed as the ratio between the radiative recom-
bination rate R;aq,0 and the total recombination rate:
Rrad,0 + Rurad,0, leading to a non-radiative recombina-
tion rate under equilibrium conditions,

(1-Qi)

a M)

Rnrad,O = Rrad,O

Considering a perfectly crystalline material, all recom-
binations are radiative and the photons emitted (i. e., not
reabsorbed) contribute to the emission spectrum of the
material which, in this model, is assumed as the black
body spectrum at temperature 7' = 300 K. These ra-
diative recombinations are therefore thermodynamically
required and are proportional to the amount of electrons
within the conduction band (i.e., proportional to the
temperature). This first situation corresponds to an in-
ternal luminescence quantum efficiency ; value equals
to unity for which the total recombination rate Rgy is
equal to the radiative recombination rate R;,q,0. In the
case of recombination centres within the bulk materials
or at the interfaces, both radiative and non-radiative re-
combination are included. The thermodynamic condi-
tion of emission must still be fulfilled (Ryaq,0) and addi-
tionally, recombinations via recombination centres occur
(Rurad,0), leading to an increase of the total recombi-
nation rate Ry. In this paper, the @Q); value is related to
the amount of non-radiative recombinations which is pro-
portional to the number of radiative recombinations (Eq.
(1)). Q; can consequently be related to the internal quan-
tum efficiency IQFE which is an experimentally measured
physical quantity. The detailed description of the theo-
retical model proposed by Blank et.al. is presented in the
supplementary material. To feed this theoretical model
we use the previously calculated optical results (a(FE),
n(E) and R(FE)) as input data. It is worth noticing that
the computed material properties obtained correspond to
a perfect crystal situation (i.e., @Q; = 1). As the inter-
nal quantum efficiency tends to vanish, variations of the
optical properties are expected as defects will introduce
new electronic states. However, in this work the perfect
crystal optical properties are considered for each value of
Q;. Accordingly, the absorptance A(FE) of the absorber
layer is determined via Eq. (2), assuming a flat solar cell
surface and a thin film thickness d:

A(E,d) = [1 = R(E)] — exp(—2a(E)d) (2)

The obtained results are presented for a solar cell tem-
perature T=300K as follow:

- First, we evaluate the optimal thicknesses (i. e., as-
sociated to a maximum for 1) of the absorber layer
as a function of @);. To this perspective, the effi-
ciency of the solar cell is calculated for different val-
ues of the absorber layer thickness d and for various
internal quantum efficiency values Q; € [1076;1]
(Fig. 4). The efficiencies were calculated using
the materials reflectivity R(E) as obtained from the
first-principles calculations.

Using this optimal thickness, we compute the max-
imal efficiency for a range of internal quantum ef-
ficiency values @; € [107%;1] (Fig. 5). In addition,



to highlight the impact of the absorber layer reflec-
tivity on the solar cell properties, the calculation
is performed with and without taking into account
the materials reflectivity R(E) in the calculation of
the absorptance A(E) (Eq. (2)).

- Then, in Fig. 6, the current density voltage curves
for the respective kesterite-based solar cells are pre-
sented for different internal quantum efficiency val-
ues ; € [1075;1] and for a usual absorber layer
thickness of 1.5 pm.

- In Table 3, the main solar cell electrical characteris-
tics are reported first by assuming no non-radiative
recombination (i.e., @; = 1) and secondly by as-
suming a non-radiative recombination rate fixed by
Q; = 10~* in order to obtain results comparable to
actual experimental device characteristics (i. e., ex-
perimentally comparable Vo values). Finally, the
results obtained are compared to various experi-
mental works.
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Figure 4. Solar cell efficiency modelling presented as a func-
tion of the absorber thin film thickness d for various internal
quantum efficiency @Q; € [107%;1]. The efficiencies were cal-
culated using the materials reflectivity R(E) as obtained from
the first-principles calculations (¢fr. Eq.(2))

In Fig. 4, the maximal efficiency is calculated as a
function of the absorber layer thickness. Each curve rep-
resents an internal quantum efficiency value ranging loga-
rithmically from 1 (highest efficiency) to 1076 (lowest ef-
ficiency). Here, we report a significant disparity between
the CusZnSiSs-based solar cell efficiencies with values be-
low 5% for all Q;, compared to the cells based on the two
other kesterite materials. This observation is linked to
the larger bandgap of CuyZnSiSy, which limits drasti-
cally the short circuit current density (see supplemen-
tary material) as illustrated in Fig. 6 and Table 3. The

general trend observed for all materials is an increase of
the efficiency as the absorber thickness increases over 10
nm. Then, for d just above 1 pum, the efficiency reaches
a plateau, for (); = 1, with maximal efficiency values
of 25.71, 19.85 and 3.1 % respectively for the Sn-, Ge-
and Si-kesterite compound. In contrast, for @); < 1, the
efficiencies reach a maximal value for an optimal thick-
ness before decaying linearly as d increases. The optimal
thicknesses reported for the absorber layer thin films are
between 1.15 and 2.68 pm (cfr. Table 3). The observed
increase of  with d can be explained by the optimisation
of the the absorptance function A(E) which gets closer
to 1 — R(E) for F > E¢, thus maximising the short cir-
cuit current density. The optimisation of the absorptance
also maximises Jyaq,0 which reduces Voo and reduces n
but this phenomenon is not dominant here. Then, for a
unit value of @Q;, Jsc¢ asymptotically reaches a maximum
value and any further increase of the thickness (over the
optimal thickness value) does not result in any notable
increase of the efficiency value. In contrast, for inter-
nal quantum efficiency values @; < 1, as the absorber
layer gets thicker, the non-radiative recombination rate
increases, leading to a decrease of the open circuit voltage
and, consequently, to the efficiency drop (see supplemen-
tary material).
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Figure 5. Solar cell efficiency modelling for an optimal ab-
sorber layer thickness extracted from Fig. 4 presented as a
function of the internal quantum efficiency Q; € [107%; 1]. Re-
sults from simulations taking into account the materials reflec-
tivity R(F) are presented in full lines while dashed lines rep-
resent the maximal efficiencies obtained assuming R(E) = 0.
In inset, evolution of the prefactor fixing the non-radiative
recombination rate as described in Eq. (1) with respect of

Q-

From the previous calculations, for each ; value, the
absorber layer thickness giving the maximum efficiency
is extracted as the optimal absorber thickness value dop¢.
Then, in a second calculation (Fig. 5), the evolution of



the maximal efficiency as a function of the internal quan-
tum efliciency for an optimal thickness is reported both
without (dashed lines, R(E) = 0) and with (full lines,
R(FE) from DFT results in section ) taking into account
the materials reflectivity in the absorptance calculation
(see Eq. (2)). Concerning the impact of the materials
reflectivity on the solar cell efficiency for the CusZnSnS,
compound, depending on the @; value, a percentage
point loss of 4 to 8 in efficiency is observed (decrease of
4 to 6 observed for CusZnGeS, and of 1 for CusZnSiSy).
Concerning the behaviour of n with respect to @Q;, the cell
efficiency increases as ); tends to unity and as the non-
radiative recombination rate decays towards 0 (see Eq.
(1)). Then, as the internal quantum efficiency decreases,
the efficiencies reported also decrease with absolute per-
centage point losses of 1.54, 0.79 and 0.07 per order of
magnitude, respectively for CusZnSnS,, CusZnGeS, and
CuyZnSiS4. The variation of the slopes of the material
curves observed in Fig. 5 from one kesterite to another
is a direct consequence of the materials optical proper-
ties variations. Following the cationic substitution, the
variation of the material absorptance function leads to a
decrease of the radiative recombination rate value. As a
consequence, for lower value of Ryaq,0, & variation of Q;
implies a smaller variation of the non-radiative recombi-
nation rate and consequently of the total recombination
rate. In addition, any increase of the saturation current
density Jy will lead to a decrease of the open circuit volt-
age and consequently of the efficiency. Combining these
two explanations, as the material absorptance gets opti-
mal with respect to the black body spectrum (i.e., from
CuyZnSiSy to CusZnSnSy), the larger the radiative re-
combination rate is, the larger the efficiency variation per
decade of Q; will be (see supplementary material). Then,
following the variation of the slope observed, for a fixed
efficiency value (for example 15%), CuzZnSnS, appears
more "robust" to larger non-radiative recombination rate
as the @Q; value required to reach this efficiency is lower
for CusZnSnS, than for CusZnGeSy. This highlights the
fact that even for a lower ratio of radiative over total
recombination rates, a same efficiency is obtained. This
tendency is reversed for @; value lower than 1075,

As shown in Fig. 6, the short circuit current density
Jsc is independent of @); as this one is related to the total
number of electron-hole pair (EHP) generated by photons
absorption (see supplementary material). This quantity
depends only on the absorptance of the materials. Fol-
lowing the cationic substitution, the Jsc value decreases
as the absorptance function worsen with respect to the
solar spectrum. In opposition, an increase of the open
circuit voltage is observed as the cation is substituted.
Indeed, as the optical properties degrades, the radiative
recombination rate decreases and consequently the Vo
value increases. In addition Voc is @); dependent. For
a given material, as ); tends towards a null value, the
total recombination rate will increase resulting in a de-
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Figure 6. Current density-voltage curves of solar cell mod-
elling for various internal quantum efficiency Q; € [1075;1].
Results obtained for an absorber layer thickness of 1.5 pym.

crease of the V¢ value, leading to the decrease of the cell
efficiency as reported in Fig. 5. Finally, the differences
in n between the three kesterite materials are associated
to the decreasing value of Jsc which is not fully compen-
sated by the increase of the Vo both attributed to the
poorer absorptance as we move from the Sn-containing
compound to the Si-containing compound.

In Table 3, we report the electrical solar cell charac-
teristics for each kesterite material incorporated as the
absorber layer with the optimal thickness dopy and for an
internal quantum efficiency ;. Focusing on the results
obtained using DFT-calculated reflectivity R(F) and us-
ing an internal quantum efficiency of Q; = 10™* giving
open circuit voltage value comparable to experimental
ones [9], solar cell efficiencies of 15.88, 14.98 and 2.66
% are reported respectively for CusZnSnSy, CusZnGeSy
and CupZnSiS,(for an optimal thickness of 1.15 um).
In comparison to efficiency values obtained for vanish-
ing radiative recombination rate (25.71, 19.85 and 3.1 %
respectively for the Sn-, Ge- and Si-kesterite), one can
observe a percentage point loss of nearly 10 for the Sn-
compound (4.86 and 0.44 for the Ge- and Si-compound
respectively). Then, experimentally, lower Jsc values
around 21.5 mAcm ™2 and smaller fill factors values be-
tween 60 and 65 % are reported [9]. This observation
highlights that the predictions realised with this model
corresponds to upper limits. Indeed, nor the materials re-
flectivity or the absorption of the solar cell upper layers
are taken into account, leading to an overestimation of
Jsc. Concerning the fill factor, the electrical behaviour
of the electrodes is assumed to be ideal. By repeating



Materials |Eg [eV] R(E) Qi |dopt [#m] Jsc [mAem™2] Voc [V] FF (%] 7 [%] |Exp.  Theo.
0 1 2.68 35.69 1.06  88.62 33.38
0o 107" 1.15 35.21 0.70  84.56 20.78

CusZnSnS;| 1.32 [o]  [36, 59]
DFT 1 2.68 27.68 1.06 88.54 25.71
DFT 10~* 1.15 27.19 0.70  84.39 15.88
0 1 2.02 17.62 1.58  91.65 25.95
0 107* 1.15 17.53 1.23  89.82 19.65

CuzZnGeS,| 1.89 (23] [23, 30, 51]

DFT 1 2.02 13.55 1.58  91.59 19.85
DFT 10~* 1.15 13.45 1.22  89.73 14.98
0 1 1.53 1.61 2.67 94.58 4.03
. 0o 107* 1.15 1.60 2,32 93.88 3.46

Cu2ZnSiSs | 3.06 N.A. N.A.
DFT 1 1.53 1.24 2.66 94.55 3.10
DFT 10~* 1.15 1.23 2.31 93.85 2.66

Table 3. Kesterite CuzZnXSy (X=5n,Ge,Si)-based solar cell efficiency modelling using the theoretical model proposed by Blank et.al. [36].
Short circuit current density Jgc, open circuit voltage Voc, fill factor F'F' and cell efficiency 7n values are presented. For each calculation,

the optimal absorber layer thickness dopt has been precalculated and then used as parameter.

Results are presented for an internal

quantum efficiency Q; = 1 and Q; = 10~4 for experimentally comparable Vo values. In order to highlight the impact of the materials
reflectivity R(FE), the calculation have been performed both for R(E) = 0 and for R(F) values as obtained using DFT calculations.

the calculation with a fixed short circuit current den-
sity matching the experimental value, a cell efficiency of
12.29 % is reported as well as a Voo value of 685 mV.
This result is in good agreement with the values reported
experimentally.

Using this methodology, we confirmed the interest re-
garding CusZnSnS, for single-junction solar cell and we
highlight a possible efficiency improvement of nearly 10 %
which might be achieved by reducing the non-radiative
recombination rate. Then, CusZnGeS, might be inter-
esting as top cell for tandem approaches [23, 60| as this
material provides higher bandgap value and interesting
cell efficiencies, whereas, CuyZnSiS,; might be interesting
for solar cell applications as PV windows.

Conclusion

In conclusion, we reported direct bandgap values of
1.32, 1.89 and 3.06 eV and absorption coefficients of
the order of 10* cm™! for, respectively, CuyZnSnSy,
CuyZnGeS, and CusZnSiSs. Simultaneously a slight in-
crease of the effective mass values is reported following
the sequential substitution. Then, using as input data
the optical properties of the materials, the solar cell elec-
trical characteristics are predicted based on an improved
version of the Shockley-Queisser model. Optimal ab-
sorber layer thicknesses between 1.15 and 2.68 pym are re-
ported and efficiencies of 25.71, 19.85 and 3.10 % are ob-
tained for the kesterite compounds following the cationic
substitution and the induced variation of the materials
properties. In addition, using optical results, we high-
lighted the negative impact of the materials reflectivity
on the solar cell characteristics. Using a non-radiative

recombination rate giving Vpc values comparable to ac-
tual experimental measurements, we reported a decrease
of the solar cell efficiencies to 15.88, 14.98 and 2.66 % re-
spectively for CusZnSnS,, CusZnGeS,; and CusZnSiS,.
Pointing out these results as upper limits, by reducing
the non-radiative recombination current density, the effi-
ciency of CuyZnSnS, and CuyZnGeS, could be improved
respectively by 9.83 and 4.87 %, putting forward these
kesterite compounds as promising absorber layer materi-
als.
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