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Abstract
In this work, first-principles calculations of Cu2ZnSnS4, Cu2ZnGeS4 and Cu2ZnSiS4 are performed
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 Cu2ZnSnS4, Cu2ZnGeS4 and Cu2ZnSiS4 and absorption coefficients of the
order of 104 cm−1 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 respectively for Cu2ZnSnS4, Cu2ZnGeS4 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 Cu2ZnSnS4, Cu2ZnGeS4 and Cu2ZnSiS4. 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 recombination rate. In addition, Cu2ZnGeS4 appears to
be an interesting candidate as top cell absorber layer for tandem approaches whereas Cu2ZnSiS4
might be interesting for transparent photovoltaic windows.

1. Introduction

Over the years, photovoltaic (PV) thin film technology has emerged as an interesting candidate for efficient
and large-scale energy production. To this aim, this technology must fulfill several criteria such as low-cost
thin film synthesis, high solar cell efficiency and the materials’ resources availability and accessibility [1]. In
relation to the latter point, the European Commission has identified Ga and In as critical raw materials and
highlighted the scarcity of those elements used for the synthesis of inorganic chalcogenide CuInGa(S, Se)2
(CIGS) alloys implemented as absorber layer for PV applications [2]. Despite 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 technology 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 investigating kesterite Cu2ZnSn(S, Se)4 materials as an absorber layer in solar cell
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applications [5]. Benefiting from the well-established knowledge of CIGS, kesterite-based solar cell efficiency
gradually increased over the years, reaching values of 12.6% for Cu2ZnSn(S, Se)4 [6] and 11% for Cu2ZnSnS4
[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 VOC deficits have been reported as responsible for the efficiency limitation encountered
[5, 10]. Several elements have been pointed out as possible culprits for the VOC deficits, including interface
recombination due to band 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 centres are present both at the architectural level (band misalignment with the buffer
layer) and at the compositional/morphological level (defects and/or secondary phases) within the absorber
layer. Focusing on the kesterite absorber layer, several solution paths have been considered to overcome the
current efficiency limitation, like alloying 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 compounds [19–24]. Using density functional
theory (DFT) calculations, a few works reported predictions over structural properties, electrical properties
or optical properties of alternative kesterite materials such as Cu2ZnSnS4 [25–31], Cu2ZnGeS4
[25–27, 32, 33] and Cu2ZnSiS4 [25–27]. However, the variety of computational approaches do not facilitate
the comparison of the materials’ physical properties. In addition, to the best of our knowledge, the DFT
results are rarely compared to experimental measurements.

In this work, we first investigate theoretically the cationic substitution of Sn by two other isoelectronic
elements: Ge and Si, in kesterite Cu2ZnSnS4. The structural and opto-electronic properties are calculated for
Cu2ZnSnS4 as the reference material [9], Cu2ZnGeS4 as a promising material regarding the experimental
efficiency achieved [9, 23] and Cu2ZnSiS4 as an interesting candidate 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 efficiency modelling, physical quantities such as the open circuit voltage
VOC, the short circuit current density JSC and the fill factor FF are computed.

In the first section of this paper, the structural properties of the materials are presented. Then, in the
following 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 electrical properties of the materials are reported and compared. To complete the investigation,
the optical properties are presented and related to the electrical properties. 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 experimental results
such as the solar cell efficiency η using as parameters the solar cell temperature T, the absorber layer
thickness d and the internal quantum efficiency Qi.

2. Computational method

First-principles calculations have been performed using Vienna ab initio simulation package code [37] with
the projector-augmented wave potential method [38]. Perdew–Burke–Ernzerhof GGA pseudo-potentials
[39] were used with the following valence electrons considered for each element: Cu: 3d104 s1, Zn: 3d104 s2,
Sn: 4d105 s25p2, Ge: 3d104 s24p2, Si: 3 s23p2 and S: 3 s23p4. Ionic and electronic relaxations were achieved
using a cut-off energy of 550 eV and a Γ-centred uniform k-points mesh of 6× 6× 6 k-points. Applying the
strongly constrained and appropriately normed semilocal density functional (SCAN) [40, 41], the structures
were relaxed until the numerical convergence regarding the self-consistent cycles reaches forces between ions
less than 10−3 eV Å−1. The system total energy was converged down to 10−6 eV. During the relaxation, the
symmetry was kept constant to the kesterite point group symmetry (I− 4) and the atomic positions, cell
volume and cell shape were allowed to relax. The SCANmeta-GGA functional was proven effective to predict
improved 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 functional electronic calculation provides accurate results for kesterite materials [42]. Consequently,
starting from the relaxed structure, the HSE06 exchange-correlation functional, known for its bandgap
prediction accuracy [43], was used to compute the electronic and optical properties. 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 valence band and conduction band states at a given k-point. Then, the real
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Figure 1. Representation of the conventional cells of the Cu2ZnXS4 (X= Sn, Ge, Si) kesterites.

Table 1. Lattice parameters a, b and c (see figure 1) and conventional cell volume V of Cu2ZnXS4 (X= Sn, Ge, Si) kesterites. Interatomic
distances between the cation (X= Sn, Ge, Si) and the sulphur atom dX−S are reported as well as the copper-sulphur distances dCu−S.
Empty cells denote the absence of available data.

Materials Reference (Type) a, b (Å) c (Å) V (Å3) dX−S (Å) dCu−S (Å)

Cu2ZnSnS4 This work 5.40 10.79 314.90 2.44 2.29
[44] (Exp.) 5.67 11.30
[45] (Exp.) 5.42 10.79 2.39 2.33
[46] (Exp.) 5.42 10.79
[47] (Exp.) 5.43 10.86
[48] (Exp.) 5.43 10.86
[49] (Exp.) 5.42 10.86
[26] (Theo.) 5.44 10.76
[28] (Theo.) 5.33 10.66
[29] (Theo.) 5.47 10.92
[27] (Theo.) 5.45
[30] (Theo.) 5.43 10.86
[31] (Theo.) 5.45 10.89

Cu2ZnGeS4 This work 5.30 10.51 294.87 2.26 2.28
[47] (Exp.) 5.34 10.57
[49] (Exp.) 5.28 10.71
[50] (Exp.) 5.33–5.34 10.52–10.59 299.54–301.95
[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

Cu2ZnSiS4 This work 5.25 10.32 283.94 2.15 2.28
[26] (Theo.) 5.22 10.30
[27] (Theo.) 5.31

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.

3. Results and discussion

3.1. Structural properties
The lattice parameters a, b, c (cf. figure 1), the conventional cell volume V and the atomic distances dCu−S

and dX−S (X= Sn, Ge, Si) were obtained as a result of the ionic relaxation (see table 1).
The sequential substitution of Sn by Ge and Si induces a contraction of the kesterite lattice parameters.

A reduction of a and b from 5.40 Å (Cu2ZnSnS4) to 5.25 Å (Cu2ZnSiS4) is observed while the c parameter is
reduced from 10.79 to 10.32 Å . The results reported in table 1 are in good agreement with experimental
measurements for Cu2ZnSnS4 [44–49] and Cu2ZnGeS4 [47, 49–51]. To our knowledge, experimental
characterisation of Si-pure kesterite crystal structures has not been reported yet. According to [52, 53], an
orthorhombic crystalline structure is observed for high Si concentrations. Nevertheless, several theoretical
works [26, 27] reported values close to a, b= 5.25 Å and c= 10.32 Å as obtained here. This lattice contraction
can be interpreted by taking into account the successive reduction of the atomic radius of the substitutional

3



J. Phys. Energy 3 (2021) 035005 T Ratz et al

Figure 2. Band structures, DOS and orbital projected DOS of Cu2ZnXS4 (X= Sn, Ge, Si) kesterites. The DOS are presented with
an applied gaussian smearing of 0.08 eV. The band dispersion is calculated along T: [0, 0, 1/2]—Γ: [0, 0, 0]—N: [1/2, 1/2, 1/2].
Main atomic orbital contributions to the DOS are presented alongside the figures.

cation from rSn = 1.45 Å, to rGe = 1.25 Å and to rSi = 1.10 Å [54]. Consequently, the conventional cell
volume decreases from 314.9 Å3 for the Sn-containing compound to 294.87 Å3 for Cu2ZnGeS4 and to 283.94
Å3 for Cu2ZnSiS4. One can also notice that the cation substitution does not impact the dCu−S distances. In
the following section, the results presented here will be put into perspective with the electronic properties.

3.2. Electronic properties
As it can be observed in figure 2, all calculated kesterite bands present a direct bandgap located at the Γ point.
Using an approach similar to that reported in [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 reported in table 2, the bandgap energy EG increases
from 1.32 eV for Cu2ZnSnS4 to 1.89 eV for Cu2ZnGeS4 and to 3.06 eV for Cu2ZnSiS4 . These results are
comparable to those reported by Zamulko et al in their theoretical investigation [26]. In comparison to
experimental values, the Sn-containing kesterite bandgap is underestimated by 0.18 eV as usual reported
values are around 1.5 eV [9]. In contrast, the Cu2ZnGeS4 bandgap value of 1.89 eV fits with the reported
experimental bandgaps with values between 1.88 and 2.25 eV [49–51, 55–57]. According to [58], a bandgap
value of 2.71 eV was experimentally obtained for Cu2ZnSiS4.

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 (figure 2(a)). The main contributions to the conduction band
states come from S 3p and Sn 5s atomic orbitals close to the bottom 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 provide the main contributions to energy states at the top of the band. These results are corroborated
by the work of Paeir et al in [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 orbital 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.
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Table 2. Bandgaps EG and effective massesm∗ scaled by the free electron massm0 of Cu2ZnXS4 (X= Sn, Ge, Si) kesterites. Effective
masses have been calculated around the Γ 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 componentm⊥ (resp. for the second componentm//) comparable to values
reported in [27]. High-frequency dielectric constants ϵ∞ of the materials are also presented and scaled with the vacuum electrical
permittivity ϵ0 comparable to values reported in [26].

m∗
// [me] m∗

⊥ [me]

Materials EG (eV) Γv, 1 Γv, 2 Γv, 3 Γc Γv, 1 Γv, 2 Γv, 3 Γc ϵ∞ [ϵ0]

Cu2ZnSnS4 1.32 (This work) −0.69 −3.32 −0.16 0.19 −0.77 −0.64 −0.19 0.18 6.77
1.50 [9] (Exp.)
1.26–1.77 [25, 26, 30, 31] (Theo.)

Cu2ZnGeS4 1.89 (This work) −0.72 −3.49 −0.19 0.23 −0.72 −0.63 −0.24 0.22 6.44
1.88–2.25 [49–51, 55–57] (Exp.)
2.10–2.38 [25, 26, 30, 32] (Theo.)

Cu2ZnSiS4 3.06 (This work) −1.44 −3.65 −0.25 0.26 −1.63 −0.68 −0.33 0.25 5.78
2.71 [58] (Exp.)
3.05 [25, 26] (Theo.)

For Cu2ZnGeS4 and Cu2ZnSiS4, the substitution of Sn by Ge and Si (figures 2(b) and (c)) seems to
slightly flatten the energy level at the bottom of the conduction band. The bandgap increase from 1.32 to 3.06
eV is due to the variation 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−S with the increase of the
kesterite bandgap. In contrast, the substitution of the cation atoms leaves the valence band unchanged as the
orbitals contributing to these states are from Cu and S for which the interatomic distances dCu−S are reported
constant from one kesterite material to another (cf. table 1).

In addition to the bandgaps, the effective masses are presented in table 2. These ones have been calculated
around the Γ 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 componentm⊥ and along [0, 0, 0] to [0, 1, 0] for the second component
m//. As shown in figure 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 Γc and for the three highest energy levels at the top of
the valence band Γv, 1,Γv, 2,Γv, 3, labeled from the highest energy level to the lowest energy level. For both the
conduction and valence band, the general trend observed is a slight increase of the effective mass absolute
value, with only two occasions of exceptions (for Γv, 1 and Γv, 2 of them∗

⊥ component), 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 them∗

// component,
Γv, 2 effective masses are significantly higher than Γv, 1 and Γv, 3, highlighting the presence of light and heavy
holes in this particular direction. In addition, similar values are reported regarding Γv, 1 and Γv, 3 for the
perpendicular component while, in contrast, Γv, 2 is five times lower than in the parallel direction.
Concerning the electron effective masses, similar values are obtained for both componentsm∗

// andm
∗
⊥ with

a slight increase from a minimal value of 0.18me to a maximal value of 0.26me 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 0.26me (resp. 0.19, 0.22, 0.24me) in the parallel (resp. perpendicular) 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 significant increase of the kesterite bandgap.

3.3. 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 ϵ(E) whose real ϵ1 and imaginary ϵ2 parts are
shown in figure 3(a) (see supplementary material for the detailed equations (available online at
stacks.iop.org/JPENERGY/3/035005/mmedia)). In this figure, the components xx, yy and zz of ϵ(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 ϵ∞ from 6.77 ϵ0 (Cu2ZnSnS4) to 6.44 ϵ0 (Cu2ZnGeS4) and
reaching 5.78 ϵ0 for the Si-containing compound (cf. table 2). These results are comparable to the values of
6.7 (Cu2ZnSnS4), 6.6 (Cu2ZnGeS4) and 5.7 (Cu2ZnSiS4) reported by Zamulko et al [26]. As expected, the
decrease in ϵ∞ is in agreement with the increase of the materials’ bandgap. Concerning the imaginary part of
the dielectric tensor ϵ2(E), the onset of absorption is also shifted towards higher energies as the bandgap
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Figure 3. (a) Real ϵ1 and imaginary ϵ2 parts of the dielectric tensor ϵ(E). For each compound, the xx, yy and zz components of the
tensor are presented. (b) The absorption coefficients α(E) and the solar irradiance spectrum are presented. (c) Materials’
refractive indices n(E) and reflectivity R(E) spectra.

increases. In addition, in figure 3(a), one can notice that the peaks positions correspond well to the bandgaps
reported in table 2.

Then, the absorption coefficient α(E) as well as the reflectivity R(E) and refractive index n(E) are
computed as described in the supplementary material. In figure 3(b) the absorption coefficient of the
materials are presented alongside the solar irradiance spectrum. First, one can notice that the kesterite
compounds exhibit absorption coefficient values between 0 and 2× 105 cm−1 within the energy range of
non-negligible solar irradiance (between 0.5 and 4 eV). This result highlights the applicability of these
kesterite materials as the absorber layer in solar cell applications. 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 located at the respective bandgap energies of the materials. The Cu2ZnSnS4 and Cu2ZnGeS4
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
(cf. figure 2(c)). Finally, in figure 3(c), the refractive 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 Cu2ZnSnS4, Cu2ZnGeS4 and
Cu2ZnSiS4 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 eV energy range is observed. Additionally, it is worth noticing some
reflectivity differences of nearly 10% between Cu2ZnSnS4 and Cu2ZnSiS4 for some energy values.

3.4. 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 voltage VOC and the solar cell electrical power conversion
efficiency η using Cu2ZnXS4 (X= Sn, Ge, Si) as the absorber layer. The predictions are realised based on the
theoretical model presented by Blank et al [36]. The improvements proposed by Blank et al over the
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Shockley–Queisser model [34] are (i) the use of the internal quantum efficiency Qi as a model parameter to
take into account non-radiative recombinations and (ii) the incorporation of light trapping by taking into
account the refractive index n(E) in the calculation of the radiative current density Jrad,0(n,d) (see
supplementary material).

Non-radiative recombination occurs via recombination centres: intrinsic point defects, defect clusters
and grain boundaries in the bulk materials or also through recombination centres at the interfaces of the
various layers composing the solar cell. As a consequence, these recombination centres have an impact on the
solar cell properties. Therefore, in this theoretical work, we chose to use the non-radiative recombination
rate as a model parameter. In that perspective, the internal quantum efficiency is expressed as the ratio
between the radiative recombination rate Rrad,0 and the total recombination rate: Rrad,0 +Rnrad,0, leading to
a non-radiative recombination rate under equilibrium conditions,

Rnrad,0 = Rrad,0
(1−Qi)

Qi
. (1)

Considering a perfectly crystalline material, all recombinations 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 T = 300 K. These radiative 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 internal luminescence quantum
efficiency Qi value equals to unity for which the total recombination rate R0 is equal to the radiative
recombination rate Rrad,0. In the case of recombination centres within the bulk materials or at the interfaces,
both radiative and non-radiative recombination are included. The thermodynamic condition of emission
must still be fulfilled (Rrad,0) and additionally, recombinations via recombination centres occur (Rnrad,0),
leading to an increase of the total recombination rate R0. In this paper, the Qi value is related to the amount
of non-radiative recombinations which is proportional to the number of radiative recombinations (equation
(1)). Qi can consequently be related to the internal quantum efficiency IQE which is an experimentally
measured physical quantity. The detailed description of the theoretical model proposed by Blank et al is
presented in the supplementary material. To feed this theoretical model we use the previously calculated
optical results (α(E), n(E) and R(E)) as input data. It is worth noticing that the computed material properties
obtained correspond to a perfect crystal situation (i.e. Qi = 1). As the internal 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 Qi. Accordingly,
the absorptance A(E) of the absorber layer is determined via equation (2), assuming a flat solar cell surface
and a thin film thickness d:

A(E,d) = [1−R(E)]− exp(−2α(E)d). (2)

The obtained results are presented for a solar cell temperature T = 300 K as follows.

• First, we evaluate the optimal thicknesses (i.e. associated to amaximum for η) of the absorber layer as a func-
tion ofQi. To this perspective, the efficiency of the solar cell is calculated for different values of the absorber
layer thickness d and for various internal quantum efficiency valuesQi ∈ [10−6;1] (figure 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 maximal efficiency for a range of internal quantum efficiency
values Qi ∈ [10−6;1] (figure 5). In addition, to highlight the impact of the absorber layer reflectivity 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) (equation (2)).

• Then, in figure 6, the current density voltage curves for the respective kesterite-based solar cells are presented
for different internal quantum efficiency values Qi ∈ [10−6;1] and for a usual absorber layer thickness of
1.5 µm.

• In table 3, themain solar cell electrical characteristics are reported first by assuming no non-radiative recom-
bination (i.e. Qi = 1) and secondly by assuming a non-radiative recombination rate fixed by Qi = 10−4 in
order to obtain results comparable to actual experimental device characteristics (i.e. experimentally com-
parable VOC values). Finally, the results obtained are compared to various experimental works.

In figure 4, the maximal efficiency is calculated as a function of the absorber layer thickness. Each curve
represents an internal quantum efficiency value ranging logarithmically from 1 (highest efficiency) to 10−6
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Figure 4. Solar cell efficiency modelling presented as a function of the absorber thin film thickness d for various internal quantum
efficiency Qi ∈ [10−6;1]. The efficiencies were calculated using the materials’ reflectivity R(E) as obtained from the
first-principles calculations (cf. equation(2)).

Figure 5. Solar cell efficiency modelling for an optimal absorber layer thickness extracted from figure 4 presented as a function of
the internal quantum efficiency Qi ∈ [10−6;1]. Results from simulations taking into account the materials reflectivity R(E) are
presented in full lines while dashed lines represent the maximal efficiencies obtained assuming R(E)= 0. In inset, evolution of the
prefactor fixing the non-radiative recombination rate as described in equation (1) with respect of Qi.

(lowest efficiency). Here, we report a significant disparity between the Cu2ZnSiS4-based solar cell efficiencies
with values below 5% for all Qi, compared to the cells based on the two other kesterite materials. This
observation is linked to the larger bandgap of Cu2ZnSiS4, which limits drastically the short circuit current
density (see supplementary material) as illustrated in figure 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 µm, the efficiency reaches a plateau, for Qi = 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 Qi < 1, the efficiencies reach a
maximal value for an optimal thickness before decaying linearly as d increases. The optimal thicknesses
reported for the absorber layer thin films are between 1.15 and 2.68 µm (cf. table 3). The observed increase of
η with d can be explained by the optimisation of the absorptance function A(E) which gets closer to 1−R(E)
for E> EG, thus maximising the short circuit current density. The optimisation of the absorptance also
maximises Jrad,0 which reduces VOC and reduces η but this phenomenon is not dominant here. Then, for a
unit value of Qi, 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
internal quantum efficiency values Qi < 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 supplementary material).

From the previous calculations, for each Qi value, the absorber layer thickness giving the maximum
efficiency is extracted as the optimal absorber thickness value dopt. Then, in a second calculation (figure 5),
the evolution of the maximal efficiency as a function of the internal quantum efficiency for an optimal
thickness is reported both without (dashed lines, R(E)= 0) and with (full lines, R(E) from the DFT results in
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Figure 6. Current density-voltage curves of solar cell modelling for various internal quantum efficiency Qi ∈ [10−6;1]. Results
obtained for an absorber layer thickness of 1.5 µm.

Table 3. Kesterite Cu2ZnXS4 (X= Sn, Ge, Si)-based solar cell efficiency modelling using the theoretical model proposed by Blank et al
[36]. Short circuit current density JSC , open circuit voltage VOC , fill factor FF and cell efficiency η 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 Qi = 1 and Qi = 10−4 for experimentally comparable VOC values. In order to highlight the impact of the
materials’ reflectivity R(E), the calculation have been performed both for R(E)= 0 and for R(E) values as obtained using DFT
calculations.

Materials EG (eV) R(E) Qi dopt (µm) JSC (mAcm−2) VOC (V) FF [%] η (%) Exp. Theo.

Cu2ZnSnS4 1.32 0 1 2.68 35.69 1.06 88.62 33.38 [9] [36, 59]
0 10−4 1.15 35.21 0.70 84.56 20.78
DFT 1 2.68 27.68 1.06 88.54 25.71
DFT 10−4 1.15 27.19 0.70 84.39 15.88

Cu2ZnGeS4 1.89 0 1 2.02 17.62 1.58 91.65 25.95 [23] [23, 30, 51]
0 10−4 1.15 17.53 1.23 89.82 19.65
DFT 1 2.02 13.55 1.58 91.59 19.85
DFT 10−4 1.15 13.45 1.22 89.73 14.98

Cu2ZnSiS4 3.06 0 1 1.53 1.61 2.67 94.58 4.03 N.A. N.A.
0 10−4 1.15 1.60 2.32 93.88 3.46
DFT 1 1.53 1.24 2.66 94.55 3.10
DFT 10−4 1.15 1.23 2.31 93.85 2.66

section 3.3) taking into account the materials’ reflectivity in the absorptance calculation (see equation (2)).
Concerning the impact of the materials’ reflectivity on the solar cell efficiency for the Cu2ZnSnS4 compound,
depending on the Qi value, a percentage point loss of 4–8 in efficiency is observed (decrease of 4–6 observed
for Cu2ZnGeS4 and of 1 for Cu2ZnSiS4). Concerning the behaviour of η with respect to Qi, the cell efficiency
increases as Qi tends to unity and as the non-radiative recombination rate decays towards 0 (see
equation (1)). Then, as the internal quantum efficiency decreases, the efficiencies reported also decrease with
absolute percentage point losses of 1.54, 0.79 and 0.07 per order of magnitude, respectively for Cu2ZnSnS4,
Cu2ZnGeS4 and Cu2ZnSiS4. The variation of the slopes of the material curves observed in figure 5 from one
kesterite to another is a direct consequence of the materials’ optical property 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 Rrad,0, a variation of Qi implies a smaller
variation of the non-radiative recombination rate and consequently of the total recombination rate. In
addition, any increase of the saturation current density J0 will lead to a decrease of the open circuit voltage
and consequently of the efficiency. Combining these two explanations, as the material absorptance gets
optimal with respect to the black body spectrum (i.e. from Cu2ZnSiS4 to Cu2ZnSnS4), the larger the radiative
recombination rate is, the larger the efficiency variation per decade of Qi will be (see supplementary
material). Then, following the variation of the slope observed, for a fixed efficiency value (for example 15%),
Cu2ZnSnS4 appears more ‘robust’ to larger non-radiative recombination rate as the Qi value required to
reach this efficiency is lower for Cu2ZnSnS4 than for Cu2ZnGeS4. 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 Qi values lower than 10−5.
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As shown in figure 6, the short circuit current density JSC is independent of Qi as this one is related to the
total number of electron–hole pair generated by photons absorption (see supplementary material). This
quantity depends only on the absorptance of the materials. Following 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 VOC value increases. In addition VOC is Qi

dependent. For a given material, as Qi tends towards a null value, the total recombination rate will increase
resulting in a decrease of the VOC value, leading to the decrease of the cell efficiency as reported in figure 5.
Finally, the differences in η between the three kesterite materials are associated to the decreasing value of JSC
which is not fully compensated by the increase of the VOC 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 characteristics for each kesterite material incorporated as the
absorber layer with the optimal thickness dopt and for an internal quantum efficiency Qi. Focusing on the
results obtained using DFT-calculated reflectivity R(E) and using an internal quantum efficiency of
Qi = 10−4 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 Cu2ZnSnS4, Cu2ZnGeS4 and Cu2ZnSiS4 (for an
optimal thickness of 1.15 µm). In comparison to efficiency values obtained for vanishing 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
factor values between 60% and 65% are reported [9]. This observation highlights that the predictions
realised with this model corresponds to upper limits. Indeed, nor the materials’ reflectivity 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 the calculation with a
fixed short circuit current density matching the experimental value, a cell efficiency of 12.29% is reported as
well as a VOC value of 685 mV. This result is in good agreement with the values reported experimentally.

Using this methodology, we confirmed the interest regarding Cu2ZnSnS4 for the 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, Cu2ZnGeS4 might be interesting as the top cell for tandem
approaches [23, 60] as this material provides higher bandgap value and interesting cell efficiencies, whereas,
Cu2ZnSiS4 might be interesting for solar cell applications as PV windows.

4. Conclusion

In conclusion, we reported direct bandgap values of 1.32, 1.89 and 3.06 eV and absorption coefficients of the
order of 104 cm−1 for, respectively, Cu2ZnSnS4, Cu2ZnGeS4 and Cu2ZnSiS4. Simultaneously a slight increase
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 electrical characteristics are predicted based on an improved
version of the Shockley–Queisser model. Optimal absorber layer thicknesses between 1.15 and 2.68 µm are
reported and efficiencies of 25.71%, 19.85% and 3.10% are obtained for the kesterite compounds following
the cationic substitution and the induced variation of the materials’ properties. In addition, using optical
results, we highlighted the negative impact of the materials’ reflectivity on the solar cell characteristics. Using
a non-radiative recombination rate giving VOC values comparable to actual experimental measurements, we
reported a decrease of the solar cell efficiencies to 15.88%, 14.98% and 2.66% respectively for Cu2ZnSnS4 ,
Cu2ZnGeS4 and Cu2ZnSiS4. Pointing out these results as upper limits, by reducing the non-radiative
recombination current density, the efficiency of Cu2ZnSnS4 and Cu2ZnGeS4 could be improved respectively
by 9.83% and 4.87%, putting forward these kesterite compounds as promising absorber layer materials.
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