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Abstract
Kesterite semiconductors, derived from themineral Cu2(Zn,Fe)SnS4, adopt superstructures of the
zincblende archetype. This family of semiconductors is chemicallyflexible with the possibility to tune
the physical properties over a large range bymodifying the chemical composition, while preserving
the same structural backbone. In the simplest case, threemetals (e.g. Cu, Zn and Sn) occupy the cation
sublattice, which gives rise to a range of competing orderings (polymorphs) and the possibility for
order–disorder transitions. The rich physics of the sulphide, selenide, andmixed-anionmaterials
make them attractive for computer simulations in order to provide deeper insights and to direct
experiments to themost promisingmaterial combinations and processing regimes. This topical
review assesses the status offirst-principles electronic structure calculations, opticalmodelling, and
photovoltaic device simulations of kesterite semiconductors. Recent progress is discussed, and
immediate challenges are outlined, in particular towards overcoming the voltage deficit in Cu2ZnSnS4
andCu2ZnSnSe4 solar cells.
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1. Past, present, and future of kesterite simulations

SamanthaNHood1 andAronWalsh1,2
1Department ofMaterials, Imperial College London, Exhibition Road, London SW72AZ,UK
2Department ofMaterials Science and Engineering, Yonsei University, Seoul 03722, Korea

Building on the properties and performance of elemental and compound binary and ternary
semiconductors, the extension to higher-ordermulti-component compounds has been of long-standing
interest in the solid-state physics community. For instance, in 1964 Pamplin applied electron-counting rules to
predict a range of stable semiconducting quaternary solids [1].Wagner andBridenbaugh succeeded in
fabricating a simple photovoltaic junction fromp-type Cu2CdSnS4 in 1977 [2]. Thefirst Cu2ZnSnS4 (CZTS)
solar cell was then reported in 1988 [3], which launched a line of research into earth-abundant kesterite thin-film
solar cells.While the structure of thesematerials appears simple (figure 1(a)), there are serious issues in
controlling defects and disorder in the occupancy of each element on their respective lattice sites, as well as the
large number of competing compounds in their phase space (figure 1(b)).

Materialmodelling has become a powerful tool inmaterial characterisation and prediction. First-principles
calculations, based on solutions to the quantummechanical Kohn–Sham equations in density functional theory,
have been applied to kesterites for a diverse range of problems including polymorphism, polytypism, and defect
physics, which have been the subject of extensive reviews such as those in [4] and [5]. Progress in the topic will be
further explored in section 3.Opticalmodelling, including the application of the Beer–Lambert law and rigorous
coupled-wave analysis, can be important in guiding towards higher-efficiency devices by optimising film
thicknesses andmorphology as covered in section 5. Finally, in section 7,models of device operation based on
solutions to the semiconductor drift-diffusion equationswill be discussed. The format of this topical review has
been adapted from thematerials by design roadmap [6].

The long-standing challenge facing kesterite solar cells is the voltage deficit [7], which is also covered in other
articles in this themed issue, and that is ultimately due to non-radiative electron-hole recombination. The
contributing factors can include the presence of secondary phases (e.g. small-gapCu2SnS3), cation disorder (e.g.
Cu–Zn antisites), deep-level defects (e.g. SnZn), and interfacial reactions (e.g. SnS formation at the back contact).
However, the relative weights of each process are still under debate andmay vary between samples and by device
architecture. Recent progress has beenmade in the quantification of deep-level defects by going beyond a simple
energy-level description to calculate the capture cross-sections (figure 2(a)) for specific defects [8–10].
Unfortunately,modelling based on quantummechanics shows that a number of defects exhibit large capture
cross-sections, which can be classified as ‘giant traps’.We have linked this behaviour to the redox activity of the
Sn(IV) species, which can readily reduce (capture electrons) to occupy the electronic bands associatedwith the s2

lone pair electrons. The accompanying large lattice distortionwith lone pair formation enhances the capture
rate. Such defects can give rise to rapid carrier capture evenwhen present at low concentrations [10]. Ongoing
research is focussed onfinding the optimal processing regime and chemical substituents (for example, the partial
substitution of Ag for Cu) that can suppress trap-mediated Shockley–Read–Hall recombination. Future
opportunities in themodelling of CZTSmay include high-throughput calculations of chemically substituted
kesterite structures (and their competing phases) and amore detailed theoretical analysis of the effect of
chemicalmodifications on the defect carrier capture rates.

Figure 1. (a)Atomic structure and (b) phase diagramofCZTS in chemical potential space, whereμi=0 represents element i in its
standard state. Blue, grey, purple, and yellow balls represent Cu, Zn, Sn, and S atoms, respectively. Reproduced from [10]. CCBY 3.0.
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Figure 2. (a)Calculated electron capture cross-sections of VS, VS–CuZn complex, SnZn, andCuSn. Grey shades represent the typical
orders ofmagnitude of cross-sections of giant, neutral, and repulsive traps. (b)Band diagramof theCZTS/CdS heterojunction. The
solid and dashed blue curves represent the single (1+/0) and double donor levels (2+/1+) of SnZn, respectively. d(q1/q2) is defined by
the distance from the interfacewhere the charge transition levels of SnZn (q1/q2) equal the Fermi levelEF (red dashed line). Reproduced
from [10]. CCBY 3.0.
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2. Electronic structure and intrinsic defects

Clas Persson1,2, Konstantina Iordanidou1, DanHuang3,MukeshKumar4
1University ofOslo, Department of Physics, Oslo, 0316,Norway
2KTHRoyal Institute of Technology, Department ofMaterials Science and Engineering, Stockholm, 10044,
Sweden
3Guangxi University, School of Physical Science andTechnology andGuangxi Key Laboratory of Processing for
Non-FerrousMetallic and FeaturedMaterials, Nanning, 530004, China
4School of Physics andMaterials Science, Thapar Institute of Engineering andTechnology, Patiala, Punjab,
147004, India

Status. Kesterite-structured CZTS exhibits an electronic structure (figure 3(a)) similar to its binary
counterpart zincblende ZnS. The effective electronmass of CZTS is∼0.2m0 (twice as large as for Cu(In,Ga)Se2)
and also the holemasses of∼(0.2–0.5)m0 are reasonably small [11]. One significant character is that the fully
occupiedCu d-like states are energetically distributed close to the valence bandmaximum (figure 3(b)),
implying a strong hybridisationwith the S p-like states that narrows theΓ-point direct energy gap of CZTS to
Eg≈1.5 eV. This hybridisationweakens the chemical bonds, resulting in a relatively small formation energy of
copper vacanciesVCu [12]. Therefore, high concentrations of neutral and valence-conserving complexes are
likely to be formed under normal growth conditions [13]. TheCu-poor +- +{ }V ZnCu Cu

0 and the antisite pair
+- +{ }Cu ZnZn Cu

0 are often expected to distort the stoichiometry of thematerial. Antisite pairsmake a critical
contribution to band gap fluctuations (in the range of several hundredmeVs) causing a large voltage deficit in
CZTS solar cells [14]. This disorder transition occurs primarily within the (001) planes, but the formation of
antisite pairs between adjacent planes lowers the critical temperature for disordering [15].Moreover, the
formation of these valence-conserving cation defect complexes actually implies that there is a deviation in the
valence charges around the neighbouring anions. Thismeans there is a strong correlation between two defect
complexes, where the interaction originates from the octet rule imposed on the anion near the defect complex
[16]. The formation energy of the +- +{ }V ZnCu Cu

0 complex is reduced if it is located next to the +- +{ }Cu ZnZn Cu
0

complex, and vice versa. Importantly, these two complexes affect the band gap energy in the opposite way:
+- +{ }V ZnCu Cu

0 widens the gapwhile +- +{ }Cu ZnZn Cu
0 narrows the gap. The gap energy can therefore be

compensated and stabilised inCu-poor CZTS owing to the interplay between these two defect complexes.

Current and future challenges. The role of defect complexes, cluster formation, and disorder is not fully
understood, butmay provide a key route to improving the performance of CZTS technology.While the
formation of +- +{ }V ZnCu Cu

0 and +- +{ }Cu ZnZn Cu
0 is favoured via electrostatic interactions between charged

acceptors and donors, clustering occurs viaminimising the deviation from the valence octet rule. In addition,
isovalent and neutral point defects can form complexes with strong local bonds. Cations (often group-I Ag and
alkalimetals, likeNa) are doped to enhance device performance of kesterite solar cells [17].When both sodium
and oxygen are present inCZTS, the formation of the complex +{ }Na OCu

0
S
0 0 dominates completely over

having the constituents NaCu
0 and OS

0 separated [18], despite the absence of long-range electrostatic interaction
or deviation from the octet rule. Furthermore, theoreticalmodelling suggests that cation disorder can occur in
CZTS via entropy-driven formation for non-ground state coordination that leads to nanometre-scale
compositional inhomogeneities [18, 19].

These recent results indicate that there aremajor research issues and challenges to fully understand the
formation of complexes and cluster formations inCZTS, but also to link the theoretical analyses to experimental
characterisation of true kesterite films. Fromour perspective, themain challenges are: (i) to further understand
theoretically how various defects diffuse, interplay, and form complexes; (ii) to describe how cluster formations
on ameta- tomicroscopic scale impact the electronic band edges as well as the electron and hole transport; (iii)
to better describe interfaces, grain boundaries, and non-equilibrium structures, and thereby explore defects
located there byfirst-principlesmeans; (iv) to develop accurate simulations of the defect and complex kinetics,
to describe howdefects diffuse and how they are captured during growth and post-processing; (v) to extend the
study of high doping concentrations (i.e. alloying-like stoichiometry) and off-stoichiometricmaterials,
especially at interfaces; and (vi) to simulate growth to guide synthesis of single-phasefilms of CZTS avoiding
competing secondary compound formations.

Advances in science and technology tomeet challenges. The advancement of infrastructure and systems for high-
performance computing ensures even bettermodelling ofmaterial structures and configurations in the near
future. Further development offirst-principles computationalmodels andmethodologies is however required
in order tomore accurately describe the kinetics of defects. Improved accurate atomisticmodelling with good
scalability of system size and complexity, which can describe non-equilibrium and time-dependent systems, will
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be necessary tomeet the challenges to study realistic CZTS structures and better connect the theoretical analyses
with experimental characterisation. Computational screening of off-stoichiometric, polycrystalline, disorder,
grain boundaries, and non-ground state configurations combinedwith full thermodynamic analyses is a
necessary process in such studies.Machine learning can be a tool for such screening, although in the end it is the
first-principles calculations that can describe the electronic structures and the defect physics properly.

Concluding remarks. While the native point defects inCZTS are fairly well known from a theoretical point of
view, the formation and the kinetics of intrinsic complexes need to bemore systematically explored, especially
for the grain boundary regions. Complexes and cluster formations can locally act as defect and carrier traps, and
at high concentrations they can also form electronic defect bands that directly affect the open-circuit voltage. In
order to better link future theoretical analyses and predictionswith experimental characterisation of realistic
CZTSmaterials and structures, simulations of defect and complex kinetics under realistic crystalline conditions
are required. This would necessitate non-equilibrium thermodynamicmodelling of growth processes and of
defect formation at grain boundaries and interfaces. This research direction aims towards a deeper
understanding of complex defect physics, which also can provide a path to tailor-make optimisedmaterial
structures and prevent degradation of solar cell performance.
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Figure 3. (a)CZTS electronic band structure and density of states (DOS in units of (eV×primitive cell)−1). (b)The energy positions
of cation d-orbital projected states in related cubic-like semiconductors. Energies refer to the valence bandmaximum (VBM).
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3.Opticalmodelling ofmaterials and solar cells

Zacharie Jehl1,Maykel Courel2
1Institut de Recerca en Energia deCatalunya (IREC), Jardins de les Dones deNegre, 1, 2ª pl., 08930 Sant Adrià de
Besòs, Barcelona, Spain
2CentroUniversitario de los Valles (CUValles), Universidad deGuadalajara, Carretera Guadalajara-AmecaKm.
45.5, C.P. 46600, Ameca, Jalisco,Mexico

Status. Reports on opticalmodelling of kesterite photovoltaic devices are comparatively rare, as themost
glaring issuewith this technology has historically been related to a larger than expected voltage deficit and is thus
addressed from an electrical point of view.Moreover, having a high optical absorption coefficient and no
immediate limitation from critically scarcematerials, light trapping and ultrathin layers for kesterite absorbers
have not been leading research pathways. The opticalmodelling of kesterite-based solar cells has been tackled
following twomain directions. Firstly, opticalmodelling has been used as a complement to the characterisation
of relevantmaterial properties, such as band gap, absorption coefficient, and other optical characteristics of
state-of-the-art films. Secondly, the opticalmodelling of complete solar cell stacks was addressedmostly with the
objective to increase the photocurrent by eliminating parasitic absorptions fromother layers, and one-
dimensional (1D) transfermatrix approaches have been the leading technique in that regard. A bulk of the
research focussing on the determination of the optical properties of kesteritematerial wasmade from an
experimental view point rather than through numerical analysis. In a landmark study, Raulot et al [20] used
ab initio calculations to determine the properties of different kesterite compounds which are nowadays
thoroughly investigated experimentally. On the other hand, optical constants of kesterites such as the complex
dielectric constant and band gap bowing parameter as a function of the S/Se ratio have been reported [4, 21, 22].
Recently, themost complete opticalmodel to date of a CZTS solar cell stackwas realised to determine the optical
constants of thematerial by spectroscopic ellipsometry [23], where the surface roughness, surface/interface
segregation, andMoSx layer for SLG/Mo/CZTS samples were identified as important features. However,
additional work is required concerning solar cell simulation from an optical view point, evaluating the use of
light trapping and ultrathin layers to promote device performance.

Current and future challenges. The radiative limit constitutes the simplest opticalmodel to understand device-
limiting factors, considering only losses fromband-to-band transitions. An ideal buffer semiconductor is
assumed and all photogenerated electron-hole pairs contribute to photocurrent density. Furthermore,
contributions from series and shunt resistances and photon reflection are neglected. Figure 4 illustrates results
on efficiency (η), short-circuit current density (Jsc), open-circuit voltage (Voc), andfill factor (FF) of CZTSSe
solar cells as functions of the S/(S+Se) compositional ratio considering an absorber thickness of 2 μm.Details
of the calculation procedure and parameters can be found in the literature [24, 25]. Under the radiative limit,
efficiency values in the range of 26.3%–29.6% are expected,markedly higher than the experimental values
reported for this technology. In addition, Jsc values in the range of 29–48 mA cm−2 andVoc values in the range of
0.657–1.109 V are predicted depending on the S/(S+Se) compositional ratio. For recordCZTS and
Cu2ZnSnSe4 (CZTSe) solar cells, Jsc values of 19.5 mA cm−2 and 40.6 mA cm−2 have been reported, respectively,
with the use of an anti-reflection coating [26, 27]. Close to 10 mA cm−2 is thus lost fromparasitic absorptions
fromother layers (mainly buffer) and photon reflection, as well as defect-related bulk and interfacial electron-
hole recombination. Therefore, a buffer layer with a higher band gap than that of CdS andwith good lattice-
matching and band alignment with the kesterite is required for higher Jsc values. Another strategy could be the
use of light trapping to promote Jsc values. On the other hand,Voc values of 661 mVand 423 mVhave been
experimentally reported [26, 27] for CZTS andCZTSe, respectively,much lower than the values expected for
these solar cells under the radiative limit. Particularly, CZTS cells suffer from a higherVoc deficit, resulting from
the non-ideal CdS buffer layer—cliff-like band alignment andCdS/CZTS defect formation due to lattice
mismatching [25]. Finally, FF values of 65.8% and 67.3%have beenmeasured for CZTS andCZTSe [26, 27],
respectively, somewhat lower than the ones expected under the radiative limit (84%–89%), suggesting thereby
the need to replaceMo as the back contact.

Advances in science and technology tomeet challenges. As the basic optical properties of kesterite compounds
have beenwell known for nearly two decades,modelling of complete solar cells is possible using standard
numerical tools, withmuch of thework relying on 1Dmodelling. A planarmodel was used byWinkler et al [28]
to simulate potential improvements of CZTSe solar cells, specifically by optimising the front layers. Themethod,
labelled the ‘scatteringmatrix technique’, is derived from the standard transfermatrix approach including a
scattering component. The authors identified optimumconditions for theCdS and ITO thicknessesmaximising
the current, by comparing the transmitted and reflected radiation. Theminimisation of reflectivity surprisingly
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did not yield the highest efficiency, and the authors emphasised instead the importance of the frontwindow
transmissivity as themain levermaximising photogeneration. Another landmarkwork focussing on optimising
the current of the cell by evaluating combinations of different thicknesses of CdS and ITO front layers using a
modified transfermatrixmodel was published [29].WithCdS thickness becoming unrealistic to reduce below a
certain threshold, the authors recommend the utilisation of a thinner andmore transparent ITO layer, although
theymention that it could become problematic for scaling up devices. Similar results have been obtained in the
CIGS community, which led to the development of Zn-based buffer layers with awider band gap currently
holding the highest reported efficiency for this technology. Gorji [30] followed a somewhat similar approach, by
quantifying the optical losses (absorption and reflection) in aCZTS solar cell. A combination of a ITO/TiO2

nanoparticle window layer and In2S3 buffer layer was found tomaximise the cell’s current as compared to the
more standardCdS/ITO stack. Again, transmission of the front layer was the critical parameter requiring
optimisation rather than aiming atminimising the reflection. Other approaches consider the use of light
trapping and ultrathin layers. Frisk et al [31] studied the influence of the absorber thickness on the photovoltaic
performances and showed a current saturation for absorbers thicker than approximately 1 μm. In the ultrathin
regime (less than 500 nm), efficiency and all photovoltaic parameters are affected by the back contact
recombination as is established inCIGSSe technologies.More importantly, this study highlights that despite the
absorption coefficient of kesterite films, thick layers (above 1 μm) are necessary to unlock the full potential of the
material if an increased carrier diffusion length is achieved and interface recombination issues can be alleviated
by the fabrication of higher qualitymaterials. Hence, and if the electrical limitations of currentmaterials are
addressed, this paper brings interesting insights on optical pathways to further increase the efficiency. As light
trapping could become a necessity in that context, works investigating themodelling of nanostructuredCZTS
could become of particular interest in the near future.

Concluding remarks. An untapped potential of 10 mA cm−2 short-circuit current increase still exists in
kesterite solar cell technology. Particularly, buffer layer transmissivity represents in our opinion a clear pathway
for improvements of the kesterite technology, andwith alternative buffer layers representing themain lever to
increase Jsc, opticalmodelling of alternative CZTSSe solar cell stacks will become necessary to fully evaluate the
potential of this technology in amore optimised configuration. In that sense, it is in our opinion necessary for

Figure 4.Efficiency (η), short-circuit current density (Jsc), open-circuit voltage (Voc), andfill factor (FF) values of CZTSSe solar cells as
functions of the S/(S+Se) compositional ratio.
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the kesterite community to follow the tracks of past research inCIGSSe absorbers as both technologies face
similar issues in that regard. Additionally, light trapping, ultrathin layers, and the use of nanostructured
materials are interesting pathways despite the excellent optical properties of kesterite films, and one that the
technologywill eventually follow to broaden its field of application.
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4. Kesterite devicemodelling and optimisation

Johan Lauwaert1, Sanghyun Lee2
1Department of Electronics and Information Systems, GhentUniversity, Zwijnaarde B-9052, Belgium
2Department of Electronics andComputer Engineering Technology, Indiana StateUniversity, TerreHaute, IN,
47809,USA

Status. The optoelectrical devicemodelling of kesterite devices has been developed to optimise device
parameters with predictable outputs by controlling inputs based on empirical and theoreticalmaterials and
device characteristics. Three categories are studied to elucidate the lossmechanismof devices (see figure 5): (a) a
heterojunction interface recombination (CdS/CZTSSe absorber), (b)CZTSSe bulk recombination, and (c) a
back contact interface recombination (Mo/MoSe2/CZTSSe absorber). Foremost, the carrier recombination at
the heterojunction interface severely degrades device performance. The 12.6% champion device has
demonstrated a triangular shape of quantum efficiency, implying a strong carrier collection loss at the
heterojunction interface. In a simulation study, the interface recombination velocity is estimated to be
approximately 105 cm s−1, based on quantum efficiencymeasurements [32]. Hence, extensivemodelling of the
heterojunction interface has been focussed on optimising the interface band offset, improving defective CdS
buffer layers, and investigating alternative buffer/window layers. Another primary recombination path is
CZTSSe bulk recombination, which is explored bymodelling intrinsic bulk defect states and the attending
increases in saturation current/diode quality factors. Evenwith high-efficiency devices, carrier lifetimes are
extremely low (a few ns), which is an order ofmagnitude smaller than typical CIGSSe devices (30–100 ns) [33].
Most research focusses onmodelling and characterising devices with deep defect states in theCZTSSe absorber
layers, which can provide the trend of recombination in the quasi-neutral region but also give information on
severe interface recombination in the space charge region, aggravated by grain boundaries and secondary phase
defects.Modelling recombination at the back contact interface is done by considering a Schottky back contact
associatedwithMo, aMoSe2 interfacial layer, and aCZTSSe absorber. Unlike CIGSSe devices, in CZTSSe these
components yield thermodynamically unstable back contact interfaces.

Althoughmodelling and characterisation by isolating each of the three categories’ properties is not trivial,
numerical simulators such as TCAD [32], SCAPS [34], and PC1D [35] can provide further insight with the
support of empirical results. To optimisemodelling and simulation results, themain characterisationmethods
are time-resolved photoluminescence, photoluminescence, quantum efficiency, admittance spectroscopy (AS),
deep-level transient spectroscopy, capacitance-voltage, and current-voltagemethods, while varying temper-
ature, frequency, light intensity, and light/voltage biases.

Current and future challenges. Although these three categories of recombination described above are a good
classification of the possiblemechanisms that impact on the performance, thesemodels contain a large number
of parameters. Therefore, themain challenge is tofind an adequate description for the generation and
recombination profile throughout thewhole solar cell structure. As for the fabrication of devices, themodelling
benefits from the experience fromCIGSSe devices. For the fabrication, this has resulted in similar deposition
methods for the buffer andwindow, while for electronicmodelling often optical and electronic parameters for
thesefilms (buffer, window, and back contact) can be used from the available CIGSSemodels [36]. However, due
to the deposition of the different absorber film the exact properties of these layersmight be different.Moreover,
changes in the properties are expected for production in different laboratories. The aim inmodellingmight
therefore be to estimate these parameters based on the characterisationmethods, ideally on devices, but progress
can also bemade on individual films or crystals [37]. On one hand, this increases the number of parameters that
can be adjusted to describe the experiments but on the other hand opens the perspective to determine these
parameters and optimise the back contact, buffer, andwindowmatching the properties of the specific kesterite
absorber [38]. Adequatemodelling should therefore be able tomimic all the features in these characterisation
methods, and estimate the uncertainty of each of the parameters. Such amethodologywould lead to an
understanding of whichmechanism is limiting the performance, and offer the key to improve the performance
of kesterite solar cells. Unfortunately, thismethodology cannot be transferred from another solar cell
technology.Moreover, this becomes evenmore challengingwhenmoremechanisms in parallel have an impact
on the solar cell performance, which is the expected situation even for the champion device of 12.6% [39].
Finding a uniquemodel ismore achievable for efficiencies close to the theoretical limit and it is therefore
understandable that progress can bemade by explaining experimental features based on numericalmodelling.

Advances in science and technology tomeet challenges. There has been some progress in understanding the back
contact properties throughmodelling and characterisation. The unstable back contact interface near CZTSSe/
Mopreferentially forms the interfacialMoSe2 layer. Hence, one of the efforts to optimise a back contact interface
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is to add a thin intentionalMoSe2 layer at theCZTSSe/Mo interface. Amodelling study suggests that a big hole
Schottky barrier (0.55 eV) is split into two small barriers (0.29 and 0.26 eV) by adding a thinMoSe2 layer
(>100 nm) due tometal workfunction and band alignment [40]. Further optimisation of back contact interfaces
can be achieved through a tunnel junction of hole carriers or an electron reflector-like intermediate layer
(MoO3). To provide the interface stability, intermediate layers such as ZnO, TiN, andTiB need to be further
developed and optimised.

The heterojunction interface has been extensively studied in an effort to reduce the severe interface
recombination. The spike-like conduction band offset (CBO) (larger CdS electron affinity thanCZTSSe) below
0.4 eV can suppress interface recombinationwithout compromising Jsc. Anotherfinding is photoconductive
deep defects near theCdS/CZTSSe interface associatedwithCd, which degrades CBO and causes a red-kink of
the J–V response [41]. Hence, Cd-free alternative buffers such as ZnO, ZnS, In2S3, and (Zn,Mg)OwithCBO less
than 0.4 eV canminimise the interface recombination and red-kink, which also can improve theVoc deficit.
Regarding the optimisation of theCdS/CZTSSe interface through the absorber, a Cu replacement in the
absorber such as Ag can improveVoc by reducingCu-related defects and Fermi level pinning at the interface with
higherVoc. From the single crystalline absorber studywithout grain boundary effects, interface recombination
and the bulkminority carrier lifetime of the absorber are required to be improved. The bulkminority carrier
lifetime is estimated to be between 2 and 7 nswithminority diffusion length 2.1 μm [32]. To improve the
minority carrier lifetime and reduce bulk recombination, passivating bulk defects and associated interface
defects is required. Furthermore, a systematic study of the impact of passivating bulk, grain boundary, and
interface defects on device parameters is neededwhen the activation process is introduced to optimise the
CZTSSe absorber.

Concluding remarks. Electricalmodelling nowadays supports the fabrication of solar cell devices, which is
mainly driven by improving the performance. Evenmore than other technologies, device fabrication strongly
benefits from the experience researchers have gained from the development of CIGSSe. Consequently,models
that propose explanations for recombinationmechanisms that influence performance are in part based on
existingmodels for CIGSSe. Although these results are extremely valuable and have given good insight into the
fundamental electronic properties of the kesterite absorbers and potential recombinationmechanisms, the
community is still lacking a comprehensivemodel that can explain a sufficiently wide range of experimental
observations. Such amodel would offer the key understanding of whichmechanism is limiting the performance
and therefore be capable of optimising the buffer, window, and back contact in linewith the electronic and
optical properties of the kesterite absorber.
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