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Kesterite Cu,ZnSn(S, Se), (CZTSSe) solar cells are highly promising low-cost

thin-film photovoltaics. However, the efficiency of these solar cells is
challenged by severe charge losses and complex defects. Here we reveal
through a data-driven correlation analysis that the dominant deep defect
in CZTSSe exhibits a donor character. We further propose thatincomplete
cation exchange in the multi-step crystallization reactions of CZTSSe is
the kinetic mechanism responsible for the defect formation. To facilitate
the cation exchange, we introduce a multi-elemental alloying approach

aimed at weakening the metal-chalcogen bond strength and the stability of
intermediate phases. This strategy leads to a significant reductionin charge
losses within the CZTSSe absorber and to a total-area cell efficiency of 14.6%

(certified at 14.2%). Overall, these results not only present a significant
advancement for kesterite solar cells but could also help identify and
regulate defects in photovoltaic materials.

The ongoing exploration of diversified photovoltaic materials has
created more opportunities for the efficient, low-cost and environ-
mentally friendly utilization of solar energy"”. The emerging multi-
nary chalcogenide, Cu,ZnSn(S, Se), (CZTSSe), is being developed
as a promising candidate to promote the large-scale and low-cost
application of thin-film photovoltaics by taking advantage of its
high constituent element abundance, non-toxicity and excellent
industrial compatibility’””. However, multinary element components
in CZTSSe have also led to complex atomic self-doping and intrinsic
defects, resulting in severe non-radiative charge recombination
and significant photoelectric conversion efficiency (PCE) loss in
solar cells***.

Inthe pastyears, several types of defect such as Cu/Zn disorder, Sn
vacancies (Vg,) and Sn/Zn substitutions (Sn,), located on the CZTSSe
surface, CZTSSe/CdS interface or grain boundaries, have been suc-
cessively considered as dominant pathways in causing charge loss
in the cells*>’'°, On the basis of these understandings, a variety of
approaches have been employed aiming at increasing the thermo-
dynamic formation energy of defects to reduce their concentration,
such as a fine optimization of Sn element content, introducing Ag/
Cu substitution doping and modification of Fermi energy level by
carrier doping'® ™. These efforts have resulted in CZTSSe solar cells
achieving baseline efficiencies of over 12%in more and more research
groups”™8, Recently, a record PCE of 13.0% was achieved through
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heterojunction annealing-induced interface reconstruction®, and
a PCE of 13.8% was also reported by us using high-pressure-assisted
regulation of phase evolutions”. However, further regulating defects
toachieve higher PCEin CZTSSe solar cells remains highly challenging,
especially because the microscopic charge loss pathway in the cell,
and the specific defect responsible for the efficiency loss has not been
definitively identified in experiments®”?°?', Moreover, the widely used
thermodynamic equilibrium mechanism may not have fully reflected
the defectformationin CZTSSe becauseits crystallizationis primarily
governed by kinetics-related solid-state heterogeneous reactions'***?,
Kinetic processes are typically more complex than that predicted by
end-state equilibrium theories, which renders the widely explored
thermodynamic regulationroute less effective in suppressing defects
further in the cell. Therefore, more precisely identifying the defect,
more comprehensively understanding the defect formation mecha-
nism and more effectively regulating their formation processes are
currently the most critical requirement for CZTSSe solar cells.

Here we present akinetics-based approach to suppress the forma-
tion of deep defectsin CZTSSe, resulting in aremarkable improvement
ofthecell PCEup to 14.6%. By proposing a cell performance parameter
analysis method, we identify the donor-type defect, most possibly
the Sn,,, as the primary deep defect in CZTSSe. We further suggest
that the incomplete cation exchange in the multi-step crystallization
reactions of CZTSSe is the primary kinetic mechanism responsible
for the formation of this defect. These findings lead us to introduce
elemental alloying to reduce the material stability and metal-chal-
cogen bond strength of the intermediate phases, thereby facilitating
the cation exchange. Thisapproach has significantly reduced the deep
defect-induced chargelossinthe CZTSSe absorber and consequently
resulted in animpressive step forward in the cell PCE. In addition, the
presented defect analysis method and the understanding of the defect
formation mechanisminthis work also haveimplications for the defect
regulationin other photovoltaic materials.

Defectidentification of CZTSSe

To overcome the inconsistency of defect measurement met in pre-
vious works?, here we propose using the correlations between cell
performance parameters with defect characteristics to evaluate the
type of killer defectin CZTSSe. Using device simulation (Supplemen-
tary Table 1)***, we found that currently the voltage and PCE loss in
the cells is dominated by deep defect-related non-radiative recom-
bination in bulk CZTSSe absorbers (Supplementary Figs. 1-4). We
further observed that the cells governed by different types of deep
defect (acceptor or donor) exhibit distinct /s, Vo and FF evolution
behaviours when the cell PCE gradually decreases as the cell defect
concentration and carrier-capture cross section (o) increase (Sup-
plementary Fig. 3; Jsc, short-circuit current density; V,c, open-circuit
voltage; FF, fill factor). Specifically, under the same PCE, the cells
with donor defects exhibit higher /s but lower V,,c and FF due to the
charge compensation between donor defects and majority holes in
the CZTSSe absorber. This discrepancy is more clearly observed by
introducing a combined parameter, Js/(V,c X FF), and it can be seen
in Fig. 1a that the cells with different defect type segregate into two
regions in the Js/(V,c x FF)-PCE characteristics graph. These behav-
iours make the Jsc/(V,c % FF)-PCE characteristics a reliable criterion
for identifying the deep defect type.

We subsequently collected performance parameters on approxi-
mately 1,000 cells from our laboratory and compared them with the
simulation results**?”. We assume that the fluctuation in the PCE of
these cells is mainly caused by variations in the concentration or ¢
of deep defects in CZTSSe, as the formation of defects is the most
uncontrollable variable in experiment. Figure 1b shows that nearly all
the experimental data fall within the donor defect region, indicating
that the cell’s PCE is mainly determined by deep donor defect. This
finding differs from previously proposed scenarios of acceptor-type

deep defects'** but is supported by recent theoretical predictions’.
Additionally, the similar distribution trend of the /so/(V,,c x FF)-PCE data
between different cell groups suggests that these CZTSSe absorbers
have the same defect character despite that they were fabricated by
different experimenters and with different methods. As in Fig. 1b, by
comparingthe experimental trend with the simulation results derived
from fixed o parameters (dashed lines), we estimated these CZTSSe
absorbers having the gin the order of 10™* cm?® We also measured the
photoluminescence (PL) quenching activation energy (E,™) of the
CZTSSe films, which gave values in the range between 50 and 70 meV
(Fig. 1c). These small E,”* values agree with the large o and are very
close to the predicted carrier-capture energy barrier of Sn,, donor
defect®?**°, Therefore, we determine that the primary deep defect
inthese cellsis Sn,,.

Kinetic mechanism for the defect formation

It was previously predicted that the cell PCE limited by Sn,,, defect can
reach 20% or higher®**°, which is significantly better than currently
achieved experimental results. Thisimplies that the defect formation
processin current CZTSSe absorbers is deviated from the thermody-
namicequilibrium andthat the defect concentrationis obviously higher
than the predicted ones. In our opinion, incomplete cation exchange
within the CZTSSe multi-step solid-phase crystallization reactions is
amore important factor influencing the formation of Sn,, defect. In
the initial crystallization stage, in addition to the direct formation of
CZTSSe phase within the film, ternary Cu,Sn(S, Se); (CTSSe) and binary
Zn(S, Se) intermediate phases can simultaneously emerge, due to their
lower requirements for selenization temperature and Se concentra-
tion (Supplementary Fig. 5)**. To make these intermediate phases
transform into final CZTSSe, Zn needs to release from Zn(S, Se) and
partially exchange with Cuand Snin CTSSe, as schematically shownin
Fig.2a,b. Although this reaction is thermodynamically favourable at
high temperatures, the energy barriers of metal-Se bond breaking and
atom insertion in these processes still limit the kinetics of Zn/Sn and
Zn/Cu exchanges, thus leading to the formation of Sn,, defect in the
final CZTSSe. As such, toreduce this defect, cation exchange needs to
befacilitated by decreasing theintermediate-phase stability and reduc-
ingthe cation-exchangebarrier, as shown by the dashed linein Fig. 2b.

Elemental alloying strategy

To achieve this goal, elemental alloying offers a promising solution
asit can effectively modify the atomic bonding state of amaterial®>*°,
Initially, we used material formation energy (£;,,,) as a criterion to
search suitable alloying elements. To avoid introducing carrier dop-
ing, only +1,+2 and +4 valent elements were considered. We collected
and compared the £, of avariety of A,BSe, (A:Na, K, Ag, Cu; B:Si, Ge)
and MSe (M: Ca, Mg, Cd) compounds with that of Cu,SnSe; and ZnSe
(Supplementary Table 2)**%, Figure 2c shows that Ag- or Ge-containing
A,BSe;compounds have asmaller ||, making them potential alloy-
ing elements. CdSe in MSe also exhibits a similar trend. We further
calculated the Gibbs free energy of CTSe, ZnSe and their alloyed com-
pounds with these three elements. As shown in Fig. 2d, Ag alloying in
CTSeincreases the free energy by approximately 0.9 eV at 800 K, and
CdalloyinginZnSeincreases the free energy by about 2.0 eVat 800 K.
Ge has little influence on the free energy. We further calculated the
change in the metal-Se bond energy of these compounds caused by
the alloying (Supplementary Figs. 6-8). The results shown in Fig. 2e
indicate that the average energy of the metal-Se bond around the alloy-
ing site is reduced by approximately 0.16 (Ag-Cu), 0.04 (Ge-Sn) and
0.11eV(Cd-Zn), respectively. For ZnSe, thereduced 0.11 eV has reached
one-fourth of its initial bond energy®. These results mean that in the
high-temperature reaction process, these alloyed intermediate phases
become less stable, and thus the cation exchange involving metal-Se
bond breaking and reconstruction willbe much easier, which will facili-
tate the elimination of Sn,, defect in the final CZTSSe.
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Fig.1| Defect-type analysis of CZTSSe. a, Impact of defect type (donor and
acceptor) on the/s/(Voc x FF)-PCE characteristics of kesterite solar cells. The
solid points are simulation results of the cells with different defect characters
(concentration and 0); the shadows depict the regions dominated by donor or
acceptor defect. b, A comparison of experimental data to the simulation results.
The experimental data were collected from -1,000 cells fabricated by different
experimenters and with different methods in our lab (TGA-1 (or 2), thioglycolic
acid-water solution method and experimenter 1 (or 2); DMSO-Sn**, dimethyl

PCE (%)

PCE (%)

sulfoxide solution method with SnCl, as the Sn source; 2ME, 2-methoxyethanol
solution method; DMSO-MoO,, back-interface modification by MoO,, and

the bandgap of the CZTSSe is about 1.07 eV). The dashed lines are simulation
results corresponding to o of 10™*and 2 x 10™* cm?, respectively. ¢, PL quenching
activation energy (E,™) of CZTSSe films corresponding to the cells with different
PCEs. Dashed lines depict the calculated carrier-capture energy barrier (£,) of
several defects (or defect complexes) for reference.

Characterization of alloyed CZTSSe films

In experimental studies, the aforementioned alloying elements Ag
and Cd were directly introduced via the precursor solution, and the
Ge was introduced from the back interface. The precursor solutions
were subsequently deposited onto soda lime glass/Mo substrates
by cycled coating, and final CZTSSe absorber films were obtained
through selenization. To study the influence of the alloying, we first
characterized the unalloyed (control) and optimally alloyed (target)
films at different crystallization stages. The samples were obtained by
interrupting the selenization process (Supplementary Figs. 9 and 10),
andtheyarelabelled according to the interrupting time-temperature
pointfor clarity here. For example, 9-502 means the film selenization
had experienced 9 min and was interrupted at 502 °C. The films were
first characterized using a spherical aberration corrected scanning
transmission electron microscope (STEM). Cross-sectional high-angle
annular dark-field (HAADF) images (Fig. 3a and Supplementary Fig. 11)
reveal that the target and control samples adopt a similar top-down
crystallization mode and have the same crystal growth orientation
alongthe[201] direction of the kesterite lattice (Supplementary Figs. 11
and12). The top region of the films has transformed into large grains,
whereas the lower region remainsina mixed nanocrystal-amorphous
state oramorphousstate (Supplementary Fig.13).In the lower region
ofthetarget 9-502 sample, asimultaneous enrichmentofZnand Cdin
some nanoscale domains canbe observed from the energy dispersive
X-ray spectroscopy (EDX) mapping image (Fig. 3b). Electron energy
loss spectroscopy also reveals the coexistence of Ag/Cu or Cd/Znin
different nanocrystals within the mixed layer (Fig. 3c). Furthermore,
intop CZTSSe grains, anoccupation of Ag at Cu site and an existence of
Gearealso confirmed (Supplementary Figs. 14 and 15). These findings
indicate that elemental alloying did occur in the initial crystallization
reaction stage.

We further conducted a detailed analysis of the element
distribution within the interface region of the top grain/mixed
nanocrystal-amorphous layers in 9-502 and 11-540 samples (Sup-
plementary Fig. 16). As illustrated by the dashed lines in Fig. 3d, both
Zn and Sn demonstrate a gradient in element distribution within this
region. According to Fick’s first law, this gradient reflects the upward
diffusion of elements, combininginto the top grains. It can be further
seen that the alloying in the target samples has increased the Zn ele-
mentgradient compared with thatin the control samples and moreover

rendered itsimilar to that of Sn. This observation suggests an enhance-
mentintheactivity of Zn elementinsertioninto the top crystals. Con-
sequently, Zn acquired amore synchronized distribution with Cuand
Snelements throughout the film (Fig. 3e,fand Supplementary Figs.17
and 18).Incomparison, inthe control sample, Zn exhibited low reaction
activity with Cuand Snand thus has beenrepelled to the middle region.

The evolution of X-ray diffraction (XRD) patterns was also studied.
AsseeninFig.3g,inthetarget sample, the final-like CZTSSe phase with
an XRD peak atabout 27.2° already appeared at the 8-464 selenization
point, whereasin the control sample, this phase did not appear until two
minutes later (10-540). Moreover, the XRD peak position of this phase
in the target sample remained constant throughout the selenization
process, whichis significantly different from the evolution phenom-
enon of the control sample (Supplementary Figs.19 and 20). Addition-
ally, the Raman spectra of the target sample shown in Fig. 3h display
amore pronounced Zn-related lattice vibration (150-175cm™) and a
much weaker CTSSe signature (180 cm™)*°, The X-ray photoelectron
valence-band spectra also demonstrate an enhancement of Zn-Se(S)
hybridization in CZTSSe (Supplementary Fig. 21)***", These results
further confirm that elemental alloying has facilitated the exchange
of Zn/Sn and Zn/Cu, leading to an accelerated formation of ordered
kesterite phase. This, in turn, is expected to help suppress the forma-
tion of Sn,, deep defect.

Solar cell characterization

We subsequently fabricated CZTSSe solar cells and analysed their per-
formance. The statistics of abatch of cells are presented in Fig. 4aand
Supplementary Fig.22. TheJs/(V,c x FF)-PCE analysis revealed that all
cells followed the donor defect characteristics. The target cell had an
average PCE of about 13.5%, whereas the control cell had an average
PCE of only about 10.5%. The PCE improvement was mainly attributed
to theincreasein V,c and FF, due to reduced charge recombination
loss. We also fabricated cells with more alloying groups, as shown in
Supplementary Fig. 23. The best result was obtained when Ag, Ge and
Cd were synergistically used (Supplementary Fig. 24), where Ag/Ge
modified CTSSe and Cd modified Zn(S, Se) phase, respectively, in the
crystallization process. We also attempted to use Ag/Ge/Mg to alloy
the CZTSSebut obtained obviously lower PCE (Supplementary Fig. 25).
Thus, using the E;,,,to theoretically search alloying elementsiis feasible.
Furthermore, we attempted a post-deposition treatment method to
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Fig. 2| Kinetic mechanism and regulation of Sn,, defect formation.

a,b, Schematic diagrams of cation-exchange processes in the phase evolution
from CTSSe to CZTSSe (a) and of the multi-step reaction pathways (b). The
primitive Se-metal coordination structures in CTSSe and CZTSSe are given
here to show their evolutions. ¢, Relative formation energy of A,BSe; (A:Na, K,

Ag, Cu; B:Si, Ge) and MSe (M: Ca, Mg, Cd) compounds compared with Cu,SnSe,
and ZnSe, respectively. d, Gibbs free energy of Cu,SnSe;, ZnSe and their alloyed
compounds. e, Reduction in the metal-Se bond energy of Cu,SnSe,and ZnSe
when they are partially alloyed. The lattice configurations used for these
calculations are shown in Supplementary Figs. 6-8.

introduce these alloying elements, but it did not work well. Thisimplies
that compared with final-state doping, it is more important for these
elements to participate in and regulate the crystallization reactions.
Thermal admittance spectroscopy was used to characterize the
defect*’; however, only shallow defects withionization energy of about
0.09 eVweremeasuredinbothcells (Supplementary Fig.26). We turned
to quantify the deep defect-induced charge recombinationlossinthe
cell using a modulated electrical transient method (Supplementary
Noteland Supplementary Figs. 27 and 28)****. The photovoltage decay
rate (k,) of the cells was extracted from the modulated transient pho-
tovoltages, as shown in Fig. 4b, which exhibits exponential increases
with the voltage. Onthe basis of this characteristic, the ideality factor
(A) of the control and target cellswas fitted tobe 1.93 and 1.55, respec-
tively. The significant reduction in the ideality factor indicates that
the charge recombinationin the CZTSSe absorber has been effectively
suppressed. The charge extraction (1;) and collection efficiencies
(n¢) correlated with the charge loss in the CZTSSe and buffer/window
layer, respectively, were further extracted from the measurements. As
shownin Fig. 4c, the n. of these two cells is comparable to each other
in the entire voltage regime. In contrast, 7; of the target cell has been
significantly enhanced andis even higher thanthe . in the high-voltage
regime. This suggests that the charge non-radiative recombinationloss

in the CZTSSe film has indeed been reduced. Considering the similar
valence-band edge and lattice vibration properties between these
two samples (Supplementary Figs. 29 and 30), the improvement in
ne is attributed to an obvious reduction in the defect concentration
(Supplementary Fig. 31).

We conducted further PL characterization of the CZTSSe films,
which emit photons below the bandgap (E,) atlow temperatures. Our
analysis revealed that the PL red shift (relative to the E,) of the target
filmis reduced by about 20 meV compared with the control sample
(Fig.4d). Thissuggests a decreasein the potential fluctuationinduced
by deep defects'®*. To evaluate the surface electric properties, we
measured the contacting potential difference (CPD) of these sam-
ples*. As shown in Fig. 4e, both films exhibited similar energy band
upward bending behaviour in the grain boundary regions, and their
CPD properties were not significantly affected by light illumination
(Supplementary Fig. 32). This implies that both films have negligible
surface and grain boundary carrier pinning effect”. Consequently, all
these results demonstrate that the benefit of the elemental alloying
liesinreducing deep defectsin CZTSSe graininteriors.

The current-voltage characteristics of our champion cell are
presented in Fig. 4f, showing a total-area PCE of 14.6% (active-area
PCE: ~15.1%). The cell achieved aJsc 0f 36.6 mA cm™, a V. of 0.55V
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and an FF of 0.724. Furthermore, the cell obtained a certified PCE of
14.2% in an accredited independent laboratory (National PV Industry
Measurement and Testing Center; Supplementary Fig. 33). The main
discrepancy between the certified and our lab result, that is, the FF, is
attributed to the influence of the MgF, antireflection layer on the elec-
trical probe contacting. The cell’s external quantum efficiency (EQE)
spectrum (Fig. 4g) yielded anintegrated /s 0f 38.0 mA cm™and an £, of
1.08 eV. Additional performance parameters of our cell and previously
reported cells are summarized in Table 1 (refs. 5,14,15,19). The ratio of
our /s to the Shockley-Queisser limit (Jso//sc°Q) is approximately 0.82,
similar to the12.6% record cells. Moreover, the V,cFF/ Vo S%FF*?value of
our cellreaches 0.55, and the V,, deficit (E,/q — V,,c) has been reduced
to 0.530 V. These two parameters outperform those obtained in our
previous cells fabricated using high reaction chamber pressure®. These
results indicate that multinary alloying can more effectively regulate
the reaction kinetics to suppress deep defects in CZTSSe and thus
creates more favourable moderate reaction conditions to meet the
requirements of large-scale and low-cost industrial manufacturing.
Overall, these results represent asignificant advancement for CZTSSe

solar cells, which could also further promote the development of
emerging inorganic thin-film solar cells (Fig. 4h)*.

Multinary alloying has become a baseline strategy in our experi-
ment due to its significant and reproducible effect in improving the
performance of kesterite solar cells. Nonetheless, regarding the mecha-
nismofalloyinginregulating the CZTSSe crystallization, several open
questions still need to be further studied. First, we need to further
understand the influence of alloying on the composition phase diagram
of the kesterite material system and on the equilibrium relationship
betweenSe(S) vapour pressure and temperature for the formation reac-
tions of related metal chalcogenides. Second, the element diffusion
and atom-lattice structure transformation at the interface between
different phases during the CZTSSe crystallization process deserve
more detailed study from the perspectives of theoretical calculations
and experiments to help us better understand the atomic scale process
of kesterite material synthesis and phase evolution.

We also further outlook the continued advancement of kesterite
solar cells from several perspectives. First, meticulous optimization
of the optical properties of the buffer and window layers is crucial.
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Table 1] Cell performance parameters of our and previously reported record cells

Device (Areezl) PCE (%) Jsc(mAcm™) Vo (V) FF E,(eV) Eo/q=Voc (V) TS VocFF/VocSOFFS?
cm
Control 0.28 n.a3 35.9 0.460 0.684 1.06 0.600 0.80 0.44
This work Target 0.28 14.6 36.6 0.550 0.724 0.530 0.82 0.55
Certified 0.28 14.2 36.8 0.549 0.704 108 0.531 0.83 0.53
NJUPT cell® omn 13.0 33.6 0.529 0.729 m 0.581 0.76 0.51
IBM cell™ 0.42 12.6 35.2 0.513 0.698 113 0.617 0.81 0.46
DGIST cell® 0.48 12.6 354 0.541 0.659 113 0.589 0.82 0.46
IOPCAS cell® 0.27 13.8 36.3 0.546 0.693 110 0.551 0.82 0.50

NJUPT, Nanjing University of Posts and Telecommunications; IBM, IBM (International Business Machines Corporation) T. J. Watson Research Center; DGIST, Daegu Gyeongbuk Institute of

Science & Technology; IOPCAS, Institute of Physics Chinese Academy of Sciences.

This involves reducing layer thickness and employing wide-bandgap
buffer materials, which can enhance the Jsc//s.°*? values, making them
comparable to those achieved by the leading Cu(In, Ga)Se, solar cells
(sc/)sS%=0.88). Simultaneously, increasing the effective thickness
of kesterite absorbers and refining their crystallization process to
eliminate fine grains and voids within the absorber layer are imperative,
especially considering the non-reflective feature of the back-interface
MoSe,. Second, a more thorough comprehension of mass transport,
ion exchange and structure evolution processes is necessary to gain
better control over the growth of kesterite absorbers and address the
aforementioned morphology issues. Improved regulation of alkali
metal-assisted crystallization and environmental element equilibrium
can also significantly contribute to this objective. Last, after address-
ing the morphology and deep defect issues of CZTSSe absorbers, a
longer-term effort involves the introduction of a back field in the cell
through gradient bandgap or heavy doping.

Conclusions

In summary, our study aimed to achieve significant advancements in
kesterite solar cells by more precisely identifying and regulating deep
defects in CZTSSe absorbers. Through device simulation and data
correlation analysis, we made a step forward in experimentally iden-
tifying the primary deep defect responsible for charge loss in kesterite
solar cells, which exhibits donor characteristics and is suggested to be
Sn,, antisite. Beyond the thermodynamic theoretical predictions, we
proposed that the slow and incomplete Sn/Zn cation exchange in the
multi-step reactions involved in CZTSSe crystallization is the kinetic
mechanism for this defect formation. As guided by theoretical search,
Ag, Ge and Cd have been introduced to synergistically regulate the
CZTSSe fabrication, aimed at weakening the metal-chalcogen bond
strength and the stability of intermediate phases to facilitate the cation
exchangeinthecrystallization process. This multinary alloying strategy
has obviously enhanced the reaction activity of Zn elements and thus
facilitated the formation of ordered CZTSSe phases. Consequently,
we significantly reduced the defect-induced charge lossinthe CZTSSe
absorber and achieved a remarkable high PCE of 14.6% (certified at
14.2%) inkesterite solar cells. Overall, this work has established a corre-
lation between the defect formationand the microscopic crystallization
process of CZTSSe from the perspective of cation-exchange kinetics
and has explored amultinary alloying approach toregulate the defect
formation. These understandings and the data-driven analysis method
presented here also bring more avenues to identify and regulate defects
in photovoltaic materials.

Methods

Materials

CuCl(99.999%, Alfa), Zn(CH,C00), (99.99%, Aladdin), SnCl, (99.998%,
Macklin), AgCl (99.5%, Innochem), CdCl, (99.99%, Aladdin), GeO,
(99.99%, Aladdin), 2-methoxyethanol (99.8%, Aladdin), thiourea

(99.99%, Aladdin), Se pellets (99.999%, Zhong Nuo Advanced Mate-
rial), CdSO,-8/3H,0 (99.99%, Aladdin), ammonium chloride (=99.5%,
Sinopharm Chemical Reagent Co. Ltd.) and ammonium hydroxide
(25.0-28.0%, Sinopharm Chemical Reagent Co. Ltd.) were used in this
work. These chemicals except thiourea were used directly without
further purification.

Precursor solution preparation

First, CuCl, Zn(CH,C0O),, SnCl, and thiourea were dissolved in
2-methoxyethanol and stirred at 60 °C to obtain a colourless solu-
tion. AgCland CdCl, were then dissolved in the solution and stirred to
get afinal colourless solution. The concentrations of metal elements
and thiourea are 1.88 M and 3.20 M, respectively. The molar ratio of
I (Ag + Cu)/(Il +1V) (Zn + Cd + Sn + Ge), Il (Zn + Cd)/IV (Sn + Ge) and
thiourea/metal are 0.75,1.12and 1.7, respectively. The Ge solution was
prepared by dissolving GeO, in an ethylene glycol/ammonia solution
mixed solvent (2:1). The alloying concentrations in these precursor
solutions have been sequentially optimized by the order of Ag, Ge and
Cd. In the optimization process, the above-mentioned molar ratio is
keptunchanged.

Device fabrication

For the control cellfabrication, the CZTS precursor films were prepared
by spin coating the precursor solution without the alloying elements
on the cleaned Mo substrate at 3,000 r.p.m. s™ for 25 s, followed by
annealing on a 280 °C hot plate in the air. The coating and annealing
processes were repeated several times to obtain a precursor filmwith
thickness of about 2 um. The as-prepared precursor film was placed
inaselenium-contained graphite box and selenized inarapid thermal
processing tube furnace with 80 sccm N, flow protection (1atm). The
annealing process is schematically showninSupplementary Fig. 9. For
the target cell, the GeO, solution was first spin coated on the Mo sub-
strateat 4,200 r.p.m.for 40 sand thenannealed onahot plateat 300 °C
for10 stoformathinlayerasthe Ge source for the alloying. Afterwards,
the CZTS precursor solution with the alloying elements was used for
the precursor filmdeposition. The film adopted the same selenization
processto the control one. After selenization, a CdS buffer layer witha
thickness of about 50 nm was deposited on top of the CZTSSe film by
chemical bath deposition method. Window layers including ZnO and
Sn:In,05 (ITO) were deposited by radio frequency sputtering. Front grid
electrode comprised of Ni and Al was deposited by thermal evapora-
tion. Finally,aMgF, antireflection layer was thermally evaporated onto
the cell to complete the fabrication process. The cells were separated
from each other by mechanical scribing, and the design area of an
individual cellis 0.28 cm? (4 x 7 mm?).

Material and device characterization
XRD patterns were collected using an X-ray diffractometer with Cu
Kaas theradiation source (PANaltcal). Raman spectra measurements

Nature Energy | Volume 9 | September 2024 | 1095-1104

1101



Article

https://doi.org/10.1038/s41560-024-01551-5

were carried out on Raman spectrometer (Lab-RAM HR Evolution,
HORIBA) using 532 nm and 325 nm lasers as the excitation source.
SEM images were measured on Hitachi S4800. X-ray photoelectron
spectroscopy measurement was carried out on an ESCALAB 250Xi
(Thermo Fisher) instrument, and argon ion etching was used to obtain
different depth measurements. The microstructure of the intermediate
films was measured by aJEOL-F200CF STEM equipped with electron
energy loss spectroscopy system. The sample for the STEM was pre-
pared by a precision ion polishing system. Temperature-dependent
steady-state and transient PL spectra were obtained on aPL spectrome-
ter, FLS900, Edinburgh Instruments, excited with a picosecond-pulsed
diode laser at about 640 nm and cooling with a liquid helium system.
The £, was fitted from the temperature-dependent PLintensity using
equation /,, (T) = 1,,°/(1+ Aexp(-E,"*/K,T)), where I, ° is the initial PL
intensity at low temperatures, A is a pre-factor, K; is the Boltzmann
constant and T'is the temperature. KPFM images were obtained from
Multimode 9, Bruker.

The current-voltage characteristics of the cellswere recorded by a
Keithley 2601 Source Meter under simulated AM 1.5G sunlight (100 mW
cm™) calibrated with a Si reference cell (calibrated by the National
Institute of Metrology of China). The voltage is scanned from -50 to
600 mV and the scanning rate is about 90 mV s™. Certification of the
cellwas performedin the National PV Industry Measurement and Test-
ing Center and the certified aperture area of the cell was 0.2770 cm?. All
the measurements were performed in ambient conditions (air, 25 °C,
uncontrolled humidity) and no preconditioning was applied before the
measurements. EQE was measured by Enlitech QE-R system with cali-
brated Siand Ge diodes as references. Thermal admittance spectrawere
recorded by anelectrochemical workstation (Versa STAT3, Princeton)
indark, and the cell temperature was controlled by alow-temperature
probestation (Lakeshore TTPX). Modulated electrical transient meas-
urements were carried out by our lab-made set-up (Supplementary
Fig.27) in which the cell was excited by a nanosecond laser at 640 nm
and the transient signals were recorded by asub-nanosecond-resolved
digital oscilloscope with asampling resistance of 50 Q or 1 MQ.

Device simulation
The device simulation of the CZTSSe solar cell was based on the
WXAMPS programme derived from AMPS-1D***°, The material param-
etersused in thissimulationare listed in Supplementary Table 1. Nota-
bly, only the defectinthe CZTSSe absorber was considered because the
photoinduced electronsin other layers can be considered as majority
carriers and the carrier recombination is negligible. In the CZTSSe,
only discrete deep defect was considered because we found that the
defect distribution shape haslittle influence on the cell performance
provided the defect density and energy level are fixed. For the cell
without sufficient back-surface field, an Ohmic contact between the
CZTSSe and the Mo back electrode was considered with majority hole
transfer rate (S,) of 10’ cm s™. The same electron transfer rate (S,) was
used for the front electrode/ITO interface. A surface reflectivity of 5%
was used in the simulation.

To study voltage loss mechanism of the cell, an additional layer
(4, 2.5 eV; affinity, 3 eV) with high hole concentration of 10 cm™ was
introduced to provide back-surface field. The upper-limit V, of the
cell was obtained by considering the back-surface field and using low
defect concentration (10”2 cm™) of CZTSSe absorber. The performance
of cells with different defect concentration and o has been simulated.
In addition, for each defect condition, the cell with or without the
back-surface field has also been considered. Under fixed defect con-
dition, the voltage loss caused by the back-surface field was obtained
by comparing the V, of the cells with and without the back-surface
field. For calculating the voltage loss caused by the deep defect, the
back-surface field was always considered, and the defect-induced volt-
age loss was calculated as the difference between the V. of the cell with
certain defect properties to the upper-limit value. These simulations

found that whenthe cell efficiency is lower than16%, the voltage loss is
mainly caused by deep defect. Assuch, inthe/s/(V,yc x FF)-PCE relation-
ship studies, back-surface field has not been considered.

DFT calculations

All calculations were carried out under the scheme of spin-polarized
DFT using Cambridge Sequential Total Energy Package (CASTEP)"..
The Perdew-Burke-Ernzerhof exchange-correlation functional within
the generalized gradient approximation was employed to describe the
exchange-correlation energy™. Semi-empirical corrected DFT (DFT-D)
was introduced to guarantee a better description of the long-range
electroninteraction. Geometric optimization was performed for each
lattice structure calculated in this study. Specifically, convergence tol-
erances were set as follows: maximum force of 0.03 eV A™, maximum
geometricenergy change of 10~° eV per atom, maximum displacement
0f107*Aand maximum stress of 0.05 GPa. The plane wave energy cut-off
was set at 600 eV, and the sampling in the Brillouin zone was set with
3 x 3 x1by the Monkhorst-Pack method. In the calculations, supercells
consisting of Cu,,SngSe,,, ZngSeg, Cu;sAgSngSe,,, Cu,Sn,GeSe,, or
Zn,CdSegwere used. The configurations of these unalloyed and alloyed
supercells are shown in Supplementary Figs. 6-8.

The change in the metal-Se bond energy was calculated by com-
paring the energy needed for removing a Se atom from the unalloyed
and the alloyed CTSe (ZnSe) lattice (that is, forming a Se vacancy).
The required energy was obtained by calculating the difference in
total energy between the end-state and initial-state of the follow-
ing reactions: Cu,SnSe;-Ag (or Ge) > Cu,SnSe;-Ag (or Ge) (Vs,) + Se,
ZnSe-Cd - ZnSe-Cd (Vs,) + Se. Removing aSe atom requires the break-
ing of four metal-Se bonds. Specifically,in ZnSe-Cd, three Zn-Se bonds
and one Cd-Se bond were involved, and in Cu,SnSe;-Ag (or Ge), three
Cu(Sn)-Sebonds and one Ag(Ge)-Se bond were involvedin the calcula-
tion. Inthis calculation, the Vanderbilt ultrasoft pseudopotential was
used witha cut-offenergy of 500 eV, and the maximum electron energy
changeissetat107® eV peratom. The influence of Se chemical potential
has not been considered here because in experiment the unalloyed
and alloyed samples were reacted under the same selenium condition.

The free energies were calculated to evaluate the stability of the
alloyed systems. The lattice configurations labelled as Cu,SnSe;, ZnSe,
Cu,SnSe;-Ag (Se-CuAgSn,), Cu,SnSe;-Ge (Se-Cu,SnGe) and ZnSe-Cd
in Supplementary Figs. 6-8 were considered in this calculation. For
this computation, the Norm-conserving pseudopotential was used
withacut-offenergy of 600 eV. The linear response density functional
perturbation theory*® implemented in the CASTEP code was used to
obtain the free energies, enthalpies, entropies and zero-point energy
inthe quasi-harmonic approximation.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The datasupporting the findings of this study are available within the
main text, Supplementary Information and source datafiles. The struc-
turesused inthe theoretical modelling are provided as Supplementary
Datasets. Source data are provided with this paper.
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