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Environmentally benign and earth-abundant kesterite Cu,ZnSn(S,Se),
(CZTSSe) solar cells have advanced rapidly through solution-based
processing. However, scaling from laboratory-scale devices to modules
remains a major challenge, largely because complex coordination
networks in the precursors hinder the formation of uniform large-area
films. Here we show that molecular-level regulation of metal-organic
coordination can suppress the formation of cross-linked networks in
precursor solutions, promoting efficient solvent removal and uniform
selenization and crystallization. This coordination-controlled strategy
enables the blade coating of highly homogeneous films over 10 cm?,
realizing certified efficiencies of 14.2% for 1 cm” cells and 13.0% for 10.5 cm?
modules, representing aleap-forward improvementin scalable kesterite
photovoltaics. Beyond performance, the provided molecular insights into
kesterite solution chemistry facilitate establishing a scalable and low-cost

route towards industrial deployment of this thin-film solar technology.

Kesterite Cu,ZnSn(S,Se), (CZTSSe) is one of the most attractive can-
didates for thin-film photovoltaics due to its earth-abundant and
non-toxic composition, chemical stability, radiation hardness and
strong industrial compatibility'”. In particular, the narrow bandgap
and elemental abundance of CZTSSe make it well suited as bottom
cells for all-thin-film tandem photovoltaics, offering apromising route
for high-efficiency, lightweight and flexible applications such as space
photovoltaics®. Currently, laboratory CZTSSe devices have achieved
certified power conversion efficiencies (PCEs) exceeding 15%, dem-
onstrating compelling commercialization potential’ ™. Moving from
laboratory-scale cells to large-area devices and modules is thus now
essential to validate their manufacturability’>".

Early module development by Solar Frontier using vacuum
sputtering delivered continuous performance gains, reaching 11.8%
for 10 cm? modules™ ™, and larger >20 cm? modules have also been
reported”. However, progress has since plateaued, limited by efficiency
bottlenecks in vacuum-processed kesterite. Meanwhile, advancing
solution-processed CZTSSe devices has opened new opportunities:
IBM (International Business Machines Corporation) demonstrated a
nine-cell module via spin coating (-7.5% efficiency)'®,and most recently,
certified efficiencies above 10% have been reported”. Yet substantial
efficiency losses persist uponscaling, revealing the difficulty of trans-
ferring the intrinsic advantages of solution processing from small cells
to large-area modules®.
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Fig.1|Blade coating of CZTSSe films. a, Schematic diagram of the blade coating
of Cu-Zn-Sn-S wet precursor films on Mo soda lime glass (SLG) substrates. The
metal ion-organic molecule coordination networks are schematically depicted.
TU, Thiourea. b,c, Current-voltage characteristics of 0.25 cm? (b) and 1.08 cm?
(c) cells fabricated based on blade- or spin-coating methods, respectively.

d, Colour value analysis (HSV (hue, saturation, value) colour model) of the

4 x4 cmblade-coated precursor film, exhibiting macroscopically visible
inhomogeneity. e, Statistical analysis of PCEs of small-area devices prepared

Blade coating

4,000 3,500 3,000 2500 2,000 1500 1000 500

Wavenumber (cm™)

from the coated 4 x 4 cm films. The centre line indicates the median; box

limits represent the 25th and 75th percentiles; whiskers extend to 1.5x the
interquartile range; raw data points are shown. Each box contains 24 individual
solar cells. f, Fourier transform infrared spectra of precursor films fabricated
viablade- or spin-coating methods. The shaded regions at1,200-1,700 cm™,
2,000-2,500 cm™and 2,900-3,600 cm™ highlight absorption bands arising
from polymerized C-C/C-N networks and OH groups.

Acentral barrier arises from the complex coordination chemistry
of CZTSSe precursors, particularly in the low-toxic organic solutions,
which exhibit multiple metal-organic structures and uncontrolled
transformations during drying and crystallization'>* %, These cause
severe non-uniformitiesin solvent evaporation, coordination restruc-
turing and nucleation, fundamentally limiting the use of standard
spin-coating precursor formulationsin scalable coating technologies
such as doctor-blading and slot-die coating for CZTSSe preparation,
whererequirements on wettability, nucleation uniformity and evapora-
tionbehaviour are far more stringent®°, Therefore, understanding and
regulating the solution chemistry of precursors are crucial for CZTSSe
coatings, and are thus driving the development of various solvent
systems’'. Among them, 2-methoxyethanol (MOE) is widely regarded
as one of the most successful solvents for achieving high-efficiency
CZTSSe devices and has also been demonstrated to be compatible
with large-area coating processes®>*. However, its two coordination
donors can lead to chelation, bridging and even more complex coor-
dination networks®* ¢, which may still hinder the uniform fabrication
of large-area films.

Here we introduce molecular-level strategies to precisely regulate
metal-organic coordination in MOE-based CZTSSe precursor solu-
tions, enhancing their compatibility with scalable film deposition.
Specifically, formamide (FA) has been introduced as a coordination
additive into the solution system. Compared with MOE, FA has ashorter
chain length and a single C=0 coordination donor, enabling simple
molecular coordination with metal ions, avoiding the formation of
the aforementioned complex structures. The resulting molecularly
uniform and dynamically exchangeable coordination structure ena-
bles high-quality blade coating of CZTSSe films over 10 cm?, further
allowing us to achieve certified PCEs of 14.2% and 13.0% in 1 cm? cells
and 10.5 cm? modules, respectively. This represents a leap-forward
improvement in scalable kesterite photovoltaics and establishing a

viable pathway towards the industrialization of solution-processed
CZTSSe technologies.

Large-area CZTSSe film coating

We began by blade-coating CZTSSe films at a10 cm?scale. This method
is suitable for nanometre- to micrometre-thick film depositions and
provides aseamless transition to industrial-scale slot-die coating®*%,
An MOE solution system was used due to its ambient compatibility
and proven ability to produce high-performance devices*****°, The
precursor solution was blade-coated onto cleaned Mo glasses (Fig. 1a),
annealed in air and then selenized to form CZTSSe absorbers.

Cells of 0.25 cm?and 1.08 cm? were then fabricated (Fig. 1b,c and
Supplementary Figs.1and 2). The 0.25 cm?blade-coated device reached
14.8% PCE, close to the best reported values, but lower than spin-coated
devices, particularly in fill factor (FF; 0.73 versus 0.75). Scaling to
1.08 cm? further amplified the efficiency gap, with a noticeable drop
in open-circuit voltage (V,), reflecting limitations in film uniformity.
Visual analysis of a4 x 4 cmblade-coated precursor filmrevealed this
inhomogeneity along the coating direction (Fig. 1d, Supplementary
Note 1and Supplementary Fig. 3), and small-area (0.25 cm?) devices
cut from this film showed large efficiency variations (>1%; Fig. le),
substantially higher than their spin-coated counterparts.

To understand the origin of these performance differences, we
analysed blade- and spin-coated precursor films using Fourier trans-
form infrared (FTIR) spectroscopy. Blade-coated films exhibited
stronger absorption bands at 1,200-1,700 cm™, 2,000-2,500 cm™
and 2,900-3,600 cm™ (Fig. 1f), corresponding to polymerized
C-C/C-N networks and OH groups*. This indicates higher levels of
residual organics, probably owing to limited solvent evaporation
in the relatively static wet-film coating process**. These polymer-
ized networks are thermally stable, thus hindering elemental diffu-
sion and crystal growth during selenization. At larger scales, such
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limitations are amplified, producing macroscopic non-uniformities
and constraining scalable device performance. Ab initio molecular
dynamics (AIMD) simulations indicate that alcoholysis between MOE
and SnCl,, combined with MOE’s dual O-coordination sites, tightly
link Sn centres via bridging MOE molecules (Supplementary Note 2,
Supplementary Fig.4 and Supplementary Figs. 7 and 8). The cross-link
of these metal-organic coordination could form large networks in
solution, suppressing the removal of the solvent and other ligands
andresulting in organic polymerizationin precursor films. For Cuand
Zn cations, they mainly coordinate with monodentate donorssuch as
thiourea or chloride ions (Supplementary Figs. 9 and 10) and contrib-
ute little to the formation of crosslinked coordination networks?**,
Therefore, here we focus primarily on Sn-organics coordination.

Molecular coordination regulation of

precursor solution

Toaddress the aboveissue, FAwasintroduced toreplace theligandrole
of MOE. Experimentally, SnCl, was first dissolved in FA, followed by the
addition of MOE solely as a solvent. The effectiveness of this strategy
was first assessed using AIMD simulations (Supplementary Note 2 and
Supplementary Figs. 4-8). The results indicate that FA forms simple,
non-crosslinked complexes with Sn. Specifically, in the pure FA-Sn
solution, Snis coordinated by the carbonyl O atoms in FA, forming
isolated metal-organic complexes. The N atoms rarely participate in
coordination because of steric hindrance from surrounding H atoms.
Afterintroducing MOE, the coordination environment remains domi-
nated by FA, while most FA and MOE molecules remain uncoordinated
and mainly function as solvents, as illustrated in Fig. 2a.

This conclusion is further supported by statistical analy-
sis of the AIMD trajectories within the 100-300 ps time window,
including radial distribution functions and coordination numbers
(Supplementary Fig. 7). In the mixed solution, Sn primarily coor-
dinates with O atoms in FA with a coordination number of ~6, and
weakly with Clatoms (-1), whereas the O atoms from MOE contribute
nearly zero coordination (Fig. 2b). Under this coordination environ-
ment, the Sn-FA complexes in the mixed solvent maintain dynamic
ligand-exchange behaviour. Thisis evidenced by the continuous break-
ing and re-forming of Sn-O bonds during100-300 ps, reflected by the
decreasing survival probability of Sn-O coordination, similar to the
pure FA system. In contrast, the survival probability of Sn-O coordi-
nation remains unity in the pure MOE solution, indicating almost no
ligand-exchange dynamics due to the formation of arigid, crosslinked
Sn-MOE coordination cluster (Fig. 2c). Sn K-edge X-ray absorption
fine structure (EXAFS) spectroscopy was further performed on the
Sn-MOE, Sn-FA and Sn-FA/MOE solutions, yielding results consistent
with the AIMD calculations. The Sn-FA and Sn-FA/MOE systems show
nearlyidentical EXAFS features (Supplementary Fig.11), clearly distinct
from those of Sn—-MOE, indicating similar structures dominated by
Sn-FA coordination. Fourier transform analysis further shows compa-
rable coordination shells for Sn-FA and Sn-FA/MOE, whereas Sn-MOE
exhibits amarkedly stronger and narrower first-shell peak, suggesting
amorerigid coordination configuration likely associated with reduced
ligand dynamic exchange*®™*%, consistent with AIMD predictions.

Wefurther probed the coordination environmentin solution using
NMR spectroscopy® (Fig. 2d). In the *C NMR of pure MOE solutions,
Sn coordination causes clear chemical shifts, including ~0.22 ppm
downfield and ~0.7 ppm upfield shifts in hydroxyl-adjacent and ether
carbon signals, respectively. These shifts are consistent with strong
alcoholysis-driven coordination and possible Cl~ participationin ani-
onic complexes”°. Peak broadening and the complete shift of these
signals suggest that nearly all MOE molecules participate in extended
coordination networks, even at MOE/Sn ratios >12. Conversely, FA-Sn
coordination generates a new ~3.1 ppm downfield peak while retain-
ing the free FA signal, reflecting the coexistence of coordinated and
uncoordinated FA. In the FA-MOE mixed system, FA exhibits similar

shifts whereas MOE shows no coordination-related changes. The **Sn
NMR spectrafurther supportthese observations: FA-MOE mixed solu-
tions retain the distinct resonance signature of FA-Sn coordination,
whereas the broad resonance associated with MOE-derived networks
disappears®. These results confirm that FA acts as the coordinating
ligand while MOE functions mainly as a solvent, consistent with the
simulation results.

Raman spectroscopy further confirms the ligand-exchange
dynamics in these systems. MOE-based solutions with multiple
metal cations exhibit prominent Sn-related peaks, reflecting a
solidified Sn—-MOE coordination structure. In contrast, FA-based
solutions show broad baseline-like spectra indicative of dynamic
ligand exchange and continuous coordination rearrangement®>*
(Supplementary Fig. 12). These simulation and spectroscopic results
validate our coordination-regulation strategy, demonstrating that
FA effectively regulates Sn from rigid crosslinked networks into a
dynamic, non-crosslinked coordination environment. This environ-
ment favoursimproved molecular-level homogeneity of the kesterite
precursor solution.

The macroscopic effect of this regulation is immediately evi-
dent from the Tyndall effect. MOE-only solutions (control) show
gel-like heterogeneous scattering and unstable laser beams, whereas
FA-containingsolutions (target) exhibit uniform and weaker scattering
(Fig. 2e and Supplementary Fig. 13), indicating substantially smaller
colloidal structures. Dynamic light scattering further confirms that
colloid sizesin FA-containing solutions are one to two orders of magni-
tude smaller (Fig. 2f). This reflects asimpler coordination environment
and better molecular dispersion, whichis also supported by the lower
solution viscosity (Supplementary Note 3 and Supplementary Fig. 14).

We further used FTIR spectroscopy to investigate how the altered
coordination structure and solution chemistry influence the prop-
erties of organic species in precursor films prepared from these
solutions. During sample preparation, a low-temperature (120 °C)
vacuum-drying process was used to remove free solvent. The results
(Fig. 2g) reveal pronounced C-H vibrations in MOE-Sn films, indicating
significant MOE residues. Meanwhile, their ether and hydroxyl C-O
vibrations are suppressed and shifted, consistent with incorporation
into a solidified MOE-Sn coordination network that restricts molecular
structural freedom and volatilization. In contrast, FA-dominated sys-
tems, including both pure FA and FA-MOE mixtures, show only FA-Sn
coordination signals, withno detectable MOE- or free FA-related vibra-
tions. This demonstrates efficient removal of organic solvents during
drying®*. Overall, FA-mediated coordination control enhances organic
removal during film formation, minimizing residual species that could
otherwise compromise CZTSSe crystallization and film uniformity.

CZTSSe film preparation and characterization
Building on this coordination-regulated solution, we next pre-
pared CZTSSe films via blade-coating processes. As in Fig. 3a, the
precursor films showed markedly improved visual uniformity, with
colour distributions fitting a single Gaussian curve rather than
multiple distributions observed in control samples (Fig. 3b and
Supplementary Fig. 3). Thermogravimetric analysis was used to
probe the metal-organic thermal decomposition occurring during
precursor film formation. The control sample exhibited two distinct
stepsin the 180-280 °C range due to more complex decomposition
pathways and products (Supplementary Figs.15and 16), whereas the
FA-based precursor demonstrated a single and constant mass-loss
process (Fig. 3c), corresponding to more uniform organic removal
and structural transformation.

We next examined selenization dynamics of these coated films.
FTIR spectra also confirmed the efficient removal of the organic sol-
vent (MOE) and ligand (FA) in the target precursor films, evidenced by
the disappearance of OH (3,000-3,600 cm™) and C=0 (-1,700 cm™)
vibrations, while residual signals remained in the control* (Fig. 3d).
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Fig. 2| Molecular coordination regulation of precursor solutions using FA.

a, AIMD-simulated molecular structures of the SnCl, solution in mixed FA + MOE.
In this simulation, SnCl, was first dissolved in FA, forming coordination after
structural evolutions for 300 ps. MOE was then added into the solution and
further dynamic structural evolutions were performed for additional 300 ps.

b, Radial distribution functions (g(r)) and coordination numbers (CN) of Sn-O
and Sn-Cl coordination in the FA + MOE-Sn solution analysed withinatime
window of 100-300 ps based on the AIMD simulations. ¢, Survival probability of
Sn-0 coordination in MOE, FA and their mixed solutions within a time window
0f100-300 ps. The continuous probability reduction in FA and FA-MOE mixed
solutions indicates dynamic ligand exchange whereas the constant probability
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(1) means solidified Sn-0 coordination in the MOE solution due to the formation
of cross-linked Sn-MOE clusters. d, 2C and "*Sn NMR spectra of MOE, FA and
their Sn solutions. The dashed rectangle in ®*C NMR spectraindicates the peaks
arisen from FA-Sn coordination. The dashed rectangles in ”’Sn NMR spectra
indicate similar peak signatures between FA-Sn and FA + MOE-Sn samples.

e, Tyndall effect of the control (MOE) and target precursor solutions. The
observed higher laser intensity in the control sample indicates stronger scattering
effect. f, Colloidal cluster size measurement of both solutions using dynamic
light scattering. g, FTIR spectra of vacuum-dried MOE-Sn and FA-Sn films. The
spectra of liquid MOE and FA are used as references. The vertical dashed lines
represent the peaks corresponding to the vibration of different organic groups.

Afterbrief selenization (100 s), both films showed formation of amor-
phous CN (a-CN) networks from thiourea polymerization. However,
after 600 s, the a-CNband in the target film broadened and redshifted
by ~-400 cm™and the C=Svibrationat 800 cm™disappeared, indicating
substantial softening of organic networks and more complete removal
of carbonaceous residues®.

These changes enabled faster and less constrained grain growth.
Scanning electron microscopy (SEM) revealed rapid nucleation and
growth of several-hundred-nanometre grains at the filmbottomin the

target sample, while polymer confinement preserved a fragmented
structure in the control (Fig. 3e and Supplementary Fig.17). Contin-
ued selenization produced vertically connected, dense grainsin the
target film, whereas the control retained abundant fine grains (Fig. 3e
and Supplementary Figs. 19-21). On the final 4 x 4 cm films, the tar-
get showed uniform optical appearance, in contrast to pronounced
macroscopicinhomogeneity in the control (Supplementary Fig. 18).
Atomic force microscopy and SEM confirmed the formation of a
compact, void-free surface in the target film, while the control
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Fig. 3| CZTSSe crystallization and film characterization. a,b, Colour
value imaging of the blade-coated target precursor film (a) and the
statistical distribution in the target (b, top) and the control (b, bottom).

¢, Thermogravimetric analysis of the coated films after the vacuum-drying
process. The dashed lines depict the distinct stages of mass loss. d,e, FTIR

Temperature (°C)
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spectra (d) and cross-sectional SEM images (e) of CZTSSe films at different
selenization stages. f,g, Morphology (f) and contacting potential difference
(CPD) images (g) of the final CZTSSe films using Kelvin probe force microscopy.
R,, average roughness. Scale bars,1cm (a), 2 um (e), 1 um (f,g).

exhibited voids originating from incomplete grain ripening (Fig. 3f
and Supplementary Figs. 22 and 23). Corresponding Kelvin probe
force microscopy mapping revealed pronounced potential con-
trast and upwards band bending at grain boundaries in the target
film, which is favourable for local carrier separation near grain
boundaries®**%, while the control showed negligible contrast
(Supplementary Figs. 24 and 25). Raman mapping results also sup-
port better film uniformity and quality of the target sample after
selenization (Supplementary Fig. 26). These collectively demonstrate
that the tailored metal-organic coordination and enhanced removal
of organic-network residues promote both bulk grain growth and
surface ripening of the CZTSSe film, optimizing its microstructure
and optoelectronic properties.

Large-area cellsand modules

Leveraging the substantial improvements in film quality and uni-
formity, we next fabricated devices at different scales. Small-area
cells based on the FA-mediated precursor exhibited not only higher
efficiencies but also significantly narrower statistical distributions
compared with control devices (Fig. 4a and Supplementary Figs. 27
and 28). This performance advantage was well retained upon scaling:
the 1.08 cm? device achieved a certified 14.2% PCE with a high FF of
0.70 (Fig. 4b and Supplementary Fig. 29). The device showed strong
external quantum efficiency (EQE) across the full spectrum (Fig. 4¢),
corresponding toabandgap of -1.08 eV and anintegrated short-circuit
current density (Jsc) of 38.6 mA cm™, consistent with the total-area
current-voltage (/-V) characteristics of the cell. We also characterized

Nature Materials


http://www.nature.com/naturematerials

Article https://doi.org/10.1038/s41563-026-02703-6

]
-3

40.0

100
15.5 - 0.25 cm? - Certified
|
| g 30.0 80 Integral Jgo
15.0 4 % < 1.08 cm? cell )
s £ ~ 04 38.6 mA cm”
b2 > R 60
g e 2 2007, 37.8mAcm? w oral
o 1 o 40 4 -
o S Voo 0536V w EQE/
’ $ 100 -
il 3 FF 070 . .
- 3 PCE  14.2% H
e © ) E,=1.08eV |
T T T o L e L A — — (¢} T . —
Spin Blade coating 0 100 200 300 400 500 600 400 600 800 1,000 1,200
coating Control Target Voltage (mV) Wavelength (nm)

f oo
5.0
& 10.5 cm? module
£ 40 |
o .
< |
£ --- |
%‘ 3.0 In lab Certified "
8 PCE  13.2% 13.0% "
- .
® 50l Jsc B5BImMAcm?  564mAcm” |
3 Voe 3296V 3.245V .
.
1.0 4 FF 0.72 0.7 .
'
O T T T T T T
T O 05 10 15 20 25 30
arget Control Voltage (V)
L I 40
650 075
1} IOPCAS - 9
Solar frontje, < < %0or orer
Q2 £ S
o < 30| £ L 065
9 ol \IBM £ g 5501
€ 10 NJUPT 5 BN o =
-
sl 25 500 70/0
055
6 o s 0.50 —————
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
Area (cm?) Area (cm?) Area (cm?) Area (cm?)

Fig. 4| Characterization of large-area cells and series-connected modules.
a, Statistical PCE of the small-area cells fabricated by different approaches
(spin coating is based on control precursors). The centre line indicates the
median; box limits represent the 25th and 75th percentiles; whiskers extend to
1.5x the interquartile range; raw data points are shown. Each box contains

24 individual solar cells. b, Certified /- V curve of a1.08 cm?cell, giving arecord
PCE of 14.2%. ¢, EQE spectrum of the cell. The bandgap of the CZTSSe absorber
was estimated at the maxima position of the differential EQE spectrum

(-dEQE/dA), whichis marked up with the vertical dashed line. d, Schematic
diagram of the laser-patterned series-connected module. e, Electroluminescence
images of the modules (at 3.8 V) captured by a broad-spectrum camera.
f,J-Vcurves of a10.5 cm? module with six subcells measured in our lab and at the
National PV Industry Measurement and Testing Center (NPVM), China, giving
in-lab and certified PCEs 0f 13.2% and 13.0%, respectively. g, Evolutions of device
efficiencies with areas reported by several teams. IOPCAS, Institute of Physics,
Chinese Academy of Sciences.

transient photocurrent and photovoltage characteristics of these solar
cells**** (Supplementary Note 4 and Supplementary Figs. 30 and 31).
Target devices maintained sharp and bias-independent photocurrent
peaks under different biases while control devices exhibited broadened
and delayed peaks under forward bias. This suggests that, across the
entire operating voltage range, photogenerated carriers in the target
CZTSSe show amore stable transfer into the window layer, consistent
with its superior crystalline quality. For transient photovoltage, the
decay characteristics of the target cells were nearly unaffected by area
scaling, whereas the transient photovoltage decay in the control devices
accelerated markedly with increasing area, which is also consistent
with the higher uniformity of the target sample.

We further realized monolithic series-connected modules via
multi-step laser scribing on 4 x 4 cm film substrates (Fig. 4d). Electro-
luminescence imaging directly visualized excellent uniformity of the
target module over 10.5 cm? (Fig. 4¢): apart from minor intensity loss
near damaged grids, strong and homogeneous electroluminescence
was observed throughout, with negligible variations among subcells,
indicative of uniform film quality and high-quality scribing. In con-
trast, control modules exhibited weak and spatially heterogeneous
emissions, consistent with their limited charge transport capability
and filminhomogeneity.

Benefitting from these improvements, the target module real-
ized a PCE of 13.2% in our lab. This module also achieved a certified
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13.0% PCE with a s of 5.64 mA cm™ (equivalent to 33.84 mA cm™ per
cell), Voc of 3.245V (541 mV per cell), and an FF of 0.71 (Fig. 4f and
Supplementary Fig. 32), surpassing the previous benchmark set
by Solar Frontier. In particular, efficiency retention of our devices
remained exceptionally high across scaling: 94% from 0.25 cm*to 1 cm?
and 91% from1cm?*to10.5 cm?, approaching the level of state-of-the-art
perovskite photovoltaics®. They also maintained the highest reported
FFvalues and FF retention (~96%) among all kesterite modules'*'*", and
exhibited asmall V,c deficit (E /e - Voo, Where Egisthebandgap and eis
the elementary charge) of only 0.54 V, already close to small-areacells
and significantly lower than previously reported results.

Overall, the achieved performance progress arises from sev-
eral factors. Compared with the solution spin-coating approaches
reported by IBM and Nanjing University of Posts and Telecommunica-
tions (NJUPT), the blade-coating process used here, together with the
simplified coordination environment, enables significantly improved
film uniformity. In addition, the optimized selenization and crystal-
lization processes developed for CZTSSe films provide animportant
foundation for achieving high-quality absorbers®"?°?* Compared
with the vacuum-deposition-based results reported by Solar Frontier,
theseresults further highlight the advantages of solution processing.
In particular, the more uniform distribution of metal elements in the
precursor films promotes faster selenization and crystallization and
reduces the likelihood of defect formation'*"*,

Looking ahead, further efficiency gains will require minimizing
optical and resistive losses introduced during laser scribing, which
remains challenging due to insufficient understanding of laser-
CZTSSe-MoSe, interactions®°, In addition, development of highly
uniform, large-areaselenization systems compatible with solution pro-
cessing is essential for industrial scaling. Continued improvementsin
small-area CZTSSe device efficiency, achieved through deeper control
of charge losses, defect physics and interfacial quality, will be critical
for enabling the next stage of high-performance kesterite modules.

Outlook

In summary, we have developed a tailored metal-organic molecule
coordination strategy to enable the scalable solution coating route
forproducinglarge-area CZTSSe solar cells and modules. This strategy
effectively eliminates the complex coordination networks in precur-
sors and thus facilitates organic removal along with high-quality and
homogeneous selenization and crystallization over large areas. Con-
sequently, we achieved certified efficiencies of14.2% for 1 cm?cells and
13.0% for10.5 cm*modules, demonstrating asignificant advance in the
scaling of CZTSSe thin-film photovoltaics. The molecular insightinto
kesterite solution chemistry also provides an important foundation
towards the industrialization of solution-processed thin-film solar
technologies, paving the way for earth-abundant photovoltaics to move
beyond laboratory demonstrations towardsreliable, manufacturable
and globally scalable energy solutions.

Online content

Any methods, additional references, Nature Portfolio reporting
summaries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/541563-026-02703-6.
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Methods

Materials

CuCl (99.999%, Alfa), Zn(OAc), (99.99%, Aladdin), SnCl, (99.998%,
Macklin), AgCI (99.5%, Innochem), CdCl, (99.99%, Aladdin),
2-methoxyethanol (99.8%, Aladdin), formamide (99.5%, Innochem),
thiourea (99.99%, Aladdin, recrystallized before using), LiCl (99.9%,
Alfa),NaCl (99.998%, Alfa), Se pellets (99.999%, Zhong Nuo Advanced
Material), CdSO,-8/3H,0 (99.99%, Aladdin), ammonium chloride
(299.5%, Sinopharm Chemical Reagent) and ammonia (25.0% - 28.0%,
Sinopharm Chemical Reagent) were used in this work. These chemicals
except thiourea were used directly without further purification.

Precursor solution

The precursor solution was prepared as follows: first, thiourea was dis-
solvedinthesolvent, followed by the addition of CuCl, which was then
dissolved with stirring to yield a colourless solution. Subsequently,
AgClwasintroducedinto thissolutionandstirred for1hto obtainsolu-
tion 1. Second, the solvent was added to a bottle containing SnCl, to
produce a colourless solution. Zn(OAc), and CdCl, were then dissolved
in the Sn-containing solution to form solution 2. Third, solutions 1
and 2 were mixed to give the final precursor solution. In the precursor
solution, the concentrations of metal elements and thioureaare1.88 M
and 3.20 M, respectively. The molar ratio of (Ag + Cu)/(Zn + Cd + Sn),
(Zn+Cd)/Sn, Ag/(Ag + Cu), Cd/(Cd + Zn) and thiourea/metal are 0.75,
1.12,0.10,0.06 and 1.7, respectively. The control solution was prepared
using MOE as the sole solvent. For the target solution, solution 1 was
prepared in MOE and solution 2 was prepared in FA. The volume ratio
of FAtoMOEinthetarget precursor solutionwas1:1. Theincorporation
of alkali metals have been described in detail in previous studies™*.

Precursor film preparation

The Mo substrates were cleaned using dish soap and deionized water,
followed by N,-flow drying, and then treated by UV-ozone for 15 min.
The kesterite precursor films were prepared by blade-coating the
precursor solution onto the cleaned Mo substrates with a blade gap
setto 500 pm and a coating speed of 10 mm s, followed by annealing
ona280 °Chotplateinair. The coating and annealing procedures were
iteratively performed to achieve a target thickness of approximately
2 pm for the precursor films.

Selenization

The precursor filmwas cutinto 2 x 2 cm? (4 x 4 cm*for modules) pieces
and placedinto the graphite box for aselenization treatmentat 545 °C
under nitrogen for 20 min, completing the absorber preparation pro-
cess. Mg was also introduced as described in a previous study®.

Cellfabrication

A40-50-nmthick CdS bufferlayer was deposited onthe top of CZTSSe
films by the chemical bath deposition method (70 °C, 0.614 g CdSO,,
0.128 gNH,Cl,0.7288 g thioureaand 10.5 mlammoniain 200 mlH,0),
followed by sputteringan~50 nmi-ZnO layer (target diameter: 75 mm,
sputtering power: 55 W, gas source: Ar, pressure: -2 Paand temperature:
60 °C) and a 200 nm indium tin oxide (ITO) layer (target diameter:
75 mm, sputtering power: 60 W, gas source: Ar, pressure: -0.2 Pa, tem-
perature: 160 °C). Then ~50 nm nickel (Ni) and ~2 pm aluminium (Al)
were evaporated ontheITO layer. Finally,an~-110 nm MgF, layer covered
thewholedevice, serving as the anti-reflection coating. Small cells were
separated from each other by mechanical scribing and the designed
areaofanindividual cellis ~0.25 cm? In addition, the large-area device
was fabricated as a single cell with a designated illuminated area of
~1.08 cm?.

Module fabrication
Module fabrication followed the same materials preparation as the
small-area cells; the only difference was the incorporation of designed

interconnect scribes (P1-P3). Before depositing the precursor films,
the P1 (80 pum) scribe was performed with a nanosecond-pulsed laser
to remove the Mo back contact. After sputtering ZnO, the P2 (120 um)
scribe was executed with the same nanosecond laser to ablate all layers
above Mo and expose the Mo for series interconnection. Following ITO
deposition, the P3 (100 pm) scribe was completed by mechanical scrib-
ing to remove the layers above Mo and isolate the front contact. The
total channel widthis approximately 400 pm. The Ni/Algrid electrode
and MgF, layer were also deposited to enhance the lateral conductivity
and to reduce reflectivity. The final monolithic module consisted of 6
series-connected subcells, yielding a total area of ~10.5 cm? and dead
zone of 0.9 cm?.

Material and device characterization

Raman spectroscopy was conducted using a LabRAM HR Evolution
(HORIBA) spectrometer, with a 532 nm laser as the excitation source.
SEMimages were measured on Hitachi S4800. Steady-state photolumi-
nescence spectrawere obtained froma photoluminescence spectrome-
ter (EdinburghInstruments, FLS 920), excited with a picosecond-pulsed
diode laser (EPL-640) with the wavelength of 638.2 nm while cooling
withliquid helium. The value was obtained from high-resolution cam-
eraimaging followed by colour analysis. Thermogravimetric analysis
was performed using a TGA Q5000 V3.17 Build 265 (TA Instruments)
thermal analyser.

The J-V characteristics of the photovoltaic cells were meas-
ured using a Keithley 2601 Source Meter under simulated AM 1.5G
solar illumination at an intensity of 100 mW cm™. Calibration was
performed using a silicon reference cell, which was calibrated by the
National Institute of Metrology of China. The voltage sweep ranged
from =50 mV to 600 mV (-50 mV to 4,000 mV for modules) at a scan
rate of approximately 90 mV s™. Cell certification was performed at
the NPVM, confirming a certified aperture area of 1.075 cm? for the
cell and 10.51 cm? for the module. All measurements were conducted
under ambient conditions (air, 25 °C and uncontrolled humidity),
with no preconditioning steps prior to the measurements. The EQE
was determined using an Enlitech QE-R system, which used calibrated
silicon (Si) and germanium (Ge) diodes for reference. Modulated tran-
sient photocurrent and photovoltage (M-TPC/TPV) measurements
were obtained by a tunable nanosecond laser pumped at 640 nm and
recorded by asubnanosecond resolved digital oscilloscope (Tektronix,
DPO 7104) with asampling resistance of 50 Q or1 MQ. Electrolumines-
cence characterization was performed using a vis-NIR complementary
metal-oxide semiconductor camera (Spark-Opt, CIS-CM990) covering
aspectral range of400-1,700 nm.

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

Data availability

The maindatasupporting the findings of this study are available within
the main text and Supplementary Information. Source data are pro-
vided with this paper.
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» Experimental design
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1. Dimensions
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The device area is determined by masks and it is given in experimental section and

Method used to determine the device area ves |certification reports.

I:’ No Explain why this information is not reported/not relevant.
2. Current-voltage characterization

Current density-voltage (1-V) plots in both forward IXI Yes The forward and backward scan J-V curves are given in certification reports showing

no hysteresis
and backward direction D No

o The voltage was forward scanned from -50 mV to 600 mV for cells and -50 mV to
Voltage scan conditions Yes 4000 mV for modules with a scanning rate of 90 mV-s-1.

I:’ No Explain why this information is not reported/not relevant.

) The J-V tests were conducted in air at 25 °C. The test environment is given in
Test environment Yes  experimental section.

I:’ No Explain why this information is not reported/not relevant.

IXI Ves No preconditioning of the device was before the measurement. This is given in

Protocol for preconditioning of the device before its experimental section.

characterization [ Ino
Explain why this information is not reported/not relevant.

Provide a description of the method used. The stability of the J-V characteristic can be
Stability of the J-V characteristic verified with time evolution of the maximum power point or with the photocurrent at
D Yes | maximum power point; see ref. 5 for details.

IXI No Kesterite solar cells do not have hysteresis. And in the certification process, maximum
power output had been traced for several minutes to confirm the cell efficiency.

3. Hysteresis or any other unusual behaviour

Provide a description of hysteresis or any other unusual behaviour observed during the

Description of the unusual behaviour observed during D Yes o/ S
cnaracterization.

the characterization =
No Kesterite solar cells do not have hysteresis or other unusual behavior.

I:’ Yes | Provide a description of the related experimental data.

Related experimental data
IXI No  Kesterite solar cells do not have hysteresis or other unusual behavior.
4. Efficiency <
External quantum efficiency (EQE) or incident X ves Given in Fig. 4c S

photons to current efficiency (IPCE) D No Explain why this information is not reported/not relevant.




A comparison between the integrated response under & Yes

the standard reference spectrum and the response
measure under the simulator

For tandem solar cells, the bias illumination and bias
voltage used for each subcell

Calibration

Light source and reference cell or sensor used for the
characterization

Confirmation that the reference cell was calibrated
and certified

Calculation of spectral mismatch between the
reference cell and the devices under test

Mask/aperture

Size of the mask/aperture used during testing

Variation of the measured short-circuit current
density with the mask/aperture area

Performance certification

Identity of the independent certification laboratory
that confirmed the photovoltaic performance
A copy of any certificate(s)

Statistics

Number of solar cells tested

Statistical analysis of the device performance

Long-term stability analysis

Type of analysis, bias conditions and environmental
conditions

|:|No

|:| Yes
No

|Z Yes
|:| No

|Z Yes
|:| No

Yes
|:| No

|Z Yes
|:| No

|:| Yes
No

Yes
|:| No

Yes
|:| No

|Z Yes
D No

Yes
|:| No

|:| Yes
IZ No

The integrated JSC from EQE spectra supports the results of the J-V measurements.

Explain why this information is not reported/not relevant.

Provide a description of the measurement conditions.

No tandem solar cell was studied

The J-V curves of the solar cells were measured by using Keithley Source Meter under
simulated AM 1.5 sunlight at 100 mW-cm-2 calibrated with Si reference cell. This is
given in experimental section.

Explain why this information is not reported/not relevant.

The reference cell was calibrated by National Institute of Metrology, China. This is
given in supplementary Information.

Explain why this information is not reported/not relevant.

The mismatch is 1.011 for cells and 1.005 for modules, given in certification reports in
supplementary information.

Explain why this information is not reported/not relevant.

The mask area is 1.075 cm2 for cells and 10.51 cm2 for modules, given in certification
reports.

Explain why this information is not reported/not relevant.

Report the difference in the short-circuit current density values measured with the
mask and aperture area.

No such phenomenon in kesterite solar cells

The photovoltaic performance is certified in NPVM.

Explain why this information is not reported/not relevant.

The certification reports are given in supplementary information.

Explain why this information is not reported/not relevant.

24 cells are used for statistic analysis.

Explain why this information is not reported/not relevant.

Statistical analysis of the device performance is given in Fig. 1, Fig.4 and
Supplementary Figs. 1,2,27,28.

Explain why this information is not reported/not relevant.

Provide a description of the type of analysis, bias conditions and environmental
conditions (e.g. illumination type, temperature, atmosphere humidity, encapsulation
method, preconditioning temperature, bias) for each long-term stability analysis
carried out; see ref. 7 and 8 for details.

No stability problem has been reported in kesterite solar cells.
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