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Solution-processed kesterite solar module 
with 10.1% certified efficiency
 

Chunxu Xiang1,3, Mingjun Yuan1,3, Chuan’an Ding1, Yuanyuan Zheng1, Yize Li1, 
Xiaole Hu2, Jie Zhang    2, Xinyu Li1, Chengfeng Ma1, Shaoying Wang    1  , 
Weibo Yan1, Chunlei Yang2, Wei Huang    1   & Hao Xin    1 

Solution processing has great advantages for emerging thin-film solar  
cells but remains a big challenge for multielemental inorganic films due  
to complicated phase evolution and grain growth during crystallization. 
Here we report the fabrication of uniform, large-area Cu2ZnSn(S,Se)4 
(CZTSSe) films and solar modules from solution. By tuning the thiourea/
metal ratio to increase film porosity—thereby promoting more uniform 
vertical reaction and lateral grain growth—we improved the uniformity 
of CZTSSe films and achieved a single-cell efficiency of 13.4% and a solar 
module efficiency of 8.91%. We further optimized the module structure to  
reduce non-ideal contact and patterning-induced shunt and resistive  
losses, resulting in a champion CZTSSe module with a National Renewable 
Energy Laboratory-certified efficiency of 10.1%. This module also exhibits 
the lowest cell-to-module loss in open circuit voltage and current density 
among state-of-the-art emerging thin-film solar modules. Our work 
demonstrates the viability of solution processing to deposit uniform, 
large-area CZTSSe film and efficient solar modules, advancing the 
development of the technology.

Photovoltaics (PV) play a pivotal role in transitioning towards a 
decarbonized society1, which requires not only continued advance-
ment of existing PV technologies2 but also the development of green, 
cost-effective and sustainable solutions for new applications such 
as portable, flexible and semi-transparent PV3–5. Thin-film solar cells 
compatible with large-area, scalable solution processing have emerged 
at the forefront of next-generation PVs. Among them, perovskite 
and organic solar cells are developing rapidly, with laboratory effi-
ciencies approaching that of crystalline silicon and exceeding 20%, 
respectively6,7. Kesterite-type Cu2ZnSn(S,Se)4 (CZTSSe), a counterpart 
semiconducting material of chalcopyrite-type Cu(In,Ga)Se2 (CIGS)8,9, is 
another emerging light-absorbing material for thin-film solar cells10–12. 
Besides environmentally benign elemental composition, high theoreti-
cal efficiency and superior stability, both CIGS13 and CZTSSe14–16 can be 
fabricated via solution processing. The combination of the superior 

properties of inorganic semiconducting materials and scalable solution 
processing might be the solution for green and low-cost PV technology.

However, the solution-based fabrication of multielemental inor-
ganic materials differs markedly from that of perovskite-type or organic 
films17,18, for which the target materials or constitutions either quickly 
developed during solvent evaporation or already exist in the solution. 
For CZTSSe or CIGS19,20, it generally involves two steps: first, deposition 
of precursor film from solution by decomposing the chemicals (usually 
metal complexes) dissolved or formed in the solution, which is usually 
a mixture of several components, for example, Cu1−xS, ZnS and SnS2 for 
kesterite21,22; second, crystallization of precursor film in chalcogenide 
atmosphere to form the target material. The multiphase fusion reaction 
path generally produces an inhomogeneous film with high composition 
and electronic fluctuation due to a difference in thermal and dynamic 
reactivity of the secondary phases23–26. Recently, by using Cu+–Sn4+ as 
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An average power conversion efficiency (PCE) of 12.39% was obtained 
with average open circuit voltage (VOC) of 514.11 mV, fill factor (FF) of 
69.16% and current density (JSC) of 34.84 mA cm−2, comparable to previ-
ous reports. The standard deviations for each parameter are somewhat 
large (0.29% for PCE, 1.03% for FF, 6.54 mV for VOC and 0.84 mA cm−2  
for JSC), revealing relatively low film uniformity. As mentioned  
previously, the evolution of multielemental inorganic films differs 
markedly from that of perovskite or organic films; even with a direct 
phase transformation reaction path, the film morphology may change 
dramatically due to the relatively long crystallization duration and 
vertically uneven reactions, particularly given the much greater film 
thickness—typically in the micrometre range, as opposed to the hun-
dreds of nanometres typical for organic and perovskite absorber films. 
To understand the origin of the non-uniformity, the crystallization 
process of CZTSSe film was monitored by interrupting the seleniza-
tion. The top-view and cross-sectional scanning electron microscopy 
(SEM) images of the Tu1.5 precursor film and films at typical stages of 
the selenization are shown in Fig. 1c. The samples are labelled accord-
ing to the selenization temperature, followed by the duration at that 
temperature. For example, 500 °C–5 min represents selenization at 
500 °C for 5 min. More images of the grain growth are provided in 
Supplementary Fig. 3. It can be seen that, at the very early stage of the 
selenization (540 °C–0 min), a dense high crystalline top layer was 
already formed. As selenization progresses, crystallization occurs in 
the bottom layer alongside continued growth of the top grains, lead-
ing to the formation of a tri-layer structure with a poorly crystalline 
middle layer at 540 °C–10 min. However, as the selenization further 
progresses (540 °C, 15–25 min), only top grains coalesce without obvi-
ous changes in middle and bottom layers (Supplementary Fig. 3). This 
uneven vertical crystallization is the result of the dense top layer, which 
prohibits Se penetration. The depth profiles of Se at different stages 
of the selenization confirm this conclusion (Supplementary Fig. 4a). 
Further coalescence of the upper grains leads to uneven grain sizes 
and a rough surface (540 °C–20 min), which is more drastic for film 
540 °C–25 min with a longer selenization time (Supplementary Fig. 3).

Based on the above analysis, improving the uniformity and sur-
face flatness of the final absorber film requires a relatively porous top 
layer during the early stage of crystallization. This structure allows 
greater selenium diffusion into the film bulk, facilitating a more uni-
form reaction and providing space for lateral grain growth. Thus, we 
have increased the Tu/M ratio to 1.7 and fabricated CZTSSe absorber 
film and solar cells. SEM images (Fig. 1c and Supplementary Fig. 3) show 
that a more porous precursor film is indeed achieved due to decomposi-
tion of Tu during wet film thermal annealing, which produces a looser 
top crystalline layer at the early stage of selenization (540 °C–0 min) 
as expected, leading to the formation of uniform dense large-grain 
CZTSSe film with a flat surface (Fig. 1c, 540 °C–20 min, bottom). The 
depth profiles of Se at different stages of the selenization are shown in 
Supplementary Fig. 4b, which confirm a uniform vertical distribution 
of Se at all stages, attributed to the uniform and porous morphology 
of the precursor film.

The compositional uniformity of Tu1.5 and Tu1.7 films were fur-
ther compared by time of flight-secondary ion mass spectrometer 
(TOF-SIMS) and energy-dispersive X-ray spectroscopy (EDS) line scans 
at different position of the films (Supplementary Figs. 5 and 6), which 
demonstrate that Tu1.7 has more uniform elemental composition both 
vertically and laterally. In addition, the morphological uniformity of 
the two films is also compared by measuring the grain sizes and their 
distributions at nine different locations, which shows that film Tu1.7 
has a narrower grain size distribution (Supplementary Figs. 7 and 8). 
The high uniformity substantially improves solar cell performance, 
especially for VOC and FF. From the statistical photovoltaic parameters 
of 140 Tu1.7 devices (Supplementary Fig. 2), an average PCE of 13.40% 
is achieved with an average VOC of 535.69 mV, FF of 70.80% and JSC of 
35.33 mA cm−2. The standard deviation of each parameter is reduced 

the metal precursors (with thiourea (Tu) as S precursor) to control solu-
tion chemistry (equation (1)), the Xin group has successfully achieved 
almost pure kesterite precursor film (equation (2)), which undergoes 
a direct phase transformation reaction during selenization to form 
CZTSSe (equation (3)) without the secondary phases typically observed 
when using Cu+–Sn2+ precursors21,27.

CuCl + Zn(OAc)2 + SnCl4 + Tu + DMSO

→ Cu(Tu)3Cl + Zn(Tu)2(OAc)2 + Sn(DMSO)4Cl4
(1)

Cu(Tu)3Cl + Zn(Tu)2(OAc)2 + Sn(DMSO)4Cl4 → Cu2ZnSnS4 (2)

Cu2ZnSnS4 + Se→ Cu2ZnSn(S, Se)4 (3)

The direct phase transformation reaction path leads to high- 
quality CZTSSe film21,28 and a breakthrough in solar cell efficiency 
(13%)29 after almost a decade stagnation at 12.6% (refs. 30,31). Fine 
control of film crystallization22,32 and alloying33,34 further pushes the 
efficiency to over 15% in the past 3 years35, surpassing the benchmark 
for commercialization of this type of thin-film solar cell36. It is urgent 
to assess the scalability and suitability of solution processed inorganic 
absorber films for practical applications. In the previous work, we had 
fabricated a CZTSSe module with an efficiency of 4.3% (ref. 37). The low 
module efficiency and high cell-to-module (CTM) loss (56.81%)37 reveal 
low absorber uniformity and non-ideal module fabrication.

In this work, we first identified that the poor uniformity of the 
CZTSSe film originates from uneven vertical crystallization caused 
by the rapid formation of a dense top layer that hinders selenium pen-
etration. By increasing the content of Tu to produce a more porous 
film to allow sufficient Se penetration and more room for lateral 
grain growth, uniform CZTSSe film was achieved, leading to greatly 
improved single-cell performance and 8.91% efficiency solar module. 
We further modified the module structure to reduce non-ideal con-
tact and scribing-induced shunting and series resistance, resulting 
in a champion module with a National Renewable Energy Laboratory 
(NREL)-certified efficiency of 10.1%.

Uniformity of solution-processed CZTSSe
The CZTSSe solar cells were fabricated from Cu+–Sn4+-based dimethyl 
sulfoxide (DMSO) precursor solution (Fig. 1a) by using simple com-
pounds of CuCl, Zn(OAc)2, SnCl4 and Tu as the Cu, Zn, Sn and S precur-
sors with a standard procedure according to a previous report29. We note 
that 10% Ag alloying was applied to CZTSSe, which was performed by 
substituting 10% CuCl with AgCl in the precursor solution. Ag alloying 
has been demonstrated to be an effective strategy to mitigate the band 
tailing and improve the device performance of kesterite solar cells28,38,39 
and has now become a standard for CZTSSe solar cells15,16,22,29,32–34,40. The 
precursor solution was deposited on Mo-coated soda lime glass (SLG) 
substrate to form the precursor film, which reacted with Se vapour 
(so called selenization) to form CZTSSe absorber film. The device was 
fabricated by subsequent deposition of a cadmium sulfide (CdS) buffer 
layer, intrinsic zinc oxide (ZnO) and indium-doped tin oxide (ITO) win-
dow layers and Ni/Al top contact grids. The configuration of the device 
is illustrated in Fig. 1b. The details of the preparation of the solution 
and device fabrication are given in the Methods.

To evaluate the film uniformity and reproducibility, solar cells were 
first fabricated from solution with the same composition as a previous 
report with Tu-to-total metal ion ratio of 1.5 (Tu/M = 1.5, denoted as 
Tu1.5)29. On one substrate with a dimension of 2.5 cm × 2.5 cm, 35 (5 
column × 7 row) solar cell devices were fabricated (Supplementary 
Fig. 1). The statistical photovoltaic parameters of 140 cells (on 4 sub-
strates) are shown in Supplementary Fig. 2 and Supplementary Table 1. 
The efficiency of the single cells is based on an active area of 0.1 cm2. 
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to be only 0.13% for PCE, 0.39% for FF, 1.46 mV for VOC and 0.28 mA cm−2 
for JSC (Supplementary Table 1).

The X-ray diffraction (XRD) data (Supplementary Fig. 9a) show that 
film Tu1.7 exhibits higher diffraction intensity than Tu1.5, confirming 
higher crystallinity. At the same time, the slight shift of Bragg peak 

positions to lower 2θ positions of Tu1.5 than Tu1.7 is in good agreement 
with overcrystallization or overselenization of film Tu1.5 at the late 
stage of the selenization. The representative current density–voltage 
(J–V) and external quantum efficiency (EQE) curves of the Tu1.5 and 
Tu1.7 solar cells are given in Supplementary Fig. 9b,c, demonstrating 
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Fig. 1 | The uniformity of solution-processed kesterite solar cells. a, A picture 
of the precursor solution. b, An illustration of the kesterite solar cell with a 
configuration of SLG/Mo/CZTSSe/CdS/ZnO/ITO/Ni/Al. c, Top-view and cross-
sectional SEM images of the precursor and absorber films with Tu/metal (M) ratio 
of 1.5 (Tu1.5) and 1.7 (Tu1.7) at different stages of the grain growth (selenization). 
d, Plots of the statistical photovoltaic parameters (PCE, FF, VOC, and JSC) of Tu1.5 

and Tu1.7 solar cells. A total of 140 devices on 4 substrates (each contains  
35 devices) fabricated in one batch are included for each condition. The box plots 
denote the median (centre line), mean value (dot) and 25th (bottom edge of the 
box), 75th (top edge of the box), 95th (upper whisker) and 5th (lower whisker) 
percentiles. e, Contour plots of the device parameter distribution of 35 cells on 
one substrate for Tu1.7.
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a PCE of 12.72% for device Tu1.5 and 13.49% for device Tu1.7 with JSC, VOC 
and FF of 35.24 mA cm−2, 0.536 V and 71.37%, respectively. The band 
gap extracted from the absorber edge of the EQE spectrum is 1.07 eV 
for Tu1.5 and 1.14 eV for Tu1.7 (Supplementary Fig. 9d), consistent 
with XRD data.

For a clear comparison of the uniformity between Tu1.5 and Tu1.7 
absorber films, the statistical photovoltaic parameters from four sets 
of solar cells across four substrates are plotted side by side in Fig. 1d, 
clearly demonstrating higher uniformity in all parameters for the 
Tu1.7 devices. To further observe the homogeneity of Tu1.7 devices, 
the contour plots of the distribution of device parameters of all 35 
pixels on one substrate is shown in Fig. 1e, with corresponding data 
for Tu1.5 plotted in Supplementary Fig. 10. The high uniformity of 
Tu1.7 devices clearly results from the porous precursor film, which 
promotes even grain growth. In addition, Supplementary Fig. 11 shows 
a cross-sectional SEM image of the Tu1.7 device. Except for the func-
tional layers shown in Fig. 1b, a molybdenum selenide (MoSe2) layer 
with a thickness about 800 nm can be clearly seen between Mo and 
CZTSSe, which was formed during selenization. The thin layer of MoSe2 
can facilitate Ohmic contact, thereby benefitting device performance, 
whereas an excessively thick MoSe2 may create a barrier for charge 
transportation41.

Module performance and stability
Based on the uniform CZTSSe absorber film, CZTSSe modules with 
standard structure were manufactured on 4 cm × 4 cm substrate with 
six subcells serially interconnected by three successive patterning 
steps, denoted P1, P2 and P3 (Fig. 2a). Details of the module fabrication 
are given in the Methods and Supplementary Fig. 12. The TOF-SIMS 
elemental depth profiles (Supplementary Fig. 13) and cross-sectional 
SEM images (Supplementary Figs. 14 and 15) at different positions 
of the module confirm that a uniform absorber film and other func-
tional layers on top of it are achieved in large area. The cross-sectional 
SEM image of the finished module across the whole P1, P2 and P3 area 
(Supplementary Fig. 16) clearly demonstrates high flatness under the 
Tu1.7 condition. As observed before, some MoSe2 remained at the bot-
tom of P2 (Supplementary Fig. 16f), which may increase resistance to 
vertical charge transfer along the P2 channels. At the same time, the 
distance between P3 and P2 is approximately four times greater than 
that between P2 and P1 due to mechanical scribing, resulting in a larger 
dead area and increased CTM losses. Further optimization of the P3 
patterning process is expected to reduce the dead zone and improve 
module efficiency.

The illumination area of the module is defined by a mask  
with a designed aperture area of 10.5 cm2 (Supplementary Fig. 17).  
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The as-fabricated module (M) exhibits an efficiency of 7.95% with a 
current of 51.55 mA, a VOC of 3.035 V and an FF of 53.33% (Fig. 2b and Sup-
plementary Table 2). After applying an antireflective coating (ARC), the 
efficiency of the module (M-ARC) increased to 8.91% with current (ISC), 
VOC and FF of 55.88 mA, 3.048 V and 54.89%, respectively (Fig. 2b and 
Supplementary Table 2). For a clear comparison, the device parameters 
of the single cell and the module (VOC is distributed to six subcells) are 
summarized in Supplementary Table 2. It can be clearly seen that the 
primary CTM loss is FF. Obviously, the low FF comes from low shunt 
resistance (RSh) and high series (RS), which are 343 Ω cm2 and 4.54 Ω cm2 
for the module M and 12,662 Ω cm2 and 1.74 Ω cm2 for the single cell. 
One reason for the high RS is the low conductivity of the ITO (typically 
50 Ω/□ in our laboratory), which reduces the device FF by 9.8% when 
the area of the single cell is increased from 0.107 cm2 to 1.019 cm2  
(ref. 29). Another reason is that the subcell of the module is much wider 
than the single cell, which increases the lateral transport distance and 
causes higher series resistance. The thicker CZTSSe absorber film com-
pared with organic photovoltaics and perovskites results in a longer 
P2 channel, leading to higher resistance. This issue could be solved by 
optimization of the ITO layer as well as putting on top metal grid lines 
in the future work42.

Another reason for the low FF is the MoSe2 layer between Mo 
and CZTSSe as discussed earlier, which creates extra resistance 
compared with organic and perovskite solar cells. To minimize the 
effects of ITO and MoSe2, the module structure near the anode is 
redesigned (Fig. 2a). After structure modification (SM), the number 
of scribing is reduced from 7 to 6 for P1 and 8 to 6 for P2, which short-
ens the path of the current along the ITO channel as well as across 
the MoSe2 layer. This leads to a notable reduction in RS from 4.54 to 
3.98 Ω cm2 in module M-SM, which contributes to an improved FF 
(55.22%) and module efficiency of 8.84% (Fig. 2b and Supplementary 
Table 2). After applying the ARC, the champion module (M-SM-ARC) 
achieved a home-measured PCE of 9.88% with ISC of 57.78 mA, VOC of 
3.155 V and FF of 56.90% (Fig. 2b and Supplementary Table 2). We 
note that ARC not only improves module JSC but also enhances VOC 
and FF of all modules. This could be explained by the good coverage 
of the P3 grooves, which reduces the RS and RSh resistance caused 
by non-ideal mechanical scribing. The combination of SM and ARC 
results in improvements of 12.1% in ISC, 4.0% in VOC and 6.7% in FF. 
Importantly, the kesterite solar module maintains over 98% of its 
original efficiency after being stored in ambient air for 200 days 
without any encapsulation, demonstrating high stability and suit-
ability for practical applications (Fig. 2c).

Champion module and CTM loss
Module M-SM-ARC was sent to NREL for evaluation, which demon-
strates a certified PCE of 10.08% with VOC of 3.185 V, ISC of 57.23 mA and 
FF of 57.93% (Fig. 3a). The aperture area of the mask was measured to 
be 10.48 cm2 by NREL. The discrepancy, where the home-measured 
efficiency is lower than the certified value, may be caused by non-ideally 
uniform illumination from our solar simulator. Figure 3b depicts the 
obverse side of the certified module. More details of the NREL certifi-
cation are provided in Supplementary Figs. 18–20. The bandgap (Eg) 
of the CZTSSe module absorber, calculated to be 1.14 eV from the EQE 
measured by NREL (Supplementary Fig. 20), is the same as that of the 
single cell (Eg = 1.14 eV; Supplementary Fig. 9d).

The CTM losses of the champion CZTSSe module as well as per-
ovskite, organic and vacuum-based CIGS thin-film modules are calcu-
lated according to the reported methods, and the results are 
summarized in Fig. 3c and Supplementary Table 3. The references of 
perovskite43, organic44 and CIGS45 are selected from the latest publica-
tions from the same research groups that hold the current record 
efficienies, as listed in Martin A. Green’s ‘Solar Cell Efficiency Tables 
(Version 64)’35. The remarkable low CTMVOC loss (only 0.93%) indicates 
the difference in defect-assisted recombination between the single cell 
and the module can be negligible. For the 7.03% CTMJSC  loss, 5.01% 
comes from the dead zone resulting from the patterning of the module 
(Supplementary Fig. 17) and the remaining 2.02% can be attributed to 
the fact that the current adjusts to the subcell with the lowest current 
in the module. The CTMVOC and CTMJSC losses of the CZTSSe module 
are the lowest among the four thin-film modules, which are the results 
of the high uniformity of the solution-processed CZTSSe absorber film, 
benefitted from the well-controlled reaction path and grain growth 
through solution chemistry regulation. The biggest loss of the current 
CZTSSe module comes from CTMFF (18.8%), almost three times higher 
than that of perovskite (7.19%), organic (5.87%) and CIGS (5.01%). As 
discussed earlier, the large CTMFF  mainly originated from the poor 
conductivity of the ITO and the extra resistance and shunting due to 
non-ideal patterning and contact. The CTM losses were further ana-
lysed by modelling the J–V curves of the single cell and the module 
using SOLEY (Methods), and the results are shown in Supplementary 
Fig. 21. The simulation shows that the resistance accounts for 0.19% 
CTMVOC  and 0.34% CTMJSC  losses but as high as 19.27% CTMFF  loss, 
confirming that modularization-induced losses primarily occur 
through resistive effects. The results also illustrate the resilience of  
the kesterite fabrication process, which maintains excellent perfor-
mance even during upscaling. The high resistance can be solved by 
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optimization of the module fabrication process. The efficiency of the 
module can thus practically exceed 13% by reducing CTMFF  losses  
based on the current record efficiency of 15.1% and is expected to 
exceed 15% in the near future based on the fast development of this 
type of thin-film technology.

Conclusion
We demonstrate a certified 10.1% (10.48 cm2) efficiency kesterite 
CZTSSe solar module from solution by controlling crystallization to 
improve film uniformity and modifying module structure to reduce 
charge transport resistance. Characterizations show that the poor 
uniformity of the CZTSSe film fabricated under reference condition 
(Tu1.5) originated from quick formation of a dense crystalline top layer 
at the early stage of the selenization, which prohibits penetration of 
Se and leads to uneven vertical crystallization. Increasing the content 
of Tu in the solution (Tu1.7) produces a more porous precursor film, 
which results in a looser top layer that allows sufficient penetration of 
Se into film bulk and more room for lateral grain growth, leading to 
greatly improved film uniformity and surface flatness. This strategy 
improves the average efficiency of single cells from 12.39% to 13.40%, 
while reducing the standard deviation from 0.29% to 0.13%. The excel-
lent morphological and compositional uniformity is maintained with 
upscaling, achieving 8.91% efficient solar module. Furthermore, struc-
ture modification shortens the path of the current along the low con-
ductive ITO channel and resistive MoSe2 layer, leading to greatly 
improved FF and module efficiency. The champion CZTSSe module 
demonstrates the lowest CTMVOC  and CTMJSC  losses among state-of- 
the-art emerging thin-film solar modules and high stability with effi-
ciency maintained over 98% after 200 days of air exposure without 
encapsulation. The current module is still limited by high resistance, 
resulting in a substantial CTMFF loss (18.8%); much higher efficiency 
can be expected with further optimization of the module fabrication 
process. Our results demonstrate the practical prospects of 
solution-processed inorganic semiconducting materials for applica-
tion in thin-film PV and other related optoelectronic devices.

Methods
Preparation of the kesterite precursor solutions
The precursors used for making the precursor solutions are AgCl  
(Aladdin), CuCl (Aladdin), Zn(OAc)2 (99.99%, Aladdin), SnCl4 (99%, 
J&K) and Tu. The mole ratios of Ag/(Ag+Cu), (Cu+Ag)/(Zn+Sn) and Zn/
Sn were fixed at 0.1, 0.75 and 1.15, respectively. The mole ratio of Tu/
(Cu+Ag+Zn+Sn) was 1.5 for solution Tu1.5 and 1.7 for solution Tu1.7. 
In addition, NaCl (with Na/Cu of 0.01) was added to the solution. The 
precursor solutions were prepared in a glove box at room temperature 
with controlled O2 and H2O levels below 5 ppm. For solution Tu1.5, first, 
Ag–Cu–Tu–DMSO solution was made by dissolving 1.71 g Tu (after twice 
recrystallization) in 4 ml DMSO (99.8%, Aladdin) in vial #1 followed 
by sequentially adding 0.092 g AgCl, 0.575 g CuCl and 3.7 mg NaCl 
under stirring until clear. Second, Sn–Zn–DMSO solution was made 
by adding 1.042 g SnCl4 to vial #2 and sealed, followed by injection 
of 4 ml DMSO into the vial using a syringe, resulting in a suspension; 
then, 0.844 g Zn(OAc)2 was added into the suspension under stirring 
until clear. Vial #1 solution was mixed with vial #2 solution to produce 
a pale-yellow precursor solution. Solution Tu1.7 was similarly prepared 
by adding extra Tu.

Fabrication of single-junction solar cells
The dimension of Mo-coated SLG substrates was 2.5 cm × 2.5 cm for 
single cells and 4 cm × 4 cm for modules. First, the Mo-coated SLG sub-
strates were placed on a polytetrafluoroethylene rack and immersed in 
a beaker containing ethanol for 15 min of ultrasonic cleaning at 40 °C, 
followed by ultrasonic cleaning in ultrapure water for the same time. 
The substrates were dried with a N2 flow before use. The precursor 
solution was filtered through a 0.8-µm polytetrafluoroethylene filter 

and then spin-coated onto the cleaned Mo-coated SLG substrates at 
a spin speed of 2,000 rpm for 20 s. The thickness of the Mo layer is 
about 800–1,000 nm. The wet films were immediately annealed on 
a hot plate at 340 °C for 90 s. The coating–annealing–cooling cycle 
was performed seven times to create a 2-µm-thick precursor film. 
The precursor film was then placed in a 6 cm × 6 cm × 1 cm graphite 
box with 500-mg Se tablets. The lid of the graphite box has five 1-mm 
holes, one in the middle and the others near the four corners. The 
graphite box was put into a Rapid Heating tube furnace for seleniza-
tion. The tube was evacuated until the pressure reached 5 × 10−2 torr 
and then refilled with argon to atmospheric pressure. The evacuation 
and refilling process was repeated three times to remove water and 
oxygen from the tube. The tube was heated up at a rate of 2 °C s−1 from 
25 °C to 540 °C and maintained at 540 °C for 20 min. Then, the furnace 
(samples) was cooled down naturally to room temperature. After 
selenization, the films were submerged in ultrapure water (∼18.2 MΩ 
cm) and then transferred into a beaker in 65 °C water bath with 220 mL 
aqueous solution containing 3.3 mmol CdSO4, 0.0165 mmol Tu and 
28 ml NH4OH (~25–28%) for chemical bath deposition of CdS buffer 
layer. The chemical bath deposition was performed for 12 min under 
stirring to deposit ~40 nm CdS. The CZTSSe/CdS samples underwent 
heterojunction annealing on a hot plate in a N2-filled glove box. The 
annealing temperature was 110 °C, for 12 h. For single cells, the window 
layer of 50-nm i-ZnO and 150-nm ITO were deposited by radiofre-
quency sputtering at room temperature, followed by deposition of 
top contact grids of 50-nm Ni and 500-nm Al by thermal deposition 
through shadow masks. The device area was defined by mechanical 
scribing. For modules, the ITO layer was 330 nm and no top contact 
grids were used.

Fabrication of solar modules
P1 and P2 patterning were scribed by using a 532-nm picosecond laser 
with a power of 3 W and a frequency of 100 kHz at a motion speed of 
20 mm s−1. The output power of the laser used for P1 was 80–85% (2.5 W), 
and each line (pattern) was scribed only once. The depth of the line was 
about 1 μm, and Mo was precisely removed. The output power of the 
laser used for P2 was 30% (0.9 W), and four lines were scribed for each 
pattern with an interval of 10 μm. To completely remove the possible 
residues, the four lines were further cleaned by the same laser with 
output power of 21% (0.63 W). These eight lines were close enough 
to integrate into one wider groove with most of the MoSe2/CZTSSe/
CdS/i-ZnO layers removed. For P3 patterning, a razor blade was used 
to scribe out a line (removing MoSe2/CZTSSe/CdS/i-ZnO/ITO) on the 
side of P2 to separate the top electrodes of the adjacent cells.

Film and device characterizations
The morphology of the absorber films was measured on a Hitachi 
S4800 scanning electron microscope. The elemental distribution along 
the depth of the absorber and the device was characterized using SEM–
EDS (Oxford Xplore30) line scanning and a time of flight-secondary 
ion mass spectrometer. The TOF-SIMS analysis was conducted using 
Bi3+ as a primary ion source with an energy of 30 keV and a current at 
picoampere (pA) level. The analysis area was 50 × 50 μm2. During the 
sputtering process, Cs+ is selected as the sputtering ion with an energy 
of 1 keV and a current at the nanoampere (nA) level. The sputtering 
area was 200 × 200 μm2. The current density–voltage (J–V) curves of 
the solar cells were measured using Keithley 2400 Source Meter under 
simulated AM 1.5 sunlight at 100 mW cm−2 irradiance generated by a 
AAA sun simulator (CROWNTECH). The light intensity was calibrated 
by a calibrated Si reference cell. The J–V measurement was performed 
in air at a temperature of around 300 K and humidity of about 40%. 
The EQE spectra of the solar cells were measured on Enlitech QE-R3018 
using calibrated Si and Ge diodes (Enli Technology) as references. The 
aforementioned solar simulation system and Keithley 2400 Source 
Meter were used to collect the current–voltage (I–V) data.
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Calculation of the CTM losses
According to the calculation method of the literature46–48, the CTM 
losses of the photovoltaic performance parameters of internal 
series-connected type modules can be calculated via

CTMPCE= 1 − PCEM/PCEC

CTMVOC = 1 −
VOCM

n × VOCC

CTMJSC = 1 −
JSCM
JSCC

= 1 − n ×
SC × ISCM
ISCC × SM

CTMFF= 1 − FFM/FFC.

The CTM losses of PCE, VOC, JSC and FF are denoted by CTMPCE , 
CTMVOC, CTMJSC and CTMFF. The subscripts M and C denote the modules 
and the single cells, respectively.

Simulation of CTM losses
The CTM losses were modelled using SOLEY, which is a new simula-
tion tool developed at the Universitat Politècnica de Catalunya by 
Zacharie Victor Samuel Nathana Jehl for thin-film solar cell model-
ling. The single cell is modelled with a recombination parameter J0 of 
4.9 × 10−6 mA cm−2, a diode ideality factor n of 1.3, an RS of 1 Ω cm2 and 
an RSh of 1 × 104 Ω cm2. The J0 and n are the same as the values extracted 
from the measured J–V data of the single cell, while the RS and RSh are 
very close to the extracted values, which are respectively 1.74 Ω cm2 
and 1.27 × 104 Ω cm2. The module was simulated with the same J0 and 
n as those of the single cells, with the RS and RSh values respectively 
adjusted to 3.5 Ω cm2 and 1 × 103 Ω cm2.

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

Data availability
The data that support the findings of this study are available within the 
article and its Supplementary Information. Source data are provided 
with this paper.

Code availability
The simulation tool called SOLEY was developed at the Universitat 
Politècnica de Catalunya by Zacharie Victor Samuel Nathana Jehl for 
thin-film solar cell modelling. It was used as a supporting tool for 
simulating the J–V curves and CTM losses. The code is proprietary.
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