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SUMMARY

The interface contact issue, surface defects, and energy level mismatches have significantly limited the op

toelectronic performance of solution-processed transparent conductive window layers for use in thin-film so

lar cells. In this work, these challenges are systematically addressed by employing molecular engineering to 

regulate the multiple interfaces of ZnO nanoparticles (ZnO-nps)/silver nanowires (AgNWs) window layers in 

kesterite solar cells. The interface molecular engineering enhances the conformal deposition of ZnO-nps on 

rough Cu2ZnSn(S, Se)4 (CZTSSe)/CdS substrates, passivates hydroxyl defects in ZnO-nps, and optimizes en

ergy level alignment at the ZnO-nps/AgNWs interface. These advancements enable us to achieve a certified 

total area efficiency of 14.3%, marking a significant milestone for all-solution-processed kesterite solar cells. 

Furthermore, the solution-processed window layer forms a robust and flexion-tolerant lateral conductive 

network, imparting excellent flexibility to the cells. This development provides a critical technical foundation 

to support the low-cost and simpler preparation of thin-film solar cells in future commercialization.

INTRODUCTION

Kesterite Cu2ZnSn(S, Se)4 (CZTSSe) thin-film solar cells have at

tracted significant attention due to their advantages, including 

abundant elemental reserves, environmental friendliness, and 

high material stability.1,2 Efforts over the past few years have 

seen the photoelectric conversion efficiency of these cells reach 

the commercial threshold of 15% through solution-fabricated 

CONTEXT & SCALE As climate change intensifies and global reliance on fossil fuels becomes increasingly 

unsustainable, the transition to clean energy has escalated to a critical imperative. Solar energy, character

ized by its abundance and renewability, stands at the forefront of this transformation, with continuous ad

vancements in accessibility and efficiency. Among emerging technologies, thin-film solar cells utilizing kes

terite absorbers demonstrate significant promise due to their flexibility, cost-effectiveness, and utilization of 

earth-abundant elements, thereby mitigating material scarcity concerns. For widespread deployment, scal

able manufacturing and cost efficiency are essential. However, fabrication bottlenecks persist, particularly in 

producing critical transparent conductive layers, which typically require capital-intensive vacuum deposition 

techniques. These processes constrain production scalability and economic viability. Consequently, inves

tigating feasible and economical solution-processed production methodologies for these cells is vital to ex

panding clean energy access. Advancing such techniques represents a critical technological pathway to

ward enabling broader global adoption of solar power. 
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CZTSSe absorbers,2–4 positioning them as a promising candi

date for the future photovoltaic market. Transparent window 

layers are a key component of kesterite solar cells, playing 

crucial roles in charge collection and transport.5–7 These layers, 

generally as ZnO/indium tin oxide (ITO), ZnO/ZnO:Al, or ZnO/ 

In2O3:Zn, are primarily fabricated using vacuum deposition tech

niques, especially sputtering methods.8 However, sputtering 

processes typically entail substantial capital investment in 

equipment, and the sputtering-induced damage significantly re

stricts the space of interface regulation.9,10 These limitations 

impact the cost-effectiveness and potential application sce

narios of kesterite solar cells, thereby affecting their competitive

ness in future commercialization.

Researchers have been exploring convenient solution-based 

processes for preparing window layers, ultimately realizing the 

fabrication of CZTSSe solar cells through all-solution pro

cesses.9 Among these, composite window layers consisting of 

ZnO nanoparticles (ZnO-nps) and silver nanowires (AgNWs) 

have garnered special attention due to their excellent trans

parent conductive properties and ease of film coating.5,11–13

However, despite these advantages, the efficiency of CZTSSe 

solar cells based on this solution-processed technology has 

yet to surpass 10%, significantly lagging behind the continually 

improving sputtering-based cells.14–17 This performance gap is 

also evident in other photovoltaic and optoelectronic de

vices.11,18,19 The fundamental origin of the performance disparity 

between sputtering and solution-processed technologies lies in 

their distinct material systems, wherein the solution-processed 

nanocomposite film system intrinsically exhibits complex sur

face and interface structures, which are often associated with 

serious defects20,21 and energy level mismatches,22 hindering 

carrier transport and collection.23 Furthermore, these films 

frequently struggle to achieve conformal deposition, especially 

on rough surfaces, which impacts the quality of the contact be

tween multilayer films within the devices.24 Effectively address

ing these intertwined issues, including interface contact, carrier 

recombination, and energy level mismatch, is crucial for 

achieving high-performance solution-processed window layers 

for solar cells yet remains a significant challenge.

In this work, multiple interfaces within solution-processed 

ZnO-nps/AgNWs window layers were systematically engineered 

to optimize optoelectronic performance for use in kesterite solar 

cells. The multi-interface regulation strategy involves (1) using 

polyacrylic acid (PAA) as a surface binder to achieve conformal 

deposition of a ZnO-nps layer on the rough CZTSSe/CdS sur

face, (2) introducing aminomethylphosphonic acid (AMPA) mol

ecules on the ZnO-nps surface to passivate surface defects, 

and (3) exploiting the permanent dipole of AMPA molecules to 

improve the energy level match at the ZnO-nps/AgNWs inter

face. These regulations realize high-performance ZnO-nps/ 

AgNWs window layers with excellent charge collection, trans

port, and significantly reduced charge loss. This enables the 

all-solution-processed CZTSSe cell to achieve a significant 

breakthrough, reaching 14.3% certified efficiency. In addition, 

the overlapping AgNWs form a robust surface conductive 

network, which maintains excellent lateral charge transport abil

ity even when the polycrystalline film substrate fractures, allow

ing the flexible CZTSSe solar cells to exhibit superior bending 

stability. These results demonstrate that through multi-interface 

engineering, the optoelectronic performance of the solution- 

processed window layer has surpassed that of traditional 

sputtering-based window layers. This achievement opens new 

pathways for the low-cost and high-efficiency fabrication of 

thin-film solar cells.

RESULTS AND DISCUSSION

All-solution-processed CZTSSe solar cell

The device structure of the CZTSSe solar cell in our study is 

shown in Figures 1A and 1B, in which all the functional layers 

were fabricated by solution methods. In particular, the conven

tional sputtering-deposited ZnO/ITO window layer was replaced 

by ZnO-nps and AgNWs layers deposited by solution-coating 

methods (Figure S1); the conventional Ni/Al grid electrode was 

replaced by a screen-printed Ag paste electrode. As in the 

cross-sectional scanning electron microscope (SEM) image 

shown in Figure 1B, the coating-deposited ZnO-nps layers 

exhibit compact morphology and interface contact covering on 

the undulating surface of CZTSSe/CdS film. In the top-view 

SEM image, the overlapping AgNWs can also be clearly seen 

covering the ZnO-nps layer. Production efficiency and cost at 

the lab scale were further compared for the window layer using 

the all-solution processes (AS) to that based on the vacuum 

sputtering method (VAC). It was found that the fabrication time 

can be reduced by a factor of 5 and that the equipment and ma

terial consumption costs can be reduced by a factor of 10 

(Figure 1C; Tables S1 and S2). Preliminary cost estimates con

ducted under industrial production conditions also demonstrate 

a cost advantage for the all-solution-processed window layers 

(Table S3). This advantage would facilitate the development of 

a simpler device preparation process with a lower technical 

threshold and thus can provide a more easily achievable tech

nical platform for systematic optimization of kesterite solar cells.

In experiments, the size of ZnO-nps and AgNWs were opti

mized and, in the final device, 40 nm ZnO-nps and 35 nm 

AgNWs with a length-to-diameter ratio of about 700 were 

used, respectively (Figures S2 and S3). Through these material 

and film deposition process optimizations, the composite win

dow layer has exhibited excellent transparent and conductive 

properties. In a wide wavelength region from visible (400 nm) 

to infrared (1,200 nm), the transmittance of the film was compa

rable with that of the sputtered ITO film, with sheet resistance 

being controlled <25 Ω/sq (Figure 1D), enabling the cell to 

have an optical current density of over 43 mA cm− 2, even 

without the anti-reflection (AR) layer.25 After the basic optimiza

tion, interfaces within these all-solution-processed functional 

layers were investigated and engineered. Specifically, a thin 

PAA layer was introduced at the CdS/ZnO-nps interface to 

gain better heterogeneous covering and conformal deposition; 

AMPA molecules were utilized at the ZnO-nps/AgNWs inter

face to passivate the ZnO-nps surface defects and, moreover, 

facilitate the charge transfer. In the following sections, the chal

lenges associated with fabricating kesterite solar cells based 

on all-solution-processed window layers will be sequentially 

illustrated, along with their resolution through multi-interfacial 

engineering.
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Conformal deposition of a ZnO-nps layer on a rough 

CZTSSe/CdS surface

The first challenge is to realize a conformal deposition of ZnO- 

nps onto the CZTSSe/CdS film surface because it is usually 

very rough. As shown in Figures 2A and 2B, when the ZnO-nps 

directly coated onto the film, most nanoparticles were accumu

lated in the low-lying area of the surface and those higher sur

faces can barely be covered, resulting in significant reduction 

in surface roughness of the film. This could arise because the 

ZnO-nps aqueous solution has relatively large polarity and sur

face tension24,27 and thus, in its drying process, exhibited signif

icant shrinkage on the CdS surface with low surface energy. This 

could lead to direct exposure of the CZTSSe/CdS surface, which 

would not only introduce severe charge recombination in the 

cell but also corrode the AgNWs through Ag-S reactions 

(Figure S4).28–31

To address this issue, a PAA interfacial layer was introduced 

(Figure S5). The PAA was chosen from several organic molecules 

or polymer materials that had been tried in our experiment 

(Figures S6 and S7). In particular, this is because PAA is a kind 

of polymer binder, having rich carboxyl groups that are able to 

have strong interactions with metal oxide nanoparticles.24,32

Liquid contact angle measurements found that the PAA obvi

ously enhanced the surface tension,33 especially the polarity 

component, of the CdS layer, which thus improved the spread

ability of the ZnO-nps aqueous solution (Figures 2C and S8; 

Table S4; Note S1). These effects finally helped the undulating 

CZTSSe/CdS surface to be conformally covered by ZnO-nps, 

thus maintaining the original film surface roughness as shown 

in Figures 2A and 2B.

This improvement resulted in an obvious reduction in the inter

facial charge recombination, as reflected by the significantly 

enhanced photovoltage decay lifetime (Figure 2D).34,35 In addi

tion, photoluminescence (PL) spectra showed that CdS in the 

PAA-involved sample (CdS/PAA/ZnO-nps) exhibited a much 

lower steady-state PL intensity and shorter PL decay lifetime 

than that of the CdS/ZnO-nps sample (Figures 2E and 2F), 

demonstrating that the improvement in the interfacial covering 

and contacting enhanced the carrier transfer at the CdS/ZnO- 

nps interface. This enhancement can reduce the carrier localiza

tion in the band-tail states of the chemical-bath-deposited CdS 

layer,36 thus helping suppress performance loss of the cell. 

Further, current-voltage (I-V) measurements indicated that the 

heterojunction property of CZTSSe/CdS/ZnO-nps has also 

been improved. As in Figures 2G and S9, when CdS was directly 

contacted with AgNWs window layer, an ideality factor (A, in 

Note S2) as large as 3.18 was observed. This parameter value 

was reduced to 2.22 by directly depositing a ZnO-nps layer; 

nonetheless, it still exceeded the general range of ideality factors 

for a single heterojunction, i.e., 1 ≤A ≤ 2.26 Comparatively, when 

the PAA was used, the ideality factor was reduced to 1.59, with a 

much lower reverse saturation current density, indicating the for

mation of an effective heterojunction. With these benefits to the 

CdS/ZnO-nps interface, the average efficiency of kesterite solar 

cells, based on the PAA-modified all-solution processes, was 

improved from ∼10% to ∼12.8% (Figures S10–S12).

Surface defect passivation of ZnO-nps

Another challenge is related to the ZnO-nps itself because ZnO- 

nps synthesized from aqueous solutions generally have many 

Figure 1. All-solution-processed CZTSSe solar cell 

(A and B) (A) The schematic structure and (B) cross-sectional and top-view SEM image of the kesterite solar cell with all-solution-processed ZnO-nps/AgNWs 

window layers (AS device). 

(C) Comparison of the preparation time and cost for the window layers fabricated by sputtering or AS process at the lab scale (averaged to a single cell). The 

detailed data are shown in Tables S1 and S2. 

(D) Transmittance spectra of sputtered ZnO/ITO and solution-fabricated ZnO-nps/AgNWs window layers. The ideal current density (Joptical) is calculated ac

cording to the transmittance spectra and 100% internal quantum efficiency.
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deep surface defects caused by the residue of hydroxyl 

groups.20 Here, driven by the esterification mechanism, amino

phosphonic acid molecules were introduced on the surface of 

ZnO-nps to react with these hydroxyl groups. Through compar

ison, the AMPA, which has a shorter carbon chain, exhibited bet

ter interface modification performance, providing the highest cell 

efficiency (Figures S13–S15). As predicted by density functional 

theory (DFT) calculations (Figure 3A), by releasing a H2O mole

cule as well as a total energy of about 2.16 eV, the AMPA would 

bind to the ZnO surface. The occurrence of this reaction was 

demonstrated by Fourier transform infrared (FTIR) spectra in 

which the signal located at about 3,300 cm− 1, corresponding 

to the stretching vibration of hydroxyl groups, disappeared after 

the AMPA treatment,37 indicating effective removal of the detri

mental hydroxyl groups (Figure 3B). Meanwhile, a new vibration 

band centered at about 1,076 cm− 1,38 corresponding to the 

stretching vibration of Zn-O-P, appeared in the ZnO-nps/ 

AMPA sample, indicating the transformation from Zn-O-H to 

Zn-O-P-N structures, as depicted in Figure 3A. The multi-peak 

fitting of O 1s and Zn 2p X-ray photoelectron spectroscopy 

(XPS) also supported the removal of hydroxyl groups and the 

appearance of this new structure (Figures 3C and S16).39

However, despite the atomic structure transformation of the 

ZnO surface, the DFT calculations found that the distribution of 

density of states of ZnO did not obviously change and, in partic

ular, that the defect states in the forbidden gap still existed 

(Figure S17). That is, chemical passivation of the surface defects 

was not realized, probably because the surface Zn was still 

Figure 2. Engineering of the CdS/ZnO-nps interface 

(A) Atomic force microscopy (AFM) image of CZTSSe/CdS, CZTSSe/CdS/ZnO (sputtered), CZTSSe/CdS/ZnO-nps, and CZTSSe/CdS/PAA/ZnO-nps films. 

(B) Cross-sectional SEM images of CdS/ZnO-nps interface with or without PAA regulation. 

(C) Surface energy analysis for CdS and CdS/PAA films. 

(D) Transient photovoltage of the cell without ZnO-nps, with ZnO-nps, and with PAA/ZnO-nps layers. 

(E and F) (E) Steady-state and (F) transient photoluminescence of CdS, CdS/ZnO-nps, and CdS/PAA/ZnO-nps films excited at 445 nm. 

(G) Ideality factor (A) and reverse saturation current (J0) of the cells derived from I-V curves.26
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linked to excessive oxygen atoms. Nonetheless, it was found 

that through the Zn-O-P-N structures, a permanent dipole with 

a magnitude of 1.16 D formed perpendicular to the ZnO-np sur

face, in which the negative charge was located closer to the sur

face, as shown in Figure 3A. The formation of this dipole was 

confirmed by surface work function measurement using Kelvin 

probe force microscopy (KPFM, Figures 4A and 4B), which 

showed that the value of work function of the ZnO-nps film 

decreased by about 280 meV after the AMPA treatment.

This permanent dipole forms a local electric field in the surface 

region, electrostatically repulsing electrons transported in the 

ZnO-nps away from the defect position that is forming field-ef

fect passivation toward those point defects.40,41 This passivation 

effect was confirmed using steady-state PL measurement. As in 

Figure 3D, for the pristine ZnO-nps, a significant defect emission 

band at about 620 nm was observed under the ultraviolet excita

tion. After AMPA treatment, the defect emission was reduced by 

about 4-fold and the band-to-band emission of ZnO-nps at 

about 375 nm was significantly enhanced, indicating reduced 

carrier trapping and defective emission. In the solar cell, this 

can reduce the defect-assisted carrier loss.42,43 Photocurrent 

decay (Figure 3E) and external quantum efficiency (EQE) 

(Figure S18) of the solar cells measured under different bias volt

ages also supported this result. For the pristine ZnO-nps-based 

cell, significant charge loss was observed when the external bias 

voltage changed from − 1 V to 0 V. This arose because − 1 V 

could provide a considerably large electric field to extract the 

photo-generated electrons, reducing its capture by the surface 

defects, whereas, under 0 V, most of the photo-generated elec

trons were captured by these surface defects. In contrast, after 

the AMPA treatment, this charge loss phenomenon was almost 

completely eliminated, implying that the ZnO-nps-induced elec

tron capturing has been effectively passivated.

Band alignment improvement of the ZnO-nps/AgNWs 

interface

Energy band matching is also a critical requirement for the fabri

cation of high-efficiency solar cells. Through band-edge position 

measurements (Figures 4A, 4B, and S19–S21; Note S3), a 

mismatch in the conduction band minimum (CBM) was found 

between ZnO-nps and the AgNWs. As shown in Figure 4C, 

CBM of the ZnO-nps was 0.16 eV lower than that of the 

AgNWs, which hinders the fast transfer of electrons across this 

interface. Interestingly, it was found that the dipole introduced 

by the AMPA improved the energy band alignment of this inter

face. Specifically, the negative charge in the dipole raised the 

CBM position of the ZnO-nps, thus eliminating the energy barrier 

at this interface.

This improvement helped in obtaining an Ohmic contact at 

the ZnO-nps/AgNWs interface, as demonstrated by the I-V 

Figure 3. Surface defect passivation of ZnO-nps 

(A) DFT-simulated reaction between AMPA molecule and − OH on ZnO-nps surface. The reaction diminishes the − OH group and induces a dipole forming on the 

surface in which the electric field direction is schematically shown by black arrows. 

(B) FTIR spectra of ZnO-nps, AMPA, and ZnO-nps/AMPA powders collected from deposited films. 

(C) XPS of O 1s for ZnO-nps and ZnO-nps/AMPA films. 

(D) Steady-state PL spectra of ZnO-nps and ZnO-nps/AMPA films. 

(E) Bias-voltage-dependent transient photocurrent characteristics of the cells with or without the AMPA modification.
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characteristics measurement of a junction comprised of Mo/ 

ZnO-nps/AgNWs/Ag. As in Figure 4D, the I-V curve of the un

modified junction shows an obvious charge transport barrier, 

whereas the straight I-V curve of the modified sample demon

strated that this barrier has been effectively reduced. When fabri

cated into a complete solar cell, this improved interfacial charge 

transport led to an obvious reduction in the series resistance (RS, 

shown in Figure 4E). Especially at low temperatures, the RS 

decreased by about 4-fold, and reached a level comparable 

with that of the sputtered device. Temperature-dependent RS 

measurement further showed that the equivalent energy barrier 

for the interfacial charge transfer decreased from 150 to 116 

meV (Note S4).44 Further investigation using modulated transient 

photocurrent/voltage (m-TPC/TPV) measurements revealed a 

significant improvement in the internal quantum efficiency (IQE, 

Figure 4F; Note S5) of the device, showing an enhanced carrier 

utilization.34,45 Finally, the benefits of AMPA, including field-ef

fect passivation and energy level alignment improvement, re

sulted in a considerable reduction in the charge loss in the cell 

and thus helped us further improve the average efficiency of 

the cell from 12.8% to about 14.0% (Figures S10 and S22).

Device performance of rigid and flexible kesterite solar 

cells

With these efforts, high photoelectric conversion performance of 

all-solution-processed solar cells has been realized (Figure 5A). 

The average cell efficiency is even a little higher than that of 

the sputtered device, implying that the overall optoelectronic 

performance of the all-solution-processed window and grid 

electrode layer has surpassed that based on conventional vac

uum processes. In particular, our cell achieved a certified total 

area efficiency of 14.34%, with short-circuit current density 

(JSC) of 35.23 mA⋅cm− 2, open-circuit voltage (VOC) of 568 mV, 

and fill factor (FF) of 0.717 (Figures 5B, S23, and S24), which is 

almost double that of previously reported all-solution-processed 

devices (7.51%; Figure 5C).11,15,17 Compared with the sputtered 

device, our cell here exhibited significantly enhanced VOC, 

which, on one hand, benefited from the reduced sputtering- 

induced damage42,46 and, on the other hand, was a result of 

the reduced interface charge recombination through multi-inter

face engineering. Moreover, our device exhibits excellent perfor

mance in the 300-s maximum power point tracking (MPPT) test 

(Figure S25), and no observable performance degradation was 

detected after 6 months of ambient storage (Figure S26), demon

strating superior stability.

Furthermore, these all-solution technologies were used to 

fabricate flexible kesterite solar cells on a molybdenum foil sub

strate (Figure S27). As shown in Figure 5D, the cell obtained a 

high efficiency of 13.12%, also comparable with that of the sput

tered flexible cell, and has also reached the highest result re

ported so far (Table S7).47,48 In addition to the efficiency, the flex

ible cell demonstrated excellent bending performance. When 

bent at different radii, ranging from 25 to 5 mm (Figure S28), little 

efficiency change was observed in the all-solution-processed 

Figure 4. Energy band alignment and charge transport at the ZnO-nps/AgNWs interface 

(A and B) (A) Contact potential difference (CPD) distribution and (B) mapping images of ZnO-nps, ZnO-nps/AMPA, and AgNWs films on the CZTSSe/CdS 

substrate, measured using KPFM. 

(C) Energy band diagram of ZnO-nps/AgNWs interface with or without the AMPA-induced dipole. 

(D) I-V curve of a junction (inset diagram) comprised of Mo/ZnO-nps/AgNWs/Ag. 

(E) Temperature-dependent series resistance (RS) of the sputtered cell and the AS cell with or without AMPA modification. The inset figure shows the Arrhenius 

plots to derive the energy barrier (ϕb) of charge transport. 

(F) The carrier collection efficiency (ηC), extraction efficiency (ηe), and internal quantum efficiency (IQE) of the AS cell with or without the AMPA modification.
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cell, whereas an obvious efficiency decline appeared in the sput

tered cell when it was bent at 15 mm. Furthermore, the all-solu

tion-processed cell can sustain 95% of its initial efficiency after 

being bent 5,000 times at a bending radius of 8 mm 

(Figure 5E), which is superior compared with previous work 

(Table S8). However, the efficiency decline of the sputtered cell 

had exceeded 50% after being bent just 500 times. This signifi

cant performance difference in flexibility primarily lies in the influ

ence of bending on the lateral charge transport. For the sput

tered cell, bending caused cracks in the ITO film, which 

significantly damaged the lateral charge transport of the cell, 

whereas, for the all-solution-processed cell, although cracks 

also appeared after the bending, the long AgNWs form a robust 

surface conductive network that can still connect the domains 

separated by these cracks (Figure 5E), thus assuring the lateral 

charge transport and collection. The bending test was also con

ducted on the ZnO-nps/ITO structure device (Figures S28 and 

S29), which exhibited significantly inferior bending performance 

compared with the AS device. This reaffirms that the intrinsic 

flexibility and robust lateral charge transport ability of the 

AgNWs is pivotal for enhancing the bending performance of so

lar cells.

Through the aforementioned multi-interface regulations, 

CZTSSe solar cells fabricated via all-solution processes have 

achieved efficiency levels comparable with those of conven

tional devices (VAC device) and superior advantages in flexible 

device application. This accomplishment primarily stems from 

the expansive material selection offered by solution-based pro

cesses for interface modification, enabling us to tailor and opti

mize materials based on the specific characteristics of each 

interface. Consequently, this solution-processed window layer 

technique exhibits compatibility with diverse absorber/buffer 

layer substrates, such as the CZTS absorber and a cadmium- 

free ZnSnO buffer layer.49

Moving forward, to enable large-area production of kesterite 

solar cells, the future research focus of all-solution-based pro

cessing lies in achieving scalable coating deposition for different 

functional layers. In the current study, blade coating fabrication 

of the window layers (ZnO-nps/AgNWs) has been successfully 

demonstrated. However, scalable coating for the CZTSSe pre

cursor film remains under exploration.50,51 Both blade and slot 

die coating technologies should be developed for realizing the 

large-area deposition of CZTSSe precursor layers. Additionally, 

the development of controllable and large-scale selenization 

methods is desired for CZTSSe absorber fabrication.52 These 

manufacturing advancements, synergizing with performance- 

enhancing strategies like selenization design,53 defect regula

tion,3,4 energy band engineering,54,55 and alternative buffer layer 

development,49,56 will collectively promote the commercializa

tion of CZTSSe solar cells.

Conclusions

In this work, all-solution-based device fabrication technology 

has been applied to enhance the cost-effectiveness and 

Figure 5. Device performance of all-solution-processed rigid and flexible kesterite solar cells 

(A) Efficiency distribution of VAC devices and AS devices. The AS devices employed both PAA and AMPA modification. 

(B) I-V curves of champion solar cells with the window layer fabricated by conventional sputtering or by the solution method. 

(C) Efficiency progress of different types of kesterite solar cells in recent years. The detailed performance data are shown in Tables S5 and S6. 

(D) I-V curve of champion flexible cells. 

(E) Bending performance of these two types of flexible cells, bent for various cycles at a bending radius of 8 mm. The inset SEM figures are sputtered and AS 

device after being bent for 500 and 5,000 cycles, respectively.

Please cite this article in press as: Lou et al., Multi-interface engineering for all-solution-processed kesterite solar cells, Joule (2025), https://doi.org/ 

10.1016/j.joule.2025.102091

Joule 9, 102091, September 17, 2025 7 

Article
ll



potential application scenarios of kesterite solar cells. Particu

larly, molecular engineering has been employed to regulate the 

multiple interfaces of solution-processed ZnO-nps/AgNWs win

dow layers to improve cell performance. Our approach has 

enhanced the conformal deposition of ZnO-nps on rough 

CZTSSe/CdS substrates, passivated hydroxyl defects in ZnO- 

nps, and also optimized energy level alignment of the ZnO- 

nps/AgNWs interface, which significantly improved the charge 

transport and reduced charge loss in the cell. These benefits 

have helped us to achieve a certified total area efficiency of 

14.3% in the all-solution-processed kesterite solar cells, marking 

a significant advancement in this field. Furthermore, the solution- 

processed window layer forms a robust and flexion-tolerant 

lateral conductive network, imparting excellent flexibility to 

CZTSSe cells. Overall, our work provides a valuable pathway 

for the more cost-effective and efficient manufacturing of high- 

performance kesterite solar cells, which will contribute to accel

erating the industrialization of these cells through technological 

diversification.

METHODS

Materials

CuCl (99.999%) was purchased from Alfa Aesar; PAA (Mw = 

450,000), SnCl4 (99.998%), polyvinyl pyrrolidone (PVP, Mw = 

58,000), and ethylene glycol (99.7%) from Macklin; AgCl 

(99.5%) and PVP (Mw = 1,300,000) from Innochem; and Zn 

(CH3COO)2 (99.99%), ZnO-nanoparticle solution (40% in water), 

AMPA (97%), thiourea (99.99%), 2-methoxyethanol (MOE, 

99.8%), 1-Butanol (99.5%), and CdSO4⋅8/3H2O (99.99%) from 

Aladdin. Se pellets (99.999%) were purchased from Zhong 

Nuo Advanced Material; NH4Cl (99.5%) and ammonium hydrox

ide (25.0%∼28.0%) from Sinopharm Chemical Reagent Co. Ltd.; 

and Zn(CH3COO)2⋅2H2O (AR), AgNO3 (AR), NaCl (AR), and KBr 

(AR) from Xilong Chemical Co. Ltd. Silver paste (01L-2210) was 

purchased from Shenzhen Sryeo Electronic Paste Co., Ltd. Thio

urea was used after two recrystallization, and other chemicals 

were used directly without further purification.

Fabrication of the CZTSSe absorber

The precursor solution was prepared as follows: 1.083 g CuCl, 

1.469 g Zn(CH3COO)2, 1.9815 g SnCl4, and 3.656 g thiourea 

were dissolved in 15 mL MOE, then stirred at 60◦C for 1 h; 

0.1725 g AgCl and 0.0937 g CdCl2 were finally dissolved in the 

above solution for another 1 h to achieve the final colorless solu

tion. The molar ratios of Ag/(Ag + Cu), (Ag + Cu)/(Zn + Sn), Zn/Sn, 

and thiourea/metal are 0.1, 0.75, 1.12, and 1.7, respectively. The 

concentrations of metal elements and thiourea are 1.88 and 

3.20 mol/L, respectively. Mo substrates (4 × 4 cm2) were first 

cleaned by deionized (DI) water, then treated with UV-ozone 

for 15 min for better solution wettability. There was no extra treat

ment for Mo substrates. CZTSSe precursor films were prepared 

by spin-coating the precursor solution on Mo substrates at 

3,200 rpm/s for 25 s in the air, followed by annealing for 150 s 

on a 280◦C hot plate in the air. The coating and annealing pro

cesses were repeated 7 times for the desired 1.2- to 1.5-μm- 

thick precursor films. Finally, a CZTSSe absorber layer was ob

tained by annealing as-prepared precursor films at 540◦C for 

1,200 s with N2 flow in a selenium-contained graphite box, which 

was put inside the selenization furnace at one standard atmo

spheric pressure.

Fabrication of CdS buffer layer

A 40-nm-thick CdS buffer layer was then fabricated by chemical 

bath deposition method: 0.0612 g CdSO4⋅8/3H2O, 0.1280 g 

NH4Cl, 0.7288 g thiourea, and 10.5 mL ammonium hydroxide 

were added in 200 mL DI water and stirred for dissolution. 

Then, the CZTSSe films were immersed in the above solution 

and kept in the 70◦C water bath for 11 min.

Fabrication of vacuum-based devices

A device configuration with Mo/CZTSSe/CdS/ZnO/ITO/Ni/Al 

was fabricated based on the above-prepared CZTSSe/CdS 

layer. An intrinsic ZnO and ITO window layer was deposited by 

radio-frequency magnetron sputtering. Then, a 2-μm-thick Ni/ 

Al collection grid layer was thermally evaporated. The total 

area of each solar cell is designed to be 0.28 cm2 in our lab 

measurement.

Fabrication of AgNWs

17 mL of ethylene glycol and 0.668 g of PVP (Mw = 1,300,000) are 

placed in a clean three-necked flask and stirred in a 170◦C oil 

bath until completely clear, while nitrogen is bubbled to maintain 

an inert atmosphere. Dissolve 10 mg KBr and 20 mg NaCl in 

1.5 mL of ethylene glycol, then pour into the three-necked flask. 

Dissolve 0.2793 g of AgNO3 in 1.5 mL of ethylene glycol, then 

slowly add into the three-necked flask. Maintain at 170◦C in an 

oil bath for 2 h with a stirring speed of 200 rpm. Afterward, quickly 

cool the three-necked flask in an ice water bath. Then, purify us

ing the acetone precipitation method. Add 60 mL of deionized 

water to the mixture obtained above, then slowly pour in about 

100 mL of acetone and stir slowly. The solution gradually strat

ifies and a brown precipitate appears. After standing for 1 h, re

move the upper layer of liquid, add 40 mL of 0.5% PVP (Mw = 

58,000) aqueous solution to the precipitate, and stir to form a uni

form dispersion. Then, continue adding acetone and repeat the 

above process three times. The final AgNWs precipitate is 

dispersed in 40 mL of ethanol, centrifuged at 1,000 rpm for 

3 min, and the upper liquid is collected. Continue to centrifuge 

at 4,000 rpm for 7 min, collect the bottom precipitate, redisperse 

it in isopropanol, and finally prepare around 3 mL AgNWs disper

sion with a concentration of about 6 mg/mL.

Fabrication of all-solution-based devices

The device with configuration of Mo/CZTSSe/CdS/PAA/ZnO- 

nps/AMPA/AgNWs/Ag was fabricated based on the above-pre

pared CZTSSe/CdS layer. PAA solution was prepared by 

dissolving 2 mg PAA in 1 mL DI water and stirring overnight. 

ZnO-nps dispersion was prepared by diluting the commercial 

ZnO-nps water dispersion into 80 mg/mL in DI water, ultrasoni

cating for 10 min, and finally filtering with 800-nm filters. The 

AMPA solution was prepared by dissolving 1 mg AMPA in 

1 mL DI water. The AgNWs solution was prepared by diluting 

the as-prepared AgNWss isopropanol dispersion into 2 mg/mL 

with butanol. Then, the four layers of PAA, ZnO-nps, AMPA, 

and AgNWs were doctor-bladed with a substrate temperature 
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of 80◦C. The size of doctor blade coating is 4 cm × 4 cm, which 

includes four 2 cm × 2 cm solar cells. The blade heights were 

400, 400, 400, and 200 μm, respectively. The blade speeds 

were 4, 8, 4, and 6 mm/s, respectively. Each time, 100 μL of 

the solution was used. The annealing conditions were 1, 10, 1, 

and 1 min at 120◦C in the air, respectively. The Ag electrode 

was made by screen-printing, with a height of 10 μm and a width 

of around 60 μm, and was further annealed in the air at 120◦C for 

10 min. A 360-mesh stainless steel wire screen was employed, 

with a wire angle of 22.5◦ and a tension of 23 N. The screen 

mask pattern is illustrated in Figure S30, and the optimization 

conditions of the screen-printed electrode are illustrated in 

Figures S31 and S32. Then, the device was annealed at 180◦C 

for 60 min in a nitrogen atmosphere. The single cell was obtained 

by mechanical scribing and the total area of the cell was de

signed to be about 0.29 cm2.

Characterization

SEM images were measured on Hitachi S4800 SEM using 10 kV 

power. The ultraviolet-visible (UV-vis) diffuse reflectance spec

trum was recorded on a Shimadzu UV-3600 spectrophotometer. 

X-ray diffraction (XRD) patterns were obtained on an X-ray 

diffractometer with Cu Ka as the radiation source (Empyrean, 

PANaltcal). Contact angles were obtained by OCA25, 

DataPhysics. Current density-voltage (J-V) curve of cells were 

collected on a Keithley 2400 Source Meter under AM 1.5G illumi

nation (100 mW cm− 2) from a solar simulator (Zolix SS160A). The 

intensity of the light source was calibrated by a standard silicon 

solar cell certified by National Institute of Metrology, China 

(NIMC). The reference cell was certified by NIMC. The measure

ment was performed at room temperature (25◦C) in air, with a 

scanning rate of about 90 mV⋅s− 1 from − 0.05 to 0.6 V. m-TPC/ 

TPV spectra were obtained by our lab-made setup in which the 

cell was excited by a 532-nm pulse laser (Brio, 20 Hz, 4 ns) 

and the photovoltage decay process was recorded by a digital 

oscilloscope (Tektronix, DPO 7104). Steady-state and transient 

state PL spectra were obtained from a PL spectrometer (Edin

burgh Instruments, FLS 900). The XPS measurement was carried 

out on an ESCALAB 250Xi (Thermo Fisher) instrument. EQE 

was obtained from Enlitech QE-R test system with a xenon 

lamp and a bromine tungsten lamp as light sources. Ultraviolet 

photoelectron spectroscopy is measured by Thermo Scientific 

ESCALab250Xi. KPFM images were obtained on Bruker, Multi

mode 9. FTIR spectroscopy was performed on a TENSOR 27 

spectrometer, Bruker. Temperature-dependent J-V curves 

from 100 to 290 K were measured on an electrochemical work

station (Princeton, Versa STAT) and cooled down with liquid 

nitrogen.

First-principle calculations

Our spin-polarized DFT calculations were conducted using the 

Vienna ab initio simulation package (VASP), leveraging plane- 

wave basis sets in conjunction with the projector augmented- 

wave method.3,4 The exchange-correlation energy was tackled 

using the generalized gradient approximation (GGA), with the 

Perdew-Burke-Ernzerhof (PBE) functional serving as the param

eterization framework. To overcome GGA’s inherent shortcom

ings, methodology was refined by integrating a GGA + U 

approach. The effective Hubbard U parameter was judiciously 

selected as 7.5 eV for zinc. Further enhancing the validity of 

our calculations, we introduced Van der Waals forces consider

ation via Grimme’s DFT-D3 model. To simulate the intricate inter

actions between individual molecules and the ZnO (10–10) sur

face, our model comprised quintuple layers arranged into a 

2 × 2 surface cell. A generous 20 Å vacuum buffer was instituted 

to effectively isolate the slab and mitigate any erroneous periodic 

image interactions. The plane-wave energy cutoff was judi

ciously set at 450 eV. For the integration over the Brillouin 

zone, we opted for a Γ-centered Monkhorst-Pack mesh of 

3 × 2 × 1. The upper two layers of the slab and the molecule ad

sorbed thereon were allowed to relax until the forces converged 

below 0.02 eV/Å, with an energy convergence criterion set at 

10− 5 eV. Consistent across all system evaluations, dipole cor

rections were meticulously applied to address potential surface 

effects meticulously.
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