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Using a commercially viable and environmentally friendly aqueous chemical method, Cu2ZnSnS4 films 

with different stacked structure precursors are prepared on flexible Mo foil substrates, and then solar cells 

with the structure of Ag/AZO/i-ZnO/CdS/CZTS/Mo foil are fabricated. Comparable study reveals that the 

absorber from Cu2SnSx/ZnS/Mo precursor shows preferable crystallinity and morphology than that from 10 

ZnS/Cu2SnSx/Mo precursor. Accordingly, the device based on the former absorber yields better 

performance, demonstrating an efficiency of 2.42%. Issues involved microstructure and secondary phases 

that limiting the performance of the device are discussed. 

Introduction  

Flexible thin film solar cells are highly attractive due to the 15 

merits of lightweight, high gravimetric specific power and 

flexible nature of the modules. These unique advantages offer 

them more possibilities than rigid cells in novel application fields 

such as building integration, space exploration, automotive 

application etc. In addition, from the industrial point of view, 20 

flexible solar cells enable implementation of roll-to-roll 

deposition process, which would reduce production costs 

significantly and raise throughput potentially. Furthermore, a 

large proportion of the energy and cost required to produce solar 

cells on glass is used for the substrate and cover glasses (take 25 

Cu(In, Ga)Se2 (CIGS) solar cells for example, substrate and cover 

glasses occupied 42% of the total material costs11). Therefore, a 

low-cost, glass-free, and thin substrate together with a thin and 

flexible encapsulant, would combine the advantage of flexible 

solar cells and cost-effective production. 30 

One of the most promising flexible thin film solar cells is based 

on the polycrystalline chalcopyrite CIGS, which has already 

demonstrated high conversion efficiency up to 20.8% on rigid 

glass substrates22. Flexible CIGS solar cells have also obtained 

over 20.4% efficiency33 on flexible substrates during the last 35 

decade due to its suitable optoelectronic characteristics and good 

stability. However, the scarce and expensive elements that CIGS 

occupied (gallium and indium), might inhibit a cost-effective 

large-scale production. Fortunately, Cu2ZnSnS4 (CZTS) has been 

discovered, developed and regarded as the highly potential 40 

absorbing layer for thin film solar cells owing to its abundant and 

relatively cheap raw materials as well as environmentally friendly 

properties compared with CIGS. Analogous to the chalcopyrite 

structure CIGS, CZTS shares similar optical and electrical 

properties. Specifically, CZTS has a direct band gap of about 1.5 45 

eV and an optical absorption coefficient higher than 104 cm-1 in 

the visible wavelength region. Conversion efficiency of up to 

8.4%4 and 12.6%5 have been achieved so far for CZTS and 

CZTSSe (Cu2ZnSn(S, Se)4) cells on rigid glass substrates, 

respectively. Nevertheless, only few flexible CZTS solar cells 50 

have been reported with efficiency no higher than 2%66, 7. 

Various methods similar to those explored for CIGS absorbers 

have been investigated for fabricating CZTS and CZTSe thin 

films, including sputtering8, 9, evaporation4, spray pyrolysis10, hot 

injection11, 12, sol-gel13, 14 and electrodeposition15, 16. Of particular 55 

interest are solution chemical based thin film deposition 

techniques, as they promise lower manufacturing costs and yield 

higher throughput. The reported record efficiency 12.6% is based 

on solution process that is amenable to high-throughput roll-to-

roll processing. It comes at the expense of using hydrazine as the 60 

coating solvent, which is a highly toxic and very unstable 

compound that requires extreme caution during handling and 

storage. As a result, it is desirable to develop a robust, easily 

scalable, and relatively safe solution-based process for the 

fabrication of high efficiency CZTSSe thin films solar cells. 65 

As one of the non-vacuum aqueous chemical solution routes, 

successive ionic layer adsorption and reaction (SILAR) method is 

relatively simple, inexpensive and non-toxic for large scale 

production on diverse substrates without special restrictions.  It is 

widely used to deposit various thin films and core/shell 70 

nanostructure compounds17-21. Thin films synthesized by SILAR 

method generally have accurate composition and compact mirror-

like surface morphology due to the ion-by-ion growth mechanism 

and nonhomogeneous precipitation theory.22 However, owing to 

the deposition at room temperature, precursor thin films by 75 

SILAR tend to have poor crystallinity and thus further annealing 

at high temperature is required for better quality absorber. 

Moreover, as a result of competitive adsorption between different 

metal ions, it is extremely difficult to deposit quaternary Cu-Zn-

Sn-S thin film to a desired stoichiometric composition in a single 80 

cation solution via SILAR method. Although several works have 
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focused on preparing CZTS thin films via SILAR method, the 

crystallinity and surface morphology of CZTS thin films are 

necessary to be further improved23-25. In addition, there are no 

reports on the fabrication of CZTS device based on SILAR 

method, let alone flexible device on Mo foil substrate. Herein, on 5 

the basis of our previous work26, we report recent major progress: 

the flexible CZTS solar cell with the efficiency of 2.42%, which 

was fabricated based on sulfurizing different stacked precursor 

sulfide layers deposited by SILAR method. The related 

compositional, structural and optical properties of the prepared 10 

absorber layers have also been characterized. 

Experiment  

In this work, flexible solar cells with Ag/AZO/i-

ZnO/CdS/CZTS/Mo foil structure werefabricated as shown in Fig. 

1. Mo foil was used as the flexible substrate and SLG substrate 15 

was also used in the same batch for obtaining the optical and 

electrical properties of the CZTS absorber layers. The CZTS 

absorber layers were prepared by sulfurizing two stacked 

precursors with different stacking sequence: Cu2SnSx/ZnS/Mo 

(Sample 1) and ZnS/Cu2SnSx/Mo (Sample 2) via SILAR method. 20 

To be specific, in terms of SILAR process, the substrate is 

immersed into separate cation and anion precursor solutions for 

adsorption and reaction, and then rinsed with DI water after each 

immersion to remove excess ion and avoid homogeneous 

precipitation. Therefore, a single SILAR deposition cycle 25 

includes specific adsorption of cations, rinsing with DI water, 

then adsorption and reaction of anions and rinsing with DI water 

again. By repeating this cycle, the desired thickness and suitable 

compositions of thin films can be accurately obtained via 

adjusting the cycles and the concentration of the precursor 30 

solutions. When depositing ZnS films, the cation solution 

contained 0.5M ZnCl2，and for Cu2SnSx (CTS) films, the cation 

solution composed of 0.02M SnSO4 and 0.005M CuSO4, 

meanwhile, 0.5M NH4F was added into the cation solution to 

avoid hydrolysis of Sn2+. Both anion solutions contained 0.05M 35 

Na2S. The Mo foil (0.06 mm thickness) and SLG substrates were 

cleaned in an ultrasonicbath successively in 50% ammonia, 

acetone and deionized water sequentially for 5min each. The 

absorption and reaction times are 20 sec and 30 sec respectively 

and the rinsing time is 20 sec. For the CTS/ZnS/Mo stacked 40 

precursor, 200 cycle numbers of SILAR were implemented to 

deposite ZnS film on the substrate (about 150 nm characterised 

by BRUKER Dektak 150 Profiler) and then CTS film was 

deposited on ZnS film with 100 cycle numbers of SILAR (about 

300 nm). To prepare ZnS/CTS/Mo precursor, the procedure was 45 

different only in deposition sequence. These two stacked 

precursors were then sulfurized at 500℃for 30 min in sulfur 

atmosphere using element S as the sulfur resource and N2 as the 

carrier gas with a flow rate about 10 sccm. The heating and 

cooling rates were both maintained at 10 °C/min. Finally, these 50 

two sulfurized absorber layers have the same thickness of about 

700 nm. 

CdS buffer layers (60~80 nm) were deposited by conventional 

chemical bath deposition (CBD) method from aqueous solution 

of CdSO4 (0.003 M), thiourea (0.3 M) and ammonia (0.28 M) at 55 

80℃ for 8min. ZnO window (80 nm) and ZnO:Al (AZO) (400 

nm) layers were subsequently deposited by RF magnetron  

 
Fig. 1 Schematic illustration for the fabrication of flexible CZTS solar cells 

on Mo foil 60 

sputtering with a device area of approximately 0.15 cm2.  

The chemical composition, surface morphology, thickness and 

crystalline properties of CZTS absorber layers were characterized 

by energy dispersive X-ray spectroscopy (EDS, EDAX-

GENSIS60S), scanning electron microscopy (SEM, FEI Quanta-65 

200), Step profiler (Dektak 150) and X-ray diffraction (XRD 

Rigaku3014) respectively. The Raman spectra were taken by 

using a Jobin-YvonLabRam HR800-Horiba spectrometer (with 

532 nm excitation wavelength). The optical properties of CZTS 

absorber layers were determined by Shimadzu UV-3600 70 

spectrophotometer. Current-voltage (J-V) measurements were 

performed under simulated AM 1.5 Global spectrum and 100 

mW/cm2 (1 sun) illumination with a Keithley 2400 source meter 

and a solar simulator. 

Results and discussion  75 

The chemical compositions of both absorber layers on Mo foil 

substrates are Cu poor and Zn rich before and after sulfurizing as 

shown in Table 1, which are in the desired composition range of 

those reported high efficiency CZTS solar cells.4, 9, 27The ratios of 

Zn/Sn for both samples increased after sulfurizing mainly due to 80 

the volatilization of Sn during the sulfurization process, which 

also contributed to the slight increase of Cu/ (Sn+Zn). In addition, 

the S contents are slightly increased after sulfurizing owing to the 

relatively high sulfur pressure during sulfurization process, which 

can be helpful to improve the efficiency of CZTS solar cells.27, 28 85 

Thickness of the absorber layers was characterized with reference 

samples on glass substrates because of the high roughness of the 

Mo foil. It can be seen that the thickness of the absorber layers 

did not change significantly during sulfurizing process, 

suggesting a slight volume expansion because the precursors 90 

contain sufficientsulfur. 

Table 1 EDS and thickness for two samples before and after sulfurizing 

Sample 
Ratio Thickness 

(nm) Cu/(Sn+Zn) Zn/Sn S/Metal 

1 
Precursor 0.74 1.13 0.97 660 
Sulfurized 0.76 1.28 1.11 710 

2 
Precursor 0.75 1.15 0.95 670 

Sulfurized 0.78 1.25 1.07 700 

Fig. 2 demonstrates X-ray diffraction (XRD) data of the absorber. 

Due to less than 1μm thickness of the absorber layers, clear 

diffraction peaks of the Mo substrate and MoS2 can be detected. 95 

Besides the Mo and MoS2 peaks, both samples demonstrate 

highly crystalline single phase Cu2ZnSnS4 (JCPDS 26-0575: 

standard unit cell volume of 319.5 Å.) All peaks of the two 

samples correspond well with the tetragonal CZTS (JCPDS 26-

0575) without any impurity phase within sensitivity limit of the  100 
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Fig. 2 XRD patterns for two sulfurized absorber layers and the standard 

XRD pattern for CZTS. (vertical bars: standard JCPDS 26-0575) 

instrument. Nevertheless, owing to the strong influence of the Mo  

substrate, it is difficult to make a conclusion which sample has a 5 

better crystallinity, although the intensity of diffraction peaks of 

Sample 2 are a little higher than that of Sample 1. 

It is universally accepted that XRD alone is insufficient to 

determine the phase purity of CZTS, since Cu2SnS3 and ZnS 

share similar crystal structure which lead to the similar diffraction 10 

patterns within the instrument accuracy. Therefore, the structural 

properties were further investigated by Raman spectroscopy to 

probe the surface of the films due to its complimentary capability 

to distinguish binary or ternary phase and its lower impurity 

detection limits than XRD. Fig 3 shows the Raman spectra of 15 

absorber layers from different stacked structure precursor films. 

Peaks corresponding to the CZTS compound were observed at 

286, 337, and 368 cm-1, in excellent agreement with literature. 

However, Raman spectra show the presence of SnS with 

characteristic mode at 160 cm-1, corresponding with data reported 20 

by other authors.29, 30 Furthermore, the principal peak of the 

Sample 2 at 337 cm-1 is broader and has a relatively low intensity 

compared with that of Sample 1. This is more accurate than XRD 

due to its superficial detection depth which can hardly be 

influenced by the Mo foil substrate. The result indicates that the 25 

crystal quality of CTS/ZnS/Mo precursor based CZTS absorber 

layers isbetter than that of ZnS/CTS/Mo based absorber layers. 

Fig. 3 Raman spectra for two sulfurized absorber layers (with same 
intensity scale) 30 

 
Fig. 4 Surface morphologies for absorber layers Sample 1 (4a，4b) and 

Sample 2 (4c，4d) before and after sulfurizing. 

Fig. 4 illustrates the surface scanning electron microscopy (SEM) 

images of the precursor and sulfurized films for both absorber 35 

layers. The left (4a, 4c) are precursor films and the right (4b, 4d) 

are sulfurized films. Both precursor films show amorphous 

morphology because of the low deposition temperature. In 

addition, due to the high roughness of the Mo foil substrate and 

less than 1μm thickness of the absorber layers, the surface of the 40 

precursor films demonstrate gullies in accordance with the 

substrates. After sulfurizing, the surface of the sulfurized films 

appears granular and homogeneous with the agglomerated 

particles well distributed through the whole surface. The 

demonstrated compact and uniform microstructure benefited from 45 

the growth mechanism of SILAR method, which is necessary for 

high conversion efficiency of thin film solar cells. Moreover, it is 

known that different stack sequence in precursors can 

significantly affect the surface morphology of films.31-33 It is 

reasonable to expect the difference in SEM images for two 50 

sulfurized films. Comparing the morphology of two sulfurized 

films, the grain sizes of Sample 1 are larger than that of Sample 2, 

which lead to more grain boundaries in Sample 2 than Sample 1. 

As is well-known that large grain size and less grain boundary are 

beneficial to improve the device efficiency, Sample 1 may have a 55 

better performance than Sample 2 because smaller grains with 

excess grain boundaries may lead to recombination which 

generates loss in Voc and cause a reduction in current without 

sufficient passivation. However, there are a little voids or cracks 

on the surface of both samples, which may hinder the 60 

performance of device. 

Samples deposited on SLG substrates with the same procedure on 

Mo foil substrates were used to characterize the optical 

absorptions of the absorber layers. Fig. 5 depicts the absorption 

spectra of both CZTS thin films in the wavelength of 400-2000 65 

nm, where α and ｈν are the absorption coefficient and the photo 

energy, respectively. It shows that both samples have remarkably 

high absorption coefficient of 104 cm-1 especially in the visible 

wavelength. It is notable that the absorption coefficient of Sample  
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Fig. 5 The optical absorption spectra and estimations of band gap energy for absorber layers Sample 1 (a) and Sample 2 (b) on SLG 

1 is twice as that of Sample 2 probably resulted from the 

difference of the crystallinity. What’s more, as shown in the inset, 

the value of Eg obtained by extrapolating the linear region of the 5 

plot of the absorption squared versus energy are 1.50 and 1.41 eV 

for Sample 1 and Sample 2 respectively, agreeing well with the 

earlier reported values. 

The current density-voltage (J-V) curves of solar cells with 

different stacked structure based absorber layers are presented in 10 

Fig 6. Sample 1 with the stacked order of CTS/ZnS/Mo yields an 

efficiency of 2.42% with an open circuit voltage Voc = 477mV, a 

short circuit density Jsc = 11.29 mA/cm2, and a fill factor FF = 

45%, which is the highest flexible cell achieved so far in our lab. 

In contrast, Sample 2 with the stacked order of ZnS/CTS/Mo 15 

demonstrates only 0.61% efficiency (Voc= 196 mV, Jsc= 9.55 

mA/cm2 and FF= 33%) probably due to the above facts of poorer 

crystallinity, smaller grain size and more grain boundaries 

without good passivation. These problems could result in a severe 

bulk recombination and higher series resistance, which will limit 20 

the Voc and FF, thereby hinder the efficiency of the device. 

Fig. 6 J-V characteristic of CZTS solar cells based on different stacked 
structure precursors 

To gain further insights in the device performance, the cross-25 

sectional SEM image of Sample 1 was obtained by characterizing 

the cell fragments which were processed by quenching in liquid 

nitrogen because of the toughness of Mo foil. As shown in Fig 7 

(a), the absorber quality is greatly inferior to those reported 

columnar grains on rigid substrates,4, 5  which demonstrates a 30 

large number of smaller grains. The formation of smaller grains 

shown in Fig 7(a) is mainly because of the higher surface 

roughness of the Mo foil substrate than that of Mo coated SLG, 

since rougher surface could introduce a large number of 

nucleation center. The nucleation center will in return reduce the 35 

grain size and increase the grain boundaries, which not only 

results in severe recombination at the grain boundaries if without 

sufficient passivation but also leads to significant blocking of the 

carrier transportation and thereby higher series resistance. This 

might explain the obvious losses in open circuit voltage and 40 

current density. Another factor that limits the efficiency indicated 

from the image is the thick window layer. Over 1 μm AZO layer 

would reduce the incident short wavelength visible light that can 

be absorbed by the absorber, which will lower the quantum 

efficiency and then decrease the Jsc. The Jsc losses can also be 45 

confirmed by the external quantum efficiency (EQE), as showed 

in Figure 7 (b), which demonstrates the maximum around 60% 

quantum efficiency. By the way, it should be mentioned that the 

band gap calculated from the EQE spectrum is 1.38 eV (7(b) 

inset), which is a bit smaller than the data calculated from the 50 

optical absorption spectra on SLG substrate. This might be 

explained by the defect level in the films. The third problem to 

note is the role of secondary phase. In particular, the SnS detected 

from Raman spectra will limit the open circuit voltage of the 

solar cell due to its lower band gap than the CZTS absorber.34 It 55 

is even worse if SnS precipitated along the grain boundaries 

because the CZTS/SnS interface is a strong sink for carriers and 

the recombination velocity for the interface is high, which is 

mainly attributed to the difference in crystal structure between 

CZTS and SnS.35 Finally, the observation of the pronounced  60 
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Fig. 7 Cross section SEM image (a), external quantum efficiency spectrum (inset: band gap calculated from the EQE spectrum) (b) and light and dark J-V 

curve (c) of the best device 

cross-over behavior between the light and dark J-V curves of 

Sample 1, as shown in Fig 7 (c) reveals a high back-contact 5 

barrier in CZTS,36, 37 which suppresses the major carrier transport 

and contributes to a large series resistance and low Jsc and FF. 

Indeed, the series resistance Rs of Sample 1 is 9Ω cm2, much 

higher than those of high performance devices.4, 5 In short, this 

research is at an early stage and may be associated with 10 

processing variables, but these results could lead to a promising 

fabrication route for achieving efficient flexible devices.  

Conclusions 

Flexible Cu2ZnSnS4 solar cells based on sulfurizing stacked 

precursor films deposited by SILAR method on Mo foil 15 

substrates have been fabricated, and demonstrate the efficiency of 

2.42%. Comparative studies of different stacked precursors reveal 

that device from Cu2SnSx/ZnS/Mo (Sample 1) precursor has a 

better performance due to better crystallinity, morphology and 

electric properties of the absorber layer. Although yielding a 20 

preferable efficiency, the best device performance is still 

significantly lower compared with others’ reported CZTS cells on 

rigid SLG substrates. This is mainly because the device still 

suffers from a large number of grain boundaries, thick AZO layer 

and detrimental secondary phases. Addressing the device 25 

shortcomings noted above is expected to enable our flexible 

CZTS device to achieve a future performance gains. 

The main text of the article should appear here. Headings and 

subheadings should be formatted using the relevant button from 

the “Apply Style” dialog box (see the RSC Tools toolbar above). 30 
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