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A recent accomplishment in the preparation of a highly efficient 

thin film solar cell is reported. This superstrate cell is composed 

by FTO/TiO2/In2S3/Cu2ZnSnS4/graphite. A maximum conversion 

efficiency of 3.5 % has been achieved for the first time using this 

configuration and materials. The device includes low cost 

methods and non-toxic components. Details of the experimental 

procedures are provided and the device characterization data are 

presented and analyzed.   Left: Current-voltage response of the best cell 

FTO/TiO2/In2S3/Cu2ZnSnS4/graphite in the dark (dotted line) 

and under simulated solar irradiation (solid line).  Right: Cross-

sectional view of the cell. Inset: Profilometric scan of the 

device.

 Copyright line will be provided by the publisher 

1 Introduction Due to the scarcity and high cost of 

indium and gallium [1], kesterite Cu2ZnSnS4 (CZTS) has 

attracted research interest as an alternative material to 

replace chalcopyrite Cu(In,Ga)S2 (CIGS) in thin-film 

photovoltaic cells. Although optical properties such as the 

direct bandgap and absorption coefficient of these two 

materials are similar, the efficiencies reported so far for 

CZTS solar cells are much lower. This has mainly been 

attributed to stannite inclusions or to several non-ideal 

recombination channels: (i) recombination at the interface 

between kesterite and the buffer layer and (ii) a 

recombination process due to a very high density of 

defects, comparable to the density of states in the band [2]. 

Moreover, non-stoichiometric phases such as SnS and poor 

grain formation can be translated into a low mobility and 

lifetime of carriers, resulting in a low quality CZTS thin 

film [2, 3]. 

The Shockley Queisser detailed balances hypothesis yields 

a theoretical efficiency for single junction kesterite CZTS 

of 32.4% [4]. Although this is an unrealistic limit, it can be 

used to estimate the role of different loss mechanisms. It 

has been reported that the more severe losses are 

associated to dominant interface recombination, high series 

resistance and low minority carrier lifetime [5]. Since the 

first reported sulfide CZTS solar cell in 1996, and 

according to our knowledge, the record efficiencies in 

substrate configuration have evolved from 0.66 to 8.8 % in 

2015 [6]. However, if only non-vacuum CZTS deposition 

routes are taken into account, the highest efficiencies drop 

to 3.4 % for cells obtained by electrodeposition and 1.61 % 

for ink sol gel combined approaches [7, 8]. In superstrate 

configuration, the evolution is rather different and even if 

the efficiencies are lower, they are still interesting concept 

proofs for applications such as tandem or flexible cells. 

Ghosh et al. have reported a conversion efficiency of 
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3.63% for ITO/ZnONR/ZnS/CZTS/Au combining 

hydrothermal, chemical bath deposition and spin coating 

assisted ink routes [9]. Chen et al. have achieved an 

efficiency of 0.6 % using a screen printing technique for 

carbon paste/CZTS/In2S3/TiO2NP/FTO [10]. 

This short communication reports the successful 

preparation of a thin CZTS superestrate solar cell 

(FTO/TiO2/In2S3/Cu2ZnSnS4/graphite) with a maximum 

efficiency of 3.53% at lab-scale. The solar cell has been 

designed using a novel production process in which the 

absorber, the buffer and the window layers are all 

deposited using solution-base tecniques, as well as eco-

friendly and low-cost processes that involve non-toxic 

materials and avoid vacuum, Cd containing layers and 

purification or selenization stages. 

2 Experimental details 
2.1 Device structure The cells were prepared in 

superstrate configuration using FTO (SnO2:F, Zhuhai 
Kaivo Electronic Components Co., Ltd.) as substrate.  

The substrates (2 x 2 cm2) were coated with a thin 
layer of TiO2 (300 nm) and an ultrathin layer of In2S3 (60 

nm) deposited by spray pyrolysis as previously reported 

[11, 12]. Then, Cu2ZnSnS4 films (500 nm) were 
electrodeposited on top of them using a typical three-

electrode cell with FTO, saturated calomel electrode (SCE) 
and Pt mesh as working, reference and counter electrodes, 

respectively. The FTO active area was defined by a 

circular mask of 1.22 cm2.  
The electrolytic bath was prepared following the procedure 

of Pawar et al. [13]. The films were deposited applying a 
fixed potential (E = -1.05 V vs SCE) during 15 minutes at 

room temperature with a slowly stirring using as 
potentiostat a Solartron Instrument 1280B. Then, the films 

were annealed in sulfur vapor atmosphere (sulfur powder) 

at 580º C for 90 minutes using a purpose built reactor [14]. 
The morphological and structural characterization of CZTS 

films onto FTO/TiO2/In2S3 are presented as supporting 
information (Figs S1 and S2). 

To complete the cell, twelve graphite dots of 0.023 cm2 

(effective area of the solar cell) were painted with 
conductive graphite inks using a mask on each sample 

(Alpha Aesar) and used as back contacts.  
 

2.2 Characterization The thickness of each layer 
was evaluated using a KLA TENCOR D-100 profilometer 

and corroborated with cross section SEM images using a 

JEOL JSM-6460LV microscope as shown in the graphical 
abstract. Current–voltage curves were recorded using an 

IVIUM® compact potentiostat under 100 mW cm−2 (1 
Sun) irradiance. The light source was a 150 W Xe lamp 

coupled to an air-mass filter 1.5G (solar simulator, Oriel-

Newport 69907). The light intensity was calibrated with a 
Si photodiode.     

In order to study the internal charge carrier dynamics of 
the solar cells, Intensity Modulated Photovoltage and 

Photocurrent Spectroscopy (IMVS & IMPS respectively) 

were evaluated. For the optical excitation a modulated red 
LED (639 nm, ~ 1 mW) was used and various frequency 

sweeps were performed from 2 Hz to 100 kHz. The 

photovoltage and photocurrent modulated amplitudes and 
phases (IIMVS,IMPS (ω)) were detected by two lock-in 

amplifiers (Stanford Research Systems SRS-530). Finally a 
photodiode (UV Enhanced Silicon Detector) was used to 

monitor the LED signal. The LED modulated signal was 

driven by a signal generator (Tecktronix AFG 3022B). 
For the photoresponse measurement (PR) a 50 W 

halogen lamp (Newport 6337) was used as a source of 
white light excitation, which was monochromatized 

(ORIEL 77250) and chopped (SR 540) before reaching the 
sample. The chopping frequency was smaller than the one 

obtained from IMPS characteristic frequency. The current 

signal (in short circuit condition) was detected by a lock-in 
amplifier (SRS SR530). For the reference signal, the 

experimental setup was calibrated by means of an Ocean 
Optics S2000 spectrometer and an Oriel 70260 Power 

Meter. 

 

3 Results and discussion 
The current- voltage curves of the best cell in the dark and 

under illumination are shown in Figure 1. Table 1 

summarizes the main solar cell parameters, such as short 

circuit density current (Jsc), open circuit voltage (Voc), fill 

factor (FF) and solar conversion efficiency (η). Internal 

parameters such as series and shunt resistances under 

illumination (Rs,L, Rsh,L) ideality factor (n) and reverse 

saturation current density (J0) are calculated from Voc-Jsc 

measurements assuming a single diode model and varying 

the incident illumination intensity [15] (see supporting 

information, Fig S3).  

 
Figure 1 Current-voltage response of the best cell 

FTO/TiO2/In2S3/Cu2ZnSnS4/graphite in the dark (dotted line) and 

under solar irradiation (solid line). The black dash dotted line 

corresponds to a similar solar cell, but with CIS as absorber. 

 

The CZTS device shows an improvement in the values of 
Voc, Jsc and FF, as well as efficiency compared to previous 

reported works with TiO2 and In2S3 as n-type 
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semiconductors [10, 16-18]. Jsc is even higher than that in 

the nanostructured solar cell reported by Ghosh et al. [9], 
where Jsc=8.5 mA cm-2 was achieved for the maximum 

efficiency reported in superstrate configuration. However, 

due to the extensive amount of variables (e.g. architecture, 
materials and experimental procedures), it is not easy to 

understand and identify the electrical and optical loss 
mechanisms just by comparing the performance between 

solar cells fabricated by different authors. 

 

Table 1: Relevant electrical parameters for the solar cells 

presented in Figure 1: FTO/TiO2/In2S3/Cu2ZnSnS4/graphite and 

FTO/TiO2/In2S3/CuInS2/graphite. 

 CZTS solar cell  CIS solar cell 

JSC / mA cm-2 

VOC / V 

FF 

η  % 

Rs  / Ωcm2 

Rsh / Ωcm2 

n 

J0/ A cm-2 

τR / ms 

τD / ms 

ηcc  % 

13.9 

0.615 

0.41 

3.53 

5.9 

151 

1.78 

2.9 10-8 

0.6 

0.05 

92 

17.7* 

0.583* 

0.32* 

3.3* 

2.4 

45.6 

0.8 

1.4 10-7 

0.13 

0.05 

62 
*Previously reported [14] 

For these reasons, a CuInS2 (CIS) solar cell fabricated 

using identical procedures than those in the CZTS solar 

cell has been included in Fig 1 and Table 1 for comparison 

[14]. The thickness (d) of both absorber layers are similar 

and less than 500 nm. In several publications, the Jsc is 

found to decrease when d< 1 µm [19, 20]. This can be 

explained by the average absorption length of band edge 

photons (1/α). Nevertheless, the limiting absorber 

thickness strongly depends on recombination rate and 

reflections in the back contact [21, 22]. Moreover, if the 

absorber thickness is reduced, the width of the 

recombination zone can be reduced, thus increasing Voc 

[21]. Such is the present case, where the thickness minimal 

(d ≈ 500 nm); but still the photocurrent generation is high, 

and the deficit Voc (Vocq -Eg) is minimum resigning optical 

losses due to incomplete light absorption. The fact that a 

very thin absorbing layer translates into a higher Voc is a 

consequence of the imperfect bulk quality of the CZTS 

including small grain size, grain boundaries as 

recombination centres and a high density of shunt paths.  

The J0 of the CZTS cell is one order of magnitude lower 

than that of CIS indicating less influence of the 

recombination mechanism (see Table 1). 

The electrical parameters (Jsc and Voc) are comparable for 

both cells but mainly the FF is lower for the CIS device 

due to the smaller Rsh value as can be seen from Table 1 

and the curvature of curves under illumination in Fig.1.  

IMVS and IMPS techniques are closely related to the inner 

dynamics of the charge carriers, specifically with the 

charge recombination dynamics in the bulk semiconductor 

and at the interfaces [23-25]. As IMVS is measured at 

open-circuit it is possible to explore the electron lifetime 

and electron-hole recombination dynamics, as in this 

condition the excited electron-hole pair can only return to 

the equilibrium condition by recombination [26]. With 

IMPS (at short circuit conditions), it is possible to obtain 

information about the combined effect of the charge 

carriers mass transport and recombination. If the charge 

collection process is faster than the recombination process, 

then the IMPS signal would lead to the characteristic time 

constant of the transport process. So, the charge 

recombination at open circuit (τR) and the charge collection 

at short circuit (τD) can be obtained from the frequency 

minima of the imaginary component in the IMVS and 

IMPS response, respectively. Then, a rough estimation of 

charge collection efficiency (ηcc) can be calculated as ηcc = 

1 - τD/τR to appraise how good the collection of charge 

carriers within the cell is [26, 27]. The characteristic IMVS 

curves are shown in the supporting information (Figs. S4 

and S5) and the relevant parameters are summarized in 

Table 1. It can be seen that while the mass transport times 

from both cells are identical, the recombination time of the 

photogenerated carriers is almost five times higher for the 

CZTS cell, producing a clear improvement in the charge 

collection efficiency ηcc, which is reflected again in the 

best FF. Accordingly, the improvement in the FF value 

could be attributed to better charge transport and collection 

in the CZTS device. 

 
Figure 2: Photoresponse (normalized) against incident photon 

energy hν for the cell FTO/TiO2/In2S3/Cu2ZnSnS4/graphite. 

Vertical arrows indicate the starting point of the main spectral 

features associated with each layer of the cell. 

 

Figure 2 shows the photoresponse (PR), in terms of the 
normalized spectrum against the incident photon energy hν 

onto CZTS cell. Within the infrared region, the signal is 
very small (almost zero), showing almost no PR originated 

in sub-band gap (defect) states [28]. As the photon energy 

is increased, the PR increases sharply, with a distinct onset 
of the response and an edge close to 1.5 eV (≈ 800 nm). 

This edge must be related to the absorption of photons by 
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CZTS [29]. The PR grows until it reaches a maximum 

close to 2.45 eV (≈ 500 nm) and then the signal decays 
abruptly. This decrease could be related to the absorption 

edge of the In2S3 buffer layer, located ca. 2.65 eV [12, 28]. 

As the absorption of In2S3 becomes important less photons 
will be available for charge carrier generation in the 

absorber, leading to a lower PR. This suggests that the 
main charge separation region is between the absorber 

(CZTS) and the buffer layer (In2S3), as expected. Finally, 

the high energy photons will be absorbed by both the In2S3 
and the TiO2 layers and the PR signal will become almost 

zero in the ultraviolet region. 
The optical absorption of the CZTS cell is presented in 

Figure 3. The inset shows the Incident Photon to electron 
Conversion Efficiency (IPCE) spectrum obtained from the 

PR. As the IPCE is proportional to the absorbed photons it 

can be taken as the absorption coefficient, i. e. a linear 
region in the (IPCE * hν)2 is expected for a direct 

absorption edge. The extrapolation to zero of the linear 
fitting gives the position of the direct band gap energy at 

1.54 eV, close to the accepted value for CZTS [29-31].  

 
Figure 3: Absorption spectrum for the 

FTO/TiO2/In2S3/Cu2ZnSnS4/graphite cell. Inset: IPCE 

 
4 Conclusions A CZTS solar cell in superstrate 

configuration FTO/TiO2/In2S3/CZTS/graphite was 

fabricated entirely by non-vacuum processes and with 

environmentally friendly compounds. This solar cell 

displayed excellent performance, with an efficiency of 

3.5% which is the highest power conversion efficiency 

reported for this combination of materials. Electrical and 

optical parameters were analysed and compared to a 

similar CIS solar cell, in order to understand the 

performance of the device. An analysis of the local 

structure of CZTS that will allow identifying secondary 

phases, native defects and disorder in the network is in 

progress.  
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