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Abstract. This work demonstrates the application of ZnS thin layers and the doped layers with ZnS in 
the perovskite solar cells. Electron transport layer has been used in three different forms. For solar 
cells with a single layer of ZnS – a power conversion efficiency of about 1.64 % was obtained. By 
using PC61BM fullerene layer doped with ZnS, devices with power conversion efficiency of about 
3.98% were obtained, and by the application of two different layers, one of PC61BM and second of 
ZnS, solar cells with a maximum power conversion efficiency of about 5.76% were obtained. 
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1. INTRODUCTION 

Use of photovoltaic cells to convert solar energy is by far the cleanest way to produce electricity. The 
device itself has zero emissions of greenhouse gases. At the moment, the photovoltaic cell market is 
dominated by those based on crystalline Si (~ 89%) and thin layers (~ 11%), mainly using CdTe and GIGS. 
Hybrid solar cells such as those based on sensitive pigments now represent a very small percentage of the 
market due to their low efficiency. Thus, efficient use of free solar energy, minimizing costs and developing 
large-scale applications is currently a subject of great interest. One of the main challenges of the research 
community is the development of materials, devices and cheaper integrated photovoltaic systems, capable of 
converting solar energy directly into electricity. 

ZnS is a chalcogenic semiconductor compound which belongs to the family of semiconductor 
materials II-VI and can be crystallized in two allotropic forms: a cubic form (c-ZnS) having a sphalerite 
structure (or zincblende), and a hexagonal shape (h-ZnS) with wurtzite structure. The phase transition normal 
temperature is 1020°C, but both structures may be present at ambient temperature [1]. ZnS have a wide band 
gap of 3.5 – 3.8 eV at room temperature [2].  

Zinc sulfide benefits from increased attention because of the wide variety of potential applications in 
optoelectronic devices, such as ultraviolet light-emitting diodes [3], efficient thin film phosphors for 
electroluminescent devices [4], buffer layer for solar cells [5–11], cathode layers for solar cells [12].  

Many of the important properties of interest for such applications are determined by the microstructure 
of the ZnS thin film developed during the deposition process. The ZnS film’s quality depends on the 
presence of doping elements at the growth process and post-deposition treatment [1]. ZnS thin films were 
prepared by various techniques, such as chemical vapor deposition (CVD) [7, 13, 14], RF magnetron 
sputtering [15-17], metalorganic chemical vapour deposition (MOCVD) [1], atomic layer deposition [18], 
pulsed-laser deposition [19], photochemical deposition [20, 21], brush plating technique [22], chemical spray 
pyrolysis [23], electrochemical deposition [24] and thermal evaporation [25–27]. In comparison with some 
sophisticated techniques, vacuum evaporation is very simple and cheap, which can be used for depositing 
thin films of large size. The problem associated with this technique is the maintaining stoichiometry in the 
deposition of materials composed from different melting points, such as ZnS. 
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In the last period has been manifested a strong demand for the development of buffer layers of the 
solar modules without Cd due to cadmium toxicity and the associated concerns about the long-term 
elimination of cadmium. Plane solar cells were prepared in which CdS was replaced by zinc sulfide (ZnS) as 
the electron transport layer. These metal sulphides have achieved success in applications as buffer layer 
materials to CIGS solar cells due to good optical and electrical properties. M. Nguyen et al. have reported 
about obtaining ZnS/Cu2ZnSn(SSe)4 (CZTSSe) solar cells, in which the ZnS buffer layer was deposited 
through a deposition process in the chemical bath, obtaining a power conversion efficiency of about 4.50 %, 
while a similar device with the CdS buffer layer has shown an efficiency of approximately 4.80 %. [11]. F.Y. 
Li et. al. have obtained a competitive efficiency of 11.06 % for Cd – free CIGS solar cells with ZnS buffer 
layer. The CIGS solar cell with CdS buffer has power conversion efficiency about 12.3% [10]. Compared 
with CdS buffer, the device parameters of CIGS cells with ZnS buffer are limited by their relatively low 
open circuit voltage (Voc) and fill factor (FF). Voc may be dominated by the more recombination occurring in 
CIGS/ZnS interface because of no buried p-n junction and big conduction band offset between CIGS and 
ZnS [3]. T. Nakada et al. have fabricated a chemical bath deposition – ZnS/CIGS thin film solar cell with a 
conversion efficiency of 18.1%, a value comparable to that of a chemical bath deposition – CdS/CIGS solar 
cell [2]. M.M. Islam et al. have use of  ZnS/CdS double buffer layer in CIGS solar cells and was obtained 
higher power conversion efficiency compared to CdS/ZnS buffer layer-based CIGS cell [28]. C.J. Traverse 
et.al. have demonstrated efficient ZnS cathode window layers in thin-film organic photovoltaics enabled by 
n-type doping zinc sulfide (ZnS) with aluminum sulfide (Al2S3) directly through co-deposition and power 
conversion efficiency of devices increased from 0.6% to 1.8% [12].  

Recently, organic / inorganic hybrid perovskite materials of the type ABX3 (A = CH3NH3 or 
HC(NH2)2, B = Pb or Sn, X = I, Br or Cl) have attracted a great interest for their promising applications in 
solar cells as a light-gathering element and light absorption element with wide absorption spectrum and high 
excitonic diffusion length. Solar cells with perovskite (PSC) can reduce production costs and obtain a 
significantly higher energy conversion efficiency compared to standard silicon cells and other cells with thin 
layers [29–38]. On the other hand, zinc-based materials have recently been investigated in PSC devices as 
the electron transport layer for low-temperature devices, with low and flexible costs. ZnSe is a potential 
material for many applications due to the high mobility of electrons, high transparency and applications in 
various nanostructures. ZnS was introduced into the perovskite structure to improve electronic conduction 
[39, 40]. 

The purpose of this paper is to present results obtained by using thin layers of ZnS as an electron 
transport layer in perovskite (CH3NH3PbI3) solar cells. 

2. EXPERIMENTAL SECTION 

ITO electrodes were deposited by engraving on glass. As a hole transport layer it was used PEDOT-
PSS (poly (3,4-ethylenedioxythiophene) poly (styrene sulfonate)), known for ability to play the role of the 
holes transporter. This is deposited from 60 μl of the solution by the spin-coating method at a rotational 
speed of 3000 rpm for 60 s, followed by thermal treatment in air for 10 minutes at 150 ° C. The treatment 
time is measured using the timer on the phone. 

As a bulk heterojonction it is used the lead iodide methylammonium (CH3NH3PbI3) layer, which is a 
good light absorber. The perovskite layer is deposited in 80 μl of the solution through the two-stage spin-
coating method: after the first deposition in 23 seconds the layer is rotated at a speed of 1000 rpm, followed 
by a second deposition and rotation for 30 seconds at a speed of 4000 rpm. At the 13th second after the 
second deposit, 150 μl of toluene is dripped. It follows heat treatment in air for 10 minutes at a temperature 
of 100 °C. 

ZnS layer with the function of electron transport layer has been deposited by vacuum thermal 
evaporation at the JEOL JEE-4C vacuum evaporator. The evaporation mass was about 25 mg of ZnS 
powders, at the temperature of the glass substrate Tsub = 300 K. Vacuum pressure was about 72 × 10–4 torr, 
and the electric current through the evaporator was about 50 A. The Ag electrodes were deposited also by 
thermal evaporation in quasi-closed volume. 
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In another type of solar cell as electron transport layer it was used the layer deposited with 60 μl of 
PC61BM = PCBM solution (derivatized [6,6]-phenyl-C61-butyric acid methyl ester) doped with ZnS 
powders. The layer was deposited through the dynamic dispensing (in g-box) spin-coating in the argon 
chamber at a rotational speed of 1000 rpm for 40 s. It was found that the most successful solar cell was at the 
1.4 mg concentration of ZnS in one ml of PC61BM. The other layers were deposited as in the previous cells. 

In the third variant of the solar cell, two layers of the electron transport layer were deposited: the first 
layer of ZnS was deposited by vacuum thermal evaporation under the same conditions as in the first solar cell 
variant; the second layer of PC61BM was deposited by dynamic dispensing (in g-box) spin-coating in the argon 
chamber at a rotation speed of 1000 rpm for 40 s. The other layers were deposited as in the previous cells. 

3. RESULTS AND DISCUSIONS 

The process of converting of solar energy into electrical energy takes place to the cell level in several 
stages. At lighting of the solar cell, the photons, whose energy is bigger than the width of the bandgap 
energy, are absorbed and produce excitons which are then separated from the perovskite layer into holes and 
electrons, after which it takes place diffusion of excitons to the regions where dissociation or separation of 
charges takes place and the transport of the resulting charges to the electrodes.  
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Fig. 1 – ITO/PEDOT:PSS/CH3NH3PbI3/ZnS/Ag solar cells: device structure (a), the energy diagram (b),  
current density – voltage curves (c), histograms of PCEs (d), SEM image (e), photo solar cells (f). 

 
Usually, the solar cell has a sandwich structure, where in the perovskite layer is between the electron 

transport layer and the holes transport layer. In Fig. 1a is presented the layered structure f the solar cell with 
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inverted planar architecture in which ZnS plays the role of the electron transpot layer, and the PEDOT: PSS 
layer – the role of hole transport layer. 

In Fig. 1b is presented energy diagram of cell type ITO/PEDOT: PSS/CH3NH3PbI3/ZnS/ Ag. It is 
noted that in this structure the hole passes the energy route –5.4 eV → -5.1 eV → -4.7 eV, and the electron - 
the energy route –3.9 eV → -3.5eV → -4.5 eV. 

In Fig. 1c are presented current density – voltage characteristics of the most representative 
ITO/PEDOT: PSS/CH3NH3PbI3/ZnS/Ag solar cell at forward scanning (at reducing the voltage) and reverse 
scanning (when increasing the voltage) and in Table 1 are presented the values of the photovoltaic 
parameters of the respective cells. We notice that the hysteresis of the curves is almost similar, and 
photovoltaic parameter values changing insignificant: the short-circuit current (Jsc) decreases from  
6.35 mA/cm2 to 6.27 mA/cm2, open circuit voltage (Voc) decreases from 0.57 V to 0.56 V, fill factor (FF) 
decreases from 44.79 % to 43.86 %, and the power conversion efficiency (PCE) evolves from 1.64 % to 1.56 %. 

 

Table 1 

Photovoltaic parameters of ITO/PEDOT:PSS/CH3NH3PbI3/ZnS/Ag thin solar cells 

Direction of scane Uoc (V) Jsc (mA/cm2) FF(%) PCE (%) 
Forward 0.57 -6.35 44.79 1.64 
Reverse 0.56 -6.27 43.86 1.58 

 
In Fig. 1d is represented a histogram of fifteen solar cells of the type ITO/PEDOT: 

PSS/CH3NH3PbI3/ZnS/Ag measured under forward scanning. It is noted that thirteen devises have energy 
efficiency between 1-2% and only two devises have energy efficiency less than 1%. 

Figure 1e shows the SEM image of the ZnS layer in the solar cell type ITO/PEDOT: 
PSS/CH3NH3PbI3/ZnS/Ag. We note that the ZnS layer is uniform, without perforations, but in some places 
some small irregular grains appear on the surface, which probably represent some pieces of powder that have 
not crystallized to the surface. In Fig. 1f is presented a photograph of the samples taken until the silver 
electrodes are deposited. It is observed that the layers are uniform and have the same color. 

 

 
                                                                 a                                                                                            b 

Fig. 2 – Current density – voltage characteristics of ITO/PEDOT:PSS/CH3NH3PbI3/PC61BM:ZnS/Ag thin solar cells (a),  
histograms of PCEs (b). 

  
In another variant, as an electron transport layer the PC61BM doped ZnS layer was used, and the other 

component layers of the solar cells were prepared analogously as with samples previous. In Fig. 2a shows the 
J-U curves of the most efficient solar cell type ITO/PEDOT: PSS/ CH3NH3PbI3/PC61BM:ZnS/Ag at forward 
scanning (to reduce voltage) and reverse scanning (at increased voltage), and in Table 2 are presented the 
values of the photovoltaic parameters of the respective cells. We note that the curve hysteresis of the reverse 
scanning is smaller than the forward scanning, and the photovoltaic parameter values evolves in the 
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following way: the short-circuit current (Jsc) decreases from 7.39 mA/cm2 to 7.25 mA/cm2, open circuit 
voltage (Voc) decreases from 0.94 V to 0.87 V, fill factor (FF) decreases from 57.46% to 50.53%, and the 
power conversion efficiency (PCE) rises from 3.98% to 3.21%. 

 
Table 2 

Photovoltaic parameters of ITO/PEDOT:PSS/CH3NH3PbI3/PC61BM:ZnS/Ag thin solar cells 

Direction of scane Uoc (V) Jsc (mA/cm2) FF(%) PCE (%) 
Forward 0.94 -7.39 57.46 3.98 
Reverse 0.87 -7.25 50.53 3.21 

 
In Fig. 2b is represented histogram of fifteen solar cells type ITO/PEDOT: PSS/CH3NH3PbI3/ 

PC61BM: ZnS/Ag measured under forward scanning. It is noted that six devises have an energy efficiency of 
2–3 % and nine devises have energy efficiency ranging from 3–4%. 

 

 
                                                         a                                                                                             b 

 
                                 c                                                                  d                                                          e 

Fig. 3 – ITO/PEDOT:PSS/CH3NH3PbI3/ZnS/PC61BM/Ag solar cells: current density – voltage curves (a), 
                        histograms of PCEs (b), the energy diagram (c), SEM image of  PC61BM (d), photo solar cells (e). 

 
The third variant of solar cells consists from two layers of electron transport layer type: one of ZnS 

and another by PC61BM. In Fig. 3a are presented current density – voltage curves of the most representative 
solar cell type ITO/PEDOT:PSS/CH3NH3PbI3/ZnS/PC61BM/Ag at forward scanning (at decrease voltage) 
and reverse scanning (at increase voltage) and in Table 3 are presented photovoltaic values of the respective 
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cells. We note that curve hysteresis is almost similar, and the values of photovoltaic parameters evolve in the 
following way: the short-circuit current (Jsc) decreases from 13.51 mA/cm2 to 13.47 mA/cm2, open circuit 
voltage (Voc) decreases from 0.82 V to 0.81 V, fill factor (FF) decreases from 52.17 % to 50.58 %, and the 
power conversion efficiency (PCE) is changing from 5.76 % to 5.44 %.  

 
Table 3 

Photovoltaic parameters of ITO/PEDOT:PSS/CH3NH3PbI3/ZnS/PC61BM/Ag thin solar cells 

Direction of scane Uoc (V) Jsc (mA/cm2) FF(%) PCE (%) 
Forward 0.82 -13.51 52.17 5.76 
Reverse 0.81 -13.47 50.58 5.44 

 
In Fig. 3b is represented a histogram of fifteen solar cells of type ITO / PEDOT: PSS / 

CH3NH3PbI3/ZnS/PC61BM/Ag measured under forward voltage scanning. It is noted that two devises have 
an energy efficiency between 3–4%, eight devices have an energy efficiency of 4-5%, and five devises have 
an energy efficiency between 5–6%. 

In Fig. 3c is presented energy diagram of solar cells type ITO/PEDOT: PSS/CH3NH3PbI3/ZnS/ 
PC61BM/Ag. We note that this structure simplifies the electron route from perovskite to Ag electrode by 
making smaller cascade jump between closer energy levels (from 3.9 eV to 3.5 eV, then to 4.3 eV to 4.5 eV). 
This probably also explains the increase in PCE of these cells relative to other devices. 

In Fig. 3d is presented the SEM image of an cell type ITO/PEDOT: PSS / CH3NH3PbI3/ZnS/PC61BM/Ag. 
It is noted that the surface is uniform with small formations of different shapes. In Fig. 3e  there is a 
photograph of the samples taken after the deposition of the silver electrodes. It is observed that the layers are 
uniform and have the same color. 

In the paper [39] an analogous cascade structure has been described in which the electron transport 
layer of the solar cell consists of two thin layers: one of ZnS and another of TiO2, resulting in an efficient 
conversion of 4.90 % at forward scanning and 5.27 % at reverse scanning. Jiang Liu [40] were prepared solar 
cell types ITO/ZnS/perovskite/spiro-OMeTAD/Au, obtaining a power conversion efficienty of 0.98 %. 

4. CONCLUSION 

In this work we have demonstrated the use in different structures of zinc sulphide as an electron 
transfer layer in perovskite solar cells with inverse planar architecture. The advantages of these cells would 
be their preparation at low temperatures by two relatively cheap methods: spin-coating and thermal 
evaporation. Moving the conduction band to the interface between perovskite and electron transport layer 
have proven to be very successful in reducing energy losses for transporting and collecting charges and 
reducing the load carrier recombination. I believe that the successful use of ZnS thin films (and ZnS-doped 
solutions) in perovskite-based solar cells can extend to several inorganic semiconductor materials, including 
n-type semiconductors (CdSe, ZnSe, In2S3 etc).  

From the point of view of toxicity, ZnS is, undoubtedly, a better candidate than CdS or CdSe, which 
makes it more suitable for incorporation into such solar cells. 
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