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Abstract
One of the main causes of low performance of Cu2ZnSnS4 (CZTS) based thin film solar 
cells is its high recombination current. In this paper, the effects of the carrier concentration 
and recombination current in the CZTS thin film solar cells have been carefully scruti-
nized. In continue, for comparison and validation, two simulated structures based on the 
CZTS absorber layer have been reproduced and the influence of the absorber layer defects 
and carrier concentration has been analyzed. In this work, two different structures using 
p+-CZTS intermediate layer (between the CZTS absorber layer and Mo back-contact) 
and dual CZTS layer have been proposed and optimized to decrease recombination and 
extract the desired photovoltaic parameters. By using and optimizing these structures as 
p+pn junction, 15.62% and 19.08% efficiencies have been achieved in p+-CZTS intermedi-
ate layer and p+pn CZTS dual layer structures, respectively. The highest efficiency of dual 
absorber based solar cell is achieved when the carrier concentration of the p+-CZTS and 
p-CZTS absorber layers is 1 × 1018  cm−3 and 5 × 1015  cm−3, respectively. Moreover, the 
optimum thickness of the p+-CZTS and p-CZTS absorber layers in p+pn CZTS dual layer 
structure is 1 and 1.5 µm, respectively. Finally, the total recombination current density is 
reduced to 2.05 mA/cm2.

Keywords  CZTS solar cell · Recombination current · p+pn structure · Carrier 
concentration · Efficiency

1  Introduction

Photovoltaic Solar energy is the most renewable, reliable, and accessible energy in the 
world. One hour of solar radiation provides the amount of energy needed in one year (Rizi 
et al. 2018). High efficiency, cheap production and long durability are the advantages of 
photovoltaic technology (Pawar et al. 2010; Maklavani and Mohammadnejad 2020). The 
large number of photovoltaic cells in the market is first-generation solar cells that use high-
thickness silicon semiconductors. Despite rich silicon resources, there is no possibility of 
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further increase the conversion efficiency of silicon based solar cells due to lower silicon 
absorption. Therefore, high-absorption materials instead of silicon have been studied as 
second-generation thin film solar cells. These include cadmium telluride (CdTe), copper 
indium selenide (CIS), copper indium gallium selenide (CIGS) and copper zinc tin sulfide 
(CZTS) (Hossain 2012;  Guo et  al. 2018). Although CdTe, CIS, and CIGS are currently 
industrialized, the indium, cadmium and tellurium in these materials are rare and toxic ele-
ments (Guo et al. 2018; Dey et al. 2017).

The kesterite structure of the CZTS has a direct bandgap energy of about 1.5 eV and 
high absorption coefficient above 104 cm−1 (Adewoyin et  al. 2017a), which is similar to 
CIGS. As a result, CZTS semiconductors are potential substitutes for CIGS. All compo-
nents of the CZTS are non-toxic and earth abundant. Thus, in comparison with CIGS, the 
use of various earth-abundant kesterite materials has enhanced (Adewoyin et  al. 2019). 
Therefore, CZTS is expanding as a photovoltaic material due to the high quality, high 
absorption and low cost (Ramanujam et al. 2016; Pal et al. 2019).

In 2013, Shin et  al. fabricated CZTS solar cells with efficiency of 8.4% (Shin et  al. 
2013). Structure of the cell is Mo/CZTS/CdS/i-ZnO/ZnO:Al and was a record efficiency 
for several years. This basic structure is similar to the basic structure of other thin film solar 
cells based on CIGS and CdTe (Bahrami et al. 2013). One way to improve the absorber/
buffer interface and reduce the recombination current is changing the buffer layer or using 
a hybrid buffer (Khoshsirat and Yunus 2016; Neuschitzer et al. 2016; Yan et al. 2016; Cher-
ouana and Labbani 2017; Wanda et al. 2019). The efficiency of 9.2% has been reported by 
using Zn1−xCdxS as the buffer layer in CZTS based solar cells (Sun et al. 2016). In 2018, 
the 11% efficiency (as a highest efficiency) of CZTS solar cell was applied by adding a 
ultrathin layer of Al2O3 on the back of the CZTS absorber to improve band alignment in 
Mo contact/CZTS absorber interface (Yan et  al. 2018). This structure reduces the thick-
ness of the MoS2 layer and decreases the degradation of CZTS in this area. However, the 
Al2O3 and CZTS lattice constants are 4.16 Å (Degen et  al. 2005) and 5.45 Å (Nagaoka 
et  al. 2014), respectively which have highly mismatched. Moreover, Cu2ZnSn(S,Se)4 is 
formed by adding selenium to CZTS. As selenium increases, the bandgap of the CZTSSe 
changes from 1.5 to 1 eV. The CZTSSe based solar cells have higher efficiency and short 
circuit current. But, they have a lower open circuit voltage. The highest efficiency of 12.6% 
has been reported by CZTSSe based solar cells (Wang et al. 2014).

Anyway, the maximum efficiency of CZTS solar cells is about half of the highest effi-
ciency of CIGS and CdTe solar cells. The maximum efficiency of CIGS and CdTe solar 
cells is 23.35% (Nakamura et  al. 2019), and 22.1% (Green et  al. 2019), respectively. In 
addition, the high efficiency for the CZTS cell is one-third of the Shockley-Queisser limit 
(32.2%) (Adewoyin et  al. 2017a; Seol et  al. 2003; Wang et  al. 2014). Hence, it is very 
important to design and fabricate high-efficiency CZTS based solar cells. Variety fac-
tors have affected reduction performance including a lot of defects related to band tail-
ing (Miller et al. 2012; Shin et al. 2017), a thick unwanted MoS2 layer at the Mo/CZTS 
interface (Scragg et al. 2013), the existence of secondary phases (Scragg et al. 2013; Sie-
bentritt 2013), and undesirable band offset at back-contact/CZTS and CZTS/CdS interface 
(Crovetto and Hansen 2017) (Yan et  al. 2018). These factors cause severe non-radiative 
recombination and thus decrease the whole performance of CZTS thin film solar cells (Yan 
et al. 2018).

Various designs of the CZTS solar cells have been proposed such as bandgap grading 
(Yang et  al. 2016;  Mohammadnejad and Parashkouh 2017), buffer layer changing (Pan-
dey and Mukherjee 2013; Wanda et  al. 2019) and optimization of some device param-
eters (Adewoyin et  al. 2017b; Patel and Ray 2012). Nonetheless, there is no significant 
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enlargement in experimental devices. In our proposed structure, in addition to providing a 
simple and fabricatable structure, the Al2O3 and other materials which have the lattice mis-
match between the layers are not used.

To validate of the obtained simulation results, some of the structures which presented in 
other studies have been reproduced and scrutinized. The layers and interface defects have 
been analyzed based on the simulation confirmation of the structure by solar cell capaci-
tance simulator (SCAPS). Then, in the first proposed structure, the p+-CZTS ultrathin layer 
is introduced between the CZTS absorber layer and Mo back-contact. In the second sug-
gested structure, p+-CZTS/p-CZTS dual absorber layer is simulated to improve the photo-
voltaic parameters. In addition, the following sections are provided in this paper:

•	 Simulation of the baseline structure as Mo/CZTS/CdS/i-ZnO/ZnO:Al/Al solar cells 
and comprise with our structures.

•	 Investigating defects of layers and interfaces in the CZTS solar cell layers and simula-
tion of their effects.

•	 Adding CZTS intermediate layer to increase photovoltaic parameters of solar cell.
•	 Using the dual layer p+pn structure in CZTS-based thin film solar cells and optimiza-

tion of the proposed structure to obtain the highest performance of the device.

2 � Device structure

The baseline structure of kesterite solar cells is Mo/CZTS/CdS/i-ZnO/ZnO:Al/Al. Figure 1 
depicts the main structure of the CZTS solar cell which grown on soda lime glass (SLG). 
CZTS and CdS are the absorber and buffer layers with band gap of 1.5  eV and 2.4  eV, 
respectively. As well, the intrinsic and n-doped layers of ZnO (i-ZnO and Al:ZnO) form 
window layers (Opanasyuk et al. 2012). Aluminum (Al) and molybdenum (Mo) are consid-
ered front and back contacts (Boutebakh et al. 2017). Flat band is automatically assigned 
to metal work function in the SCAPS, which is employed for the front-contact. However, a 
work function above 5 eV can be used for back-contact. The high-performance CZTS solar 
cells have the same basic structure. Some papers have tried to perform proper band offset 
in the absorber/buffer interface by changing the buffer layer (Burgelman et al. 2000; Wanda 
et al. 2019; Sinha et al. 2018). Nevertheless, first-principles calculations show that the band 

Fig. 1   Basic structure of CZTS-based thin film solar cell and two proposed structures; structure A with 
inserting p+-CZTS intermediate layer and structure B dual layer with p+pn junction
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alignment of CZTS/CdS is cliff-type (Chen et al. 2011). Several studies confirm that con-
duction band offset (CBO) is formed cliff-type which enlarges the interface recombina-
tion. It acts as a block to prevent the flow of injected majority carriers (electrons) from the 
buffer layer to the absorber layer under forward bias (Sun et  al. 2016). Nevertheless, all 
three types of “spike-type” (Shin et al. 2013; Park et al. 2015), “flat” (Tajima et al. 2013) 
and “cliff-type” (Ericson et al. 2013; Yan et al. 2014) have been reported in the literature. 
Different process conditions and/or measurement methods may be the cause of this dis-
crepancy (Sun et al. 2016). Moreover, with a proper annealing (high temperature annealing 
following CdS deposition), cliff-type can be changed to spike-type which has the potential 
to improve the photovoltaic properties of CZTS cells (Yan et al. 2018). Consequently, the 
changing of the buffer layer is not necessary.

One of the reasons for the decline in open circuit voltage in kesterite solar cells is an 
enhancement in the carrier recombination at the interface of back-contact and CZTS. One 
of the key influential solutions which cause high open circuit voltage and efficiency in 
CIGS solar cells is the use of high p-doping near the back-contact and the gradual reduc-
tion of concentration to the absorber/buffer interface. This method is beneficial by mak-
ing an electric field for the movement of minority carriers from the back-contact to the 
buffer layer and vice versa. Moreover, this solution helps to increase the solar cell effi-
ciency through extending the effective diffusion length and deactivating the back-contact/
absorber interface (making the contact ohmic) (Lundberg et  al. 2005). The employment 
of this method has been also proposed for CZTSSe thin film solar cells (Mohammadnejad 
and Parashkouh 2017). However, it is not possible to fabricate such structures easily due 
to the presence of complexities and secondary phases in kesterite growth. Using other thin 
layers as back surface field (BSF) is another solution proposed for reducing recombination 
losses. Another suggested method for improving solar cell performance is the employment 
of only one layer with higher doping under the absorber layer. This approach, which has 
been also used in silicon solar cells, leads to a better transport of minority carriers from 
the bottom towards the depletion region (Narasinha and Rohatgi 1997; Khelifi et al. 2008). 
Furthermore, in a kesterite thin film solar cell, a change in the ratio of Cu/Sn and Zn/Sn is 
followed by an enlargement in the open circuit voltage (from 665 to 734 mV) (Yan et al. 
2017). With the combination of the latter two methods in this work, the CZTS with a thick-
ness of tens of nanometers and high doping is used under the absorber layer to improve the 
open circuit voltage and efficiency of the CZTS solar cell.

The two proposed structures are illustrated on the right side of Fig. 1; Structure A with 
inserting an ultrathin p+-CZTS intermediate layer between Mo and CZTS absorber layer 
and structure B using dual layer with p+pn junction. The thin layer in the structure A has a 
significant impact on improving the efficiency and open circuit voltage of the device. Addi-
tionally, the structure B uses a dual absorber layer to raise the efficiency and open circuit 
voltage.

3 � Results and discussions

3.1 � Verification of solar cell simulation

A comprehensive study has been performed on the performance of kesterite-based thin film 
solar cells in reference (Simya et al. 2015). To compare and validate the results of the pre-
sent paper, the simulation results obtained from reference (Simya et al. 2015) are analyzed. 
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First, CZTS/CdS/ZnO structure is simulated and an efficiency of 8.97% obtained. After-
ward, the impact of the series resistance, total recombination, defects, interface and various 
layers’ thickness has been investigated. An efficiency of 12.03% is obtained by using the 
back-contact with a work function of 5.1 eV. The present study reproduced these results 
for validating the simulation as well as providing a detailed examination of the structure 
to enhance the performance of kesterite-based solar cells. Table 1 shows the conditions of 
simulation of CZTS solar cells. In addition, the properties of the absorber, buffer and win-
dow layers are shown in this table.

Table 2 presents the results obtained from the simulation of CZTS/CdS/ZnO structure 
with the efficiencies of 8.96% and 12.05%, respectively. Moreover, Table 2 demonstrates 
the photovoltaic parameters of these structures. It is possible to improve the solar cell per-
formance from the voltage at maximum power (VMP) to open circuit voltage to study the 
cause of curve bending in comparison with the ideal J–V curve under identical open cir-
cuit voltage (VOC) and short-circuit current density (JSC) conditions. Figure 2a, b illustrate 
the J–V curve reproduced from the conventional CZTS-based structure and the proposed 
structure of reference (Simya et al. 2015) in comparison with the ideal curve, respectively. 
The losses resulted by recombination currents including electron and hole minority carrier 
current, recombination in the body, recombination at the interface, Shockley-Reed-Hall 
recombination, radiative and Auger recombination are presented in Fig. 2c, d. The main 
reason for the improvement in the structure performance of Fig. 2b compared to Fig. 2a is 
the reduction in minority carrier current near the back-contact due to the employment of 
the back-contact with a work function of 5.1 eV higher than molybdenum’s (5 eV). The 
notable decline in minority carrier recombination current from 13.93 to 5.31 mA/cm2 and 
the reduction in interface recombination from 7.46 to 2.73 mA/cm2 lead to the improve-
ment in the performance of the CZTS/CdS/ZnO structure with the back-contact work func-
tion of 5.1 eV.

Interface recombination can be divided into three main groups: (1) cliff-type band align-
ment at the absorber/buffer interface, in a way that the conduction band edge of the buffer 
layer is lower than the absorber’s and causes a recombination increase at the interface, (2) 
secondary phases in the interface by trapping minority charge carriers or creating shunt 
paths, (3) non-ohmic back-contact due to the formation of thick MoS2 layer between CZTS 
and Mo contact, which enlarges series resistance (Gao et al. 2018). The interface recombi-
nation with the J–V curve of Fig. 2b is reduced by applying the back-contact with 5.1 eV 
work function. In fact, the higher work function of CZTS rather than that of molybdenum’s 
leads to a high back-contact barrier (Φbp) which equals to 0.88 eV. It is possible to improve 
this state by replacing the back-contact and reducing Φbp to 0.78 eV.

The carrier recombination in the body and the high recombination rate at the 
absorber/buffer interface are considered as major reasons for the great deficit of VOC. 
Body recombination results from extended band tail and deep intrinsic defects. As a 
result, there is higher non-radiative recombination and shorter lifetime of minority car-
riers in kesterite materials (Levcenko et al. 2016). Generally, in a p-type material with a 
small effective mass, such as kesterites, the radiative recombination is resulted by four 
different parts: (1) band-to-tail (BT) recombination, which is formed by a free electron 
and a hole in the band tail; (2) band-to-band (BB) recombination, which is brought 
about by a free electron and a free hole; (3) band-to-impurity (BI) recombination, which 
includes a deep acceptor that does not overlap with the band tail; (4) donor–acceptor 
pair (DAP) recombination, which consists of acceptor and donor states that are deep 
enough and do not overlap with the related band tails (Grossberg et al. 2019). The sum 
of these recombinations can be modeled as the radiative recombination coefficient (Br), 
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which is about 10−11–10−9 cm3/s for a semiconductor with a direct band gap (Adewoyin 
et al. 2017b). This coefficient is 10−9 cm3/s in the employed model and the simulation 
is eventually done by considering the electron and hole auger coefficient as 10−28 cm6/s. 
The results of this analysis are shown in Table 3 and they are compared with the results 
of reference (Simya et al. 2015).

Table 2   Results obtained from the simulation of CZTS solar cell

Parameters Structure 1 Structure 2

Existing Ref. (Simya 
et al. 2015)

Simulation (repro-
duced)

Existing Ref. (Simya 
et al. 2015)

Simulation 
(reproduced)

Eff. (%) 8.97 8.96 12.03 12.05
FF (%) 63.41 63.73 65.19 65.61
VOC (mV) 640.7 628.3 744.7 731.4
JSC (mA/cm2) 22.07 22.38 24.79 25.09
VMP (mV) – 456.3 – 543.1
JMP (mA/cm2) – 19.63 – 22.18
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Fig. 2   J–V curve reproduced from a the conventional CZTS-based structure, b the proposed structure of 
reference (Simya et al. 2015) in comparison with the ideal curve; the generation and recombination current 
density in various regions related to c Fig. 2a, d Fig. 2b
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3.2 � Defect modeling and simulation

Accurate analysis and simulation of CZTS-based structure are a great aid in designing and 
improving the performance of kesterite-based solar cell structures. The defects of absorber 
and buffer layers as well as those of absorber/buffer interface and buffer/window are used 
to obtain accurate results in the simulation. Point defects and clusters appear during the 
growth process of kesterite absorber layers. Gibbs free energy of the crystal is minimized 
during the growth process of kesterite absorber layer and forms vacancy, antisite and 
interstitial defects (Bourdais et al. 2016). The number of potential defects in the materials 
including 4 or 5 elements, such as kesterites is increased dramatically. Charge transition 
levels of point defects in the growth process of CZTS absorber layer are depicted and sum-
marized in Fig. 3.

Generally, there are two types of concentrations in the kesterite: doping and alloying 
(Romanyuk et  al. 2019). Many samples of CZTS are intrinsically p-type conductivities 
(Romanyuk et al. 2019). The p-type conduction depends on a large population of shallow 
defects such as the acceptor defects. Cu/(Zn + Sn) and Zn/Sn ratios can be changed by Cu 
vacancies (VCu) and CuZn antisites (Romanyuk et al. 2019). Presence of secondary phases 
(e.g. Cu2S or ZnS), deviation in cationic ratios of Cu/(Zn + Sn) and Zn/Sn, uncertainties of 
various measurement techniques and unwanted doping by elements such as Na from the 
glass substrate are effective in the impurity concentration of the kesterites (Romanyuk et al. 
2019). Although ionization level of CuZn is deeper than of VCu, high population produces 
a significant concentration of holes, and p-type conductivity of kesterite is usually intrinsic 
(Chen et al. 2013). Moreover, in stoichiometric samples of Cu2ZnSnS4, the CuZn antisite is 
the dominant point defect (Chen et al. 2013). By reducing the Sn content of 11% (from 36 
to 0.25%), the intrinsic doping can be changed over a wide range of 1015–1018 cm−3 (Rom-
anyuk et al. 2019; Haass et al. 2018).

Additionally, external doping of lighter alkali elements depends on the apparent carrier 
concentration with Sn content (Haass et  al. 2018). Some of the most important devices 
involving extrinsic doping are reported (Giraldo et al. 2019). Na has been used in the lit-
erature for external doping of CZTS (Giraldo et  al. 2019; Romanyuk et  al. 2019). Prior 
to annealing, CZTS precursor samples are added to the solution containing these dop-
ing elements (Altamura et  al. 2016). However, the reported hole concentrations from 

Table 3   Various generation and 
recombination current density 
values in the two structures of 
CZTS solar cell

Current density 0.6 V bias voltage (mA/cm2)

Structure 1 Structure 2

Jtotal 4.42 19.44
Jtotal-generation 27.81 28.58
Jtotal-recombination 22.69 8.87
JMinor-left 13.93 5.31
JBulk 0.70 0.27
JInterface 7.46 2.73
JSRH 0.74 0.27
JMinor-right 0.43 0.43
JRadiative 0.04 0.04
JAuger 0.09 0.09
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various experiments covered the range from 1.2 × 1015 to 3.1 × 1020  cm−3 (Chen et  al. 
2013). Table 4 shows the various characteristics of defects in CZTS solar cell simulation.

In general, for silicon based solar cells, under normal operating conditions, the Shock-
ley–Read–Hall (SHR) recombination mechanism predominates. Intra-bandgap transitions 
form defects and determine the performance of the device (Frazão et al. 2017). Although 
many progress has been made in describing and reducing light-induced degradation, indus-
trial silicon solar cells still have a variety of defects (Lindroos and Savin 2016). These 
defects can be considered intrinsic or extrinsic. The intrinsic defect is because of the nature 
of the surface and interface recombination of the material, while the external defects are 
mainly due to the defects such as broken fingers and wafer cracks (Frazão et  al. 2017). 
Nonetheless, the magnitude of defect density of silicon based solar cells is 1012  cm−2 
(Limpens et al. 2016).

3.3 � Optimizing the CZTS thin film solar cell performance

Investigating the defect and carrier concentration and reproducing the results of CZTS 
solar cells lead to an improvement in the device performance. As shown in Fig.  3, the 
energy of point defect formation in CuZn is about 0.2 eV. Due to the low formation energy 
of this defect in comparison with other defects, kesterite materials are intrinsic p-type 
semiconductors (Levcenko et al. 2016). In CZTS growth techniques, Cu-poor and Zn-rich 
conditions are necessary for the expansion of stoichiometric single-phase crystals (Zhuk 
et al. 2017). In this way, the formation of secondary phases is prevented. This phenomenon 

Fig. 3   Charge transition levels of vacancy (VCu, VZn and VSn), antisite (CuZn, CuSn, ZnCu and SnZn) and 
interstitial (Cui and Zni) defects in Cu2ZnSnS4
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causes an enhancement in VCu and ZnCu– point defects. In this state, the concentration 
of donor defects increases. Figure 4 shows the impact of changes in the concentration of 
CZTS defects on the output parameters of the kesterite thin film solar cell. An enlarge-
ment in the concentration of defects in CZTS reduces the diffusion lengths of electrons 
and holes through decreasing the minority carrier lifetime. Therefore, the solar cell per-
formance decreases along with an elevation in the recombination losses of the photogen-
erated carriers. Nonetheless, the interesting point in Fig.  4 is that changes in the output 
parameters of CZTS solar cells do not always improve in an ascending way along with 
the growth in the majority carrier concentration. Specially, this phenomenon is depicted 
in VOC and JSC curves of Fig. 4c, d. In fact, with a greater increase in the majority carri-
ers, the possibility of recombining carriers at the absorber/buffer interface increase and 
this leads to a reduction in the current and conversion efficiency. In other words, with an 
enlargement in the density of carriers to about 1 × 1017 cm−3, the saturation process of the 
device elevates as well as VOC. However, with a greater increase in the concentration of 
carriers, recombinations enlarge and the possibility of photogenerated electron accumula-
tion is less. Photons with longer wavelengths and lower energy are absorbed in the depth of 
CZTS. Consequently, as the carrier concentration increases, the efficiency of the solar cell 
does not elevate. It has been concluded that the highest efficiency in the pure CZTS-based 
thin film solar cells is possible in the carrier concentration of 1 × 1016 cm−3–1 × 1017 cm−3. 
Furthermore, according to Fig. 4c, the carrier concentration of 1 × 1017 cm−3 is proposed 
for obtaining the highest open circuit voltage.
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One of the methods proposed for increasing efficiency and open circuit voltage in 
kesterite solar cells is the use of alternative molybdenum as a back-contact. Despite the 
high work function of molybdenum (about 5 eV), one of the problems observed in chal-
cogenide solar cells is the combination of Mo with sulfur or selenium and the uninten-
tional formation of Mo(S,Se)2 thin layer. Similar to the CIGS structure, the formation of 
MoSe2 interfacial layer causes an ohmic contact and helps to reduce the series resistance 
in CZTSe absorber layer (Marlein et al. 2009; Cozza et al. 2016). However, due to the 
low band gap of CZTSe, the solar cell which is based on this absorber layer has a lower 
open circuit voltage in comparison with CZTS. The MoS2 interfacial layer, which is 
formed by the combination of Mo and S at the interface of molybdenum and CZTS, has 
been reported to be both n-type and p-type (Akdim et al. 2016). Even though it is shown 
in 2019 that the formation of MoS2 with low electron affinity energy, a p-type impurity 
concentration above 1 × 1018  cm−3, and a thickness of about tens of nanometers bring 
about a proper band alignment in the solar cell and increase its efficiency (Ferdaous 
et  al. 2019). Most of the MoS2 layers formed in CZTS solar cell structure are n-type 
and they cause a decrease in fill factor (FF) and efficiency as well as an enlargement in 
series resistance (RS)- (Akdim et al. 2016; Chelvanathan et al. 2018). There have been 
several attempts to solve this problem. Adding other thin layers such as SnS (Chen et al. 
2016), Al2O3 (Liu et al. 2017), and ZnO (Li et al. 2014) help solve this problem. The 
employment of metals with proper work functions is one of the practical solutions.

As Fig. 5 demonstrates, in spite of the negative effects and formation of a new inter-
facial layer at the absorber/back-contact interface, the performance of CZTS based solar 
cell has been changed by variation of work function from 4.8 V to 5.2 V (Cozza et al. 
2016). As the work function of back-contact increases, the barrier height in the valence 
band decrease and the photogenerated holes in the quasi-neutral region (QNR) move 
easier from the absorber layer to the back-contact. Therefore, holes recombination with 
input electrons from the external circuit is done at a higher rate and this enhances open 
circuit voltage and efficiency. This process is possible with metals such as Ni, Au, Pt, 
and Pd, which have a work function above 5 eV. If the optimal values of carrier concen-
tration (1 × 1017 cm−3) and the metal with a work function of 5.1 eV are employed in the 
back-contact, the solar cell efficiency increases to 12.43%.

4.8 4.9 5.0 5.1 5.2

8

9

10

11

12

Work function of back contant (eV)

(a)

Efficiency
Fill factor

)
%(

ycneiciff
E

62

64

66

68

Fi
ll 

fa
ct

or
 (%

)

4.8 4.9 5.0 5.1 5.2

0.55

0.60

0.65

0.70

0.75

0.80
(b)

Js
c 

(m
A

/c
m

2)

)
V(

co
V

Work function of back contant (eV)

Voc (V)
Jsc (mA/cm2) 22

23

24

25

Fig. 5   Output parameters of the solar cells as a function of the alterations in back-contact work function, a 
efficiency and fill factor, b VOC and JSC



The impact of the carrier concentration and recombination current…

1 3

Page 13 of 23  279

3.4 � Introducing p+‑CZTS intermediate layer

The impact of the thickness of BSF thin layer on the output parameters of CZTS solar 
cell is shown in Fig. 6a. At the thickness of 50 nm, the solar cell efficiency increased 
to 14.43%. It is possible to enhance the efficiency of the solar cell (about 0.24%) by 
increasing the thickness from 50 nm to 300 nm. Due to the homogeneity of BSF and 
absorber layers, a further increase in the thickness of the BSF layer causes an enlarge-
ment in the CZTS layer. Nevertheless, this method contradicts the aims of the thin film 
solar cell and an enlargement in the thickness of the absorber layer through decreas-
ing the series resistance which results in the reduction of open circuit voltage. There-
fore, after choosing the optimum thickness of 200 nm, the solar cell efficiency enlarges 
to 14.59%. Moreover, the open circuit voltage in this structure is about 880  mV 
(FF = 66.81%, JSC = 24.82  mA/cm2). Once the optimum thickness of BSF thin layer 
is determined, it is expected that the solar cell performance improves along with the 
enlargement in carrier concentration. Figure  6b demonstrates the simulation results 
of the CZTS-based structure as a function of BSF carrier concentration. Accordingly, 
in the carrier concentration of 1 × 1018 cm−3, the efficiency of this structure is 15.62% 
(VOC = 918  mV, FF = 66.40%, JSC = 25/60  mA/cm2). In this structure, the concentra-
tion of the acceptor carriers in CZTS is selected to be 5 × 1016 cm−3 to obtain superior 
efficiency.

Under illumination, the charge carrier transport in the conventional solar cell is 
explained as follows: first, the photogenerated electrons in the quasi-neutral region 
(QNR) move from the CZTS absorber layer towards CZTS/CdS interface and then drift 
to the depletion region due to the built-in electric field and are eventually collected at 
the front electrodes. After that, the electrons collected by Mo contact return to the solar 
cell via an external circuit which is accompanied by energy dissipation. The photogen-
erated holes at the CZTS absorber layer move towards the back-contact and recombined 
with the incoming electrons from the external circuit. Insertion of the CZTS thin layer 
between the back-contact and CZTS change the charge carrier transport in the back-con-
tact. The ohmic or Schottky junction between the back-contact and CZTS are effective 
in analysis of the current and recombination losses.
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Generally, the value of equilibrium contact potential (qVo) is a barrier which prevents 
the transfer of holes from the absorber valence band (VB) to the back contact. The qVo is 
the barrier for transport of electrons in CZTS/CdS absorber/buffer and CdS/ZnO buffer/
window interfaces. In Schottky contacts, the amount of qVo is greater than zero. The 
p+-CZTS/p-CZTS and p-CZTS/n-CdS form the built-in voltage generated in back and 
front junction (qVbi,back and qVbi, front), respectively. These built-in voltages are in the same 
polarities. Because of the relationship between the conduction band (ΦBn) and the val-
ance band (ΦBp) as ΦBn + ΦBp = Eg,CZTS within Mo/CZTS, only ΦBp is selected as the main 
parameter in determining the transport rate of the incoming electrons from the Mo Fermi 
level to the CZTS valence band.

Figure  7 demonstrates band diagram of conventional CZTS/CdS and 
p+-CZTS/p-CZTS/n-CdS structures. The amount of conduction band offset (ΔEC), valence 
band offset (ΔEV), ΦBn and ΦBp are constant (see Table 5). Hence, the performance of the 
p+-CZTS/CZTS/CdS solar cell depends only on qVo and qVbi,back. In general, the smaller 
the qVbi,back and qVo, the better the transport of the hole from p+-CZTS VB to Mo contact. 
As carrier concentration of BSF CZTS layer increases of higher qVo and small negative 
values of qVbi cause relatively good band bending in the CB and VB. The Fermi level 
moves downwards and the holes transfer faster from CZTS to p+-CZTS. In addition, the 
electron current from CZTS to p+-CZTS becomes lower and carrier recombination at the 
Mo/CZTS interface reduces. The insets of Fig. 7 show the band diagram magnification of 
CB and VB. The ΦBp of the Mo/CZTS interface in baseline structure is 0.78 eV. While 
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Fig. 7   Band diagram of conventional CZTS/CdS and p+-CZTS/CZTS/CdS structures

Table 5   The band 
diagram parameters in 
p+pn CZTS structures 
(NA-(p-CZTS) = 5×1015 cm−3 and 
NA-(p+-CZTS) = 1×1018 cm−3)

Band diagram parameters p-CZTS p+-CZTS/p-CZTS

Mo/CZTS ΦBn (eV) 0.72 0.950
ΦBp- (eV) 0.78 0.550
qVo (eV) 0.434 0.456

p+-CZTS/p-CZTS ΔEC (eV) –  + 0.020
ΔEV (eV) – − 0.030
qVbi (eV) – + 0.143
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in Fig. 7b, this value has been reduced to 0.55 eV and has led to improvement in device 
performance. Besides, in Fig.  7b, changing of the CB and VB at the p+-CZTS/p-CZTS 
interface have caused ΦBp to be 143 meV. This creates an electric field in the same direc-
tion with the Vbi at CZTS/CdS interface and increases the solar cell open circuit voltage. It 
also facilitates the separation of electrons and holes. Thus, improving of efficiency occurs 
by reducing recombination in the area near the back contact.

3.5 � Using dual absorber layer

Despite the improvement of photovoltaic performance in the CZTS solar cell with a BSF 
layer of CZTS type, it is advisable to use a dual absorber layer with p+p junction. As Fig. 8 
shows, the device performance diminishes when the carrier concentration of upper CZTS 
decreases. But an optimized range is observed in the device output parameters when the 
downer CZTS absorber layer carrier concentration changes. Increasing the carrier con-
centration of the upper CZTS layer enhances the carrier recombination in the CZTS/CdS 
interface. Since the lower energy photons with longer wavelengths are absorbed in the 
deep of CZTS layers, the accumulation of photogenerated electrons decreases. Hence, JSC 
and efficiency reduces. As a result, the highest VOC of 939 mV and efficiency of 16.99% 
are obtained in dual absorber device. This performance occurs in carrier concentration of 
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5 × 1015 cm−3 and 1 × 1018 cm−3 for upper and downer CZTS layers, respectively. Moreo-
ver, the JSC and FF are 27.20 mA/cm2 and 66.52%, respectively.

To provide a more accurate analysis of dual CZTS layer solar cell, the performance of 
this device at different thickness ratios of the dual absorber layer is presented in Fig. 9. The 
maximum efficiency is depicted in the thickness range of 800 to 1200 nm at the downer 
absorber layer. Furthermore, at the thickness of 1 µm, the solar cell efficiency equals to 
17.05% and the open circuit voltage is about 941 mV (JSC = 27.18 mA/cm2, FF = 66.54%).

One of the methods for improving the thin film solar cell efficiency is reducing the bar-
rier height at the back-contact through increasing the back-contact to absorber layer work 
function. Figure 10 illustrates the efficiency, FF, VOC, and JSC curves for a change in work 
function. An efficiency of more than 16% is observed in the metals with a work function 
higher than 5.0 eV. Other metals with a range of 5 ± 0.2 eV can be used. Using the metals 
such as Pt, Pd or Au, enhances the efficiency more than 18%. The J-V curve of the dual 
absorber CZTS solar cell using p+-CZTS/p-CZTS junction is depicted in Fig. 11. In this 
simulation, the carrier concentration of downer and upper absorber (p+-CZTS and p-CZTS, 
respectively) layers are 1 × 1018  cm−3 and 5 × 1015  cm−3, respectively. Furthermore, the 

Fig. 9   Performance of dual 
CZTS layer solar cell with 
different ratio of upper/downer 
thickness
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thickness of above mentioned layers is 1  µm and 1.5  µm, respectively. Additionally, the 
band diagram of dual absorber layer structure and the current density of electrons and holes 
are demonstrated as insets of Fig. 11. No improvement is observed in the solar cell effi-
ciency at higher thicknesses, which is due to the band structure at p+-CZTS/p-CZTS inter-
face. Band alignment at the interface of the p+pn structure is presented in Fig. 11. The effi-
ciency of this structure in 5.1 eV work function of back-contact is 19.08% (VOC = 942 mV, 
FF = 69.51%, JSC = 27.19 mA/cm2). 

Solar cell performance can also be considered from the J-V characteristic point of view. 
Figure  12 depicts the J–V curve of two optimized proposed structures (BSF/CZTS and 
p+-CZTS/CZTS). The ideal curve (with the assumption of Rs = 0 and Rsh = ∞) of J-V has 
been drown for comparison of structures. The hatched area (in green) shows the range of 
VMP difference of these characteristics. In the proposed structures, the recombination cur-
rents reached their minimum values and the highest open circuit voltage is obtained.

Table 6 shows the calculated values of current components at the bias voltage of 0.8 V. 
In the BSF/CZTS structure, despite the creation of back surface field by CZTS intermedi-
ate layer and the formation of MoS2 at Mo/CZTS interface, the main recombination com-
ponent is related to the interface and is equal to 5.84 mA/cm2. In the dual absorber layer, 
the minority carrier recombination near the back-contact (JMinnor-left) and the recombination 
of the carriers at the interface (JInterface) are deduced as 3.45 mA/cm2 and 5.73 mA/cm2, 
respectively.

To improve the performance of p+-CZTS/p-CZTS dual layer solar cell, a back-contact 
of 5.1  eV work function has been used and shows that the total recombination of carri-
ers (Jtotal-Recombination) decreases from 7.40 mA/cm2 to 2.05 mA/cm2. In this structure, the 
recombination current density at the interface (JInterface) reduces to 0.66 mA/cm2. Conse-
quently, the efficiency and VOC enhance to 941 mV and 17.05%, respectively. Moreover, 
applying the back-contact with work function of 5.1 eV in dual absorber structure and for-
mation appropriate p+-CZTS/p-CZTS/n-CdS junction, the conversion efficiency reaches 
19.08%. VOC, JSC, and FF are 942 mV, 27.19 mA/cm2 and 69.51%, respectively.

Table 7 shows the simulation results obtained from the proposed structures in comparison 
with the reproduced results. In addition to optimizing the layers thickness and doping concen-
tration, one of the methods used for optimizing the basic structure in reference (Simya et al. 
2015) is modifying the back-contact with the 5.1 eV work function, which has obtained an 
efficiency of about 12%. The advantage of employing CZTS intermediate layer is an increase 

Fig. 11   The J–V curve of the 
dual absorber CZTS solar cell 
with the p+pn structure by using 
p+-CZTS/p-CZTS junction
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in open circuit voltage and an improvement in CZTS-based solar cell efficiency. The effi-
ciency of 14.25% is obtained from this structure and after optimizing the layers, the efficiency 
equaled 15.62%. Furthermore, with applying dual absorber layer as p+-CZTS/p-CZTS and 
optimization this structure, 19.08% efficiency is achieved.
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Fig. 12   J–V characteristics of the two optimized BSF/CZTS and p+-CZTS/CZTS structures
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4 � Conclusion

In this paper, practical designs have been provided to overcome the low efficiency and VOC 
deficit in CZTS based solar cells by two proposing practical structures, inserting p+-CZTS 
ultrathin layer between Mo and p-CZTS layer, and using dual absorber layer. The effect of 
various layers and interface parameters such as thickness, carrier concentration, defect den-
sity and current recombination are studied, carefully. First, the results of the structure with 
12.03% efficiency are reproduced to verify the validity of the simulation. The analysis dem-
onstrates that it is possible to obtain an efficiency of 12.43% through changing the carrier 
concentration of CZTS absorber layer with considering its defects. In continue, it is shown 
that it is possible to increase the efficiency and open circuit voltage of kesterite solar cell 
to respectively 15.62% and 919 mV through inserting CZTS as a BSF layer with a thick-
ness of 200 nm and carrier concentration of 1 × 1018 cm−3. Moreover, dual CZTS absorber 
layer with p+pn structure is proposed to enhance the photovoltaic parameters. In this dual 
absorber-based structure, the device conversion efficiency increases to 17.05% by selecting 

Table 6   Generation current density and recombination components of the proposed solar cells in compari-
son with reference (Simya, Mahaboobbatcha, and Balachander 2015). The values are calculated at 0.8-volt 
bias

Current density (mA/cm2) Baseline Structure Proposed structures

Optimized (Simya 
et al. 2015)

Introducing inter-
mediate CZTS

Dual absorber 
layer

Dual absorber 
layer (5.1 eV)

Jtotal 1.23 13.28 18.79 23.88
Jtotal-generation 28.58 28.44 28.35 28.41
Jtotal-recombination 38.32 11.71 7.40 2.05
JMinor-left 22.86 1.68 5.73 3.17
JBulk 1.49 3.47 2.95 1.03
JInterface 13.64 5.84 3.45 0.66
JSRH 1.26 3.64 2.94 0.65
JMinor-right 0.43 0.42 0.43 0.42
JRadiative 0.04 0.04 0.04 0.04
JAuger 0.09 0.09 0.09 0.09

Table 7   The simulation results obtained from the proposed structures in comparison with the reproduced 
results

Structure (CZTS/CdS) Eff. (%) FF (%) VOC (V) JSC (mA/cm2)

Baseline Reproduced (Simya et al. 2015) 8.96 63.73 628.3 22.38
Optimized (Simya et al. 2015) 

(reproduced)
12.05 65.61 731.4 25.09

Optimized (this work) 12.43 65.82 735.2 25.01
CZTS intermediate layer This work 14.25 66.86 768.1 24.54

Optimized (this work) 15.62 66.40 919.3 25.60
Dual absorber layer p+pn structure (this work) 17.05 66.54 941.1 27.18

Optimized (this work) 19.08 69.51 942.3 27.19
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the thickness of 1 µm and the carrier concentration of 1 × 1018 cm−3 for the p+-CZTS layer 
and choosing the carrier concentration of 5 × 1015 cm−3 for the p-CZTS. In addition, the 
efficiency of this structure with 5.1 eV work function of back-contact is 19.08%.
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