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This comparative numerical simulation study investigates the electrical characteristics of two 
heterojunction thin-film solar cells based on Kësterites Copper Zinc Tin Sulfide. The study 
compared two solar cells with different structures, Zinc Oxide ZnO/Cadmium Sulfide 
CdS/Kësterites CZTS/Molybdenum Mo and Zinc Oxide ZnO/Zinc Sulfide ZnS/Kësterites 
CZTS/Molybdenum Mo, to determine which is more efficient in achieving maximum 
photovoltaic efficiency. The results showed that the ZnO/ZnS/CZTS/Mo solar cell is the 
better option, outperforming the CdS/CZTS/Mo solar cell in terms of short-circuit current 
density Jsc, open-circuit voltage Voc, form factor FF, and photovoltaic efficiency η. The study 
also investigated the effect of doping and layer thickness of CZTS and ZnS on photovoltaic 
parameters. The optimized ZnS/CZTS solar cell achieved an efficiency of 16.29% for ZnS 
and CZTS layer thicknesses of 0.02µm and 4μm, respectively, and doping concentrations of 
1018 and 1016cm-3, respectively. Overall, this study provides valuable insights for designing 
more efficient solar cells and optimizing their photovoltaic efficiency using Kësterites CZTS, 
CdS, and ZnS materials. 
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1. Introduction 
 
Heterojunction thin-film solar cells based on Kësterites Copper Zinc Tin Sulfide have 

emerged as a promising candidate for next-generation photovoltaic devices due to their low-cost, 
non-toxic, and earth-abundant constituents [1,2]. In this comparative numerical simulation study, 
we investigated the electrical characteristics of two heterojunction thin-film solar cells based on 
Kësterites. The performance of two solar cells was compared with different buffer layers using the 
Solar Cell Capacitance Simulator SCAPS-1D software. 

One of the solar cells was fabricated with a Cadmium Sulfide CdS buffer layer, while the 
other cell was fabricated with a Zinc Sulfide ZnS buffer layer. The two cells had the same 
structure: Zinc Oxide ZnO/buffer layer/CZTS/Molybdenum Mo. The effect of doping the 
buffer/absorber layer and its thickness on the photovoltaic parameters such as short circuit current 
density Jsc, open-circuit voltage Voc, form factor FF, and photovoltaic efficiency η was investigated 
in detail. 

The results showed that the ZnO/ZnS/CZTS/Mo solar cell outperformed the 
CdS/CZTS/Mo solar cell in terms of Jsc, Voc, FF, and η. The simulations also revealed that the 
effect of doping the buffer/absorber layer and its thickness on photovoltaic parameters was 
significant. Increasing the thickness of the buffer/absorber layer led to an increase in Jsc but a 
decrease in Voc. However, Jsc reached a plateau beyond a certain thickness. Similarly, increasing 
the doping of the buffer/absorber layer resulted in an increase in Jsc but a decrease in Voc. 
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Several previous studies have reported the fabrication and characterization of CZTS-based 
solar cells. For example, G. K. Dalapati et al reported the fabrication of CZTS solar cells with a 
power conversion efficiency η of 4.2% using a CdS buffer layer [3].  

Similarly, M. F. Islam et al reported the fabrication of CZTS solar cells with a η of 5.2% 
using a ZnS buffer layer[4]. In contrast, our study focused on the electrical characterization of 
CZTS-based solar cells with different buffer layers using numerical simulations. 

In recent years, numerical simulations have emerged as a powerful tool for the design and 
optimization of photovoltaic devices [5]. Several studies have reported the use of numerical 
simulations to investigate the electrical characteristics of CZTS-based solar cells. For example, F. 
A. Jhuma  et al employed numerical simulations to study the impact of the buffer layer thickness 
on CZTS solar cell performance [6]. In a separate study, F. A. Jhuma and M. J. Rashid also 
utilized numerical simulations to optimize the doping concentration of the CdS buffer layer for 
CZTS solar cells [7] 

The objective of this comparative numerical simulation study was to investigate the 
electrical characteristics of two heterojunction thin film solar cells based on Kësterites CZTS with 
different buffer layers, CdS and ZnS. The aim was to determine which of the two solar cells would 
achieve maximum photovoltaic efficiency by analyzing the photovoltaic parameters such as Jsc, 
Voc, FF, and η while varying the thickness and doping of the buffer/absorber layer. 

The novelty of this work lies in the comparison of the performance of CZTS-based solar 
cells with two different buffer layers using numerical simulations. Additionally, the study 
highlights the significance of the thickness and doping of the buffer/absorber layer on the 
photovoltaic parameters, which can aid in the optimization and design of CZTS-based solar cells 
with better efficiency. 

 
 
2. Theoretical model  
 
In its most common configuration, a CZTS cell consists of a stack of several thin film 

materials deposited continuously on a substrate. The substrate is usually a soda lime glass SLG 
plate. Figure1shows the standard structure of a CZTS cell [8]. 

CZTS solar cells contain absorbers composed of copper, zinc, tin, and sulfur. This 1-2.5 
µm thick layer is p-doped and needs to be coated with an n-type material constituting the first part 
of the p-n heterojunction, such as cadmium sulfide CdS. However, due to the toxicity of cadmium, 
research has turned to the development of alternative buffer layers Zn (O, S), Zn, Mg O, etc. The 
thickness of the buffer layer varies from 0.04 to 0.07µm and is covered by a window layer which 
consists of zinc oxide ZnO deposits. Therefore, the ZnO layer is resistive and serves to limit the 
form of short circuit in the imperfect area of the CZTS covered by the buffer layer [9]. The most 
widely used TCO Transparent Conductive Oxides is aluminum doped ZnOZnO:Al, indium oxide 
In2O3 and tin SnO2 sputter deposited. The thickness of the optical window layer is between 300 nm 
and 500 nm. The final front contact consists of a Nickel and Aluminum based grid to collect the 
charge generated by the device. 

Cu2ZnSnS4 is a I2-II-IV-VI4 semiconductor. Experimentally, Cu2ZnSnS4 usually 
crystallizes with a Kësterites structure [10-11-12] or a stannite structure. In both cases it is a 
central quadratic grid. Chalcopyrite is considered the most stable battery [13]. Its mesh parameters 
are a=0.54 nm and c=1.09 nm [14]. It is generally expressed as a structure derived from the 
chalcopyrite structure, in which the In3 + ions are replaced by Zn2+ and Sn4+ ions. The stannite 
structure differs from Kësterites only in the positioning of Cu+ and Zn+2[15]. 

We have noticed from several works that the best current buffer layer is cadmium sulfide 
(chalcogenide). Indeed, the combination of the buffer layer and the zinc oxide window layer 
makes it possible to establish performance records based on the CZTS technology. However, 
given the toxicity of the element cadmium, its use is controversial. Other candidate layers such as 
In2S3 have been proven, but unfortunately the cell is still affected by the cost of the extra indium. 
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Fig. 1. Basic structure of CZTS solar cell [8]. 
 
 
Therefore, current research is turning to quilted layers that do not present such obstacles. 

For this reason, zinc chalcogenide based thin films are very interesting candidates. Although the 
performance of solar cells using CZTS/CdS PN junctions is very good, the bandgap energy of 
cadmium sulfide is quite low, about 2.4 eV, which presents absorption defects. Indeed, through the 
transparent electrode, the window layer and the buffer layer, the transmittance of the incident light 
must be maximized and as wide as possible in the electromagnetic spectrum [16]. 

Therefore, specifications for zinc chalcogenide buffer layers include: A bandgap energy 
large enough not to degrade battery performance; A bandgap energy tunability to achieve 
conduction band positioning between the conduction band of the CZTS and the 
conduction band of the ZnO window layer and can also minimize the proportion of copper 
in the CZTS layer; A suitable charge density N(cm-3) to limit the recombination 
phenomenon N-type semiconductor; A quality of the interface with the layer CZTS used 
to control the diffusion of defects at the interface. 

With bandgap energies of about 3.3 and 3.7 eV, respectively, zinc oxide ZnO and zinc 
sulfide (ZnS) are a priori very suitable materials for such applications [17]. Given our interest in 
the effect of temperature on the improvement of solar cell performance [18], it would be 
interesting to introduce the concept of coefficient of thermal expansion which has an impact on the 
durability of thin film solar cells [19]. When exposed to temperature variations, the layers of the 
cell expand or contract at different rates, creating internal stresses that can affect performance and 
durability. Solar cell manufacturers use materials with similar coefficients of thermal expansion, 
add intermediate layers, and use special layer deposition techniques to minimize these effects [19]. 
Thus, the coefficient of thermal expansion is an important factor in the design and manufacture of 
thin-film solar cells to ensure their long-term reliability and performance [20]. 

 
 
3. Results and discussion 
 
We introduce the concept of numerical simulation of semiconductors, especially the 

application on solar cells of the type CZTS using the SCAPS-1D calculation software. The values 
we used for the calculation with SCAPS software are taken from the literature [21] and are shown 
in Table1 for the cell CZTS/ (CdS/ ZnS) /ZnO/ZnO: Al. The absorption coefficients of (CZTS), 
(CdS), (ZnS), ZnO:Al and ZnO-i are taken from SCAPS-1D.We propose to simulate the essential 
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properties of a CZTS-based cell with a structure composed of a transparent conductive oxide TCO 
of the n-ZnO type, a buffer layer of the n-CdS or n-ZnS type and an absorbing layer of the p-CZTS 
type Figure2. 

 

 
 

Fig.2.Structure of the CZTS solar cell The ZnO/(CdS(n) or ZnS(n))/CZTS(p)/Mo cell. 
 
 

Table. 1 Parameters of the materials used in this design. 
 

Settings Absorber, 
p-CZTS 

Buffer 
layer, n-

CdS 

Buffer 
layer, n-

ZnS 

Window 
layer ZnO ZnO: Al 

Thickness (nm) 500 20 20 50 200 
Gap energy (eV) 1.5 2.45 3.68 3.3 3.3 
Affinity (eV) 4.58 4.2 4.5 4.55 4.55 
dielectric permittivity (relative) 9.5 8.9 8.32 8 8 
State densities in BC, Nc(cm-3) 1.91×10+18 2.52×10+18 1.5×10+18 4.1×10+18 4.1×10+18 
State densities in BV Nv (cm-3) 2.58×10+18 2.01×10+18 1.8×10+19 8.20×10+18 8.20×10+18 
Electron speed Ve (cm/s) 2.750×107 2.12×107 1.0×10+7 1.73×107 1.73×107 
Hole speed, V hole (cm/s) 2.120×107 1.18×107 1.0×10+17 1.03×107 1.03×107 
Electron mobility µn (cm2/V.s) 50 50 250 100 100 
Hole mobility µp (cm2/V.s) 10 20 40 20 20 
Defect density ND donor (cm-3) 0 1×10+18 1.0×10+18 1×10+10 1.0×10+20 
Defect Density Acceptor NA(cm-3) 1.0×10+16 0 0 0 0 
WG (eV) 0.1 0.1 0.1 0.1 0.1 
Electron Capture Section (cm2) 5×10-17 10-17 10-17 10-12 10-12 
Hole Capture Section (cm2) 10-13 10-12 10-12 10-15 10-15 

 
 
Solar cells based on cadmium sulfide CdS and copper zinc tin sulfide CZTS have shown 

promising performance in converting solar energy into electricity. However, the toxicity of 
cadmium is a major environmental and health concern. In this study, we replaced the CdS buffer 
layer with zinc sulfide ZnS due to its non-toxicity and abundance in nature.  
 
 

Table. 2 Comparison of the important parameters in the CdS and ZnS cells. 
 

Simulated solar cell Jcc(mA/cm2) Vco(V) FF (%) η (%) 
CZTS/ZnS/ZnO 28.06 0.64 83.53 % 15.04 
CZTS/CdS/ZnO 28.72 0.65 82.95 15.46 

 
 

We simulated solar cells with different buffer layers and obtained the following 
parameters under AM 1.5 solar spectrum with power density 1000 W/m2: open circuit voltage Voc 
of 0.65 V, short circuit current density (Jsc) of 28.72 mA/cm2, form factor FF of 82.95% and 



117 
 
conversion efficiency (η) of 15.46% for the CdS/CZTS solar cell; and Jsc of 28.06 mA/cm2, Voc of 
641.80 mV, FF of 83.53 % and η of 15.04% for the ZnS/CZTS solar cell. Table 2 and Figure 
3represents the J(V) characteristics of the two structures studied. 
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Fig. 3. J-V curves of CdS/CZTS and ZnS/CZTS solar cells. 
 

 
Our results indicate that the ZnS/CZTS solar cell performs similarly to the CdS/CZTS 

solar cell in terms of Jsc, Voc, FF and η. The higher band gap of ZnS compared to CdS allows for 
the transmission of higher energy photons, which could potentially improve the efficiency of the 
solar cell. Our next step is to study the effect of doping and thickness of the ZnS and CZTS layers 
to further optimize the solar cell parameters. 

 
3.1. Effect of doping concentration on the CZTS layer 
For a layer of ZnS 0.02µm and CZTS 0.5 μm, we calculated the solar cell parameters for 

different values of the doping concentration 𝑁𝑁𝑑𝑑 of CZTS between 1×1013 cm-3 and 1×1016cm-3.The 
findings from Figures 4 and 5 demonstrate that the electrical parameters of the ZnS/CZTS solar 
cell are affected by the doping concentration. Specifically, as the doping concentration increases, 
there is a decrease in the short-circuit current density Jsc, which is attributed to an increase in 
recombination centers.  
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Fig.4.Open-circuit voltage and short-circuit current density as a function of doping  
Concentration in CZTS of the solar cell. 
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However, the open circuit voltage Voc increases, potentially due to a reduction in the 
forbidden band and an increase in the integrated potential, contributing to an improvement in 
efficiency Figure 5 conversely, an increase in defect density caused by the higher doping 
concentration results in a decrease in the fill factor FF of the ZnS/CZTS solar cell. Nevertheless, 
adjusting the doping concentration carefully can lead to an overall improvement in efficiency 
Figure 6 These findings highlight the complex interplay between doping concentration and various 
electrical parameters of the ZnS/CZTS solar cell. 
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Fig.5.Efficiency and Fill Factor as a function of doping concentration  
in CZTS of the solar cell. 

 
 
3.2. Effect of CZTS layer thickness 
The thickness of the CZTS layer varies from 0.5 µm to 4 µm. The effect of the 

CZTS layer thickness on the solar cell is shown in Figure 6 and 7. 
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Fig. 6. Open-circuit voltage and short-circuit current density as a function  
of the CZTS layer thickness. 

 
 
The thickness of the CZTS layer can have a significant impact on the electrical parameters 

of CZTS solar cells. Specifically, the Jsc tends to increase with increasing thickness, which can be 
attributed to higher absorption of incident light. In addition, the Voc also tends to increase with 
increasing thickness, indicating a reduction in recombination losses within the bulk of the CZTS 
layer Figure 6. However, the fill factor FF tends to decrease with increasing thickness, which may 
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be due to an increase in defect density and recombination losses. Despite this, the power 
conversion efficiency η generally increases with increasing thickness, likely due to a trade-off 
between the increase in Jsc and the decrease in FF (Figure 7). 
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Fig. 7. Efficiency and Fill Factor as a function of theCZTS layer thickness. 
 
 
It is worth noting that the optimal thickness of the CZTS layer depends on various factors, 

such as the type of materials used and the processing conditions. Therefore, careful optimization of 
the CZTS layer thickness is crucial to achieving high performance in CZTS solar cells. 

 
3.3. Effect of  ZnS layer thickness 
The thickness of the ZnS layer varies from 0.02 µm to 0.05 µm. The effect of ZnS layer 

thickness on the solar cell is shown in Figures 8 and 9.The buffer layer in a solar cell makes it 
possible to improve the efficiency of the device by reducing the recombination of charge carriers 
at the interface between the absorbing layer and the transport layer. In the case of a ZnS buffer 
layer, its thickness can significantly affect the electrical parameters of the solar cell. We notice that 
a thinner ZnS layer can lead to a higher Voc because it reduces the height of the barrier for electron 
transport from the absorber layer to the transport layer. The thickness of the ZnS layer can also 
affect light absorption in the solar cell. A thicker ZnS layer may cause a decrease in Jsc due to 
increased reflection and absorption losses Figure 8. 

When the ZnS buffer layer is thick enough, it acts as a surface passivation layer to reduce 
surface defects and minimize charge carrier recombination at interfaces between layers. This 
reduces series resistance and improves charge collection, which leads to an increase in the FF of 
our ZnS/CZTS solar cell. We observe that a moderate thickness of the ZnS layer lead to the 
highest η, which is the ultimate goal of improving the efficiency of the solar cell. Therefore, 
optimizing the thickness of the ZnS buffer layer is crucial for achieving the highest possible 
efficiency of the ZnS/CZTS solar cell Figure 9. Our optimization process has shown that the most 
effective doping for the (ZnS) layer is 1×1018 cm-3 with a thin thickness of 0.020 µm, while the 
ideal doping for the (CZTS) layer is 1×1016 cm-3 with a thin thickness of 4 µm. These optimized 
parameters have resulted in an impressive electrical efficiency of 16.29% in CZTS solar cells. 
These findings corroborate previous studies that have also explored the use of ZnS as an 
alternative to CdS in CZTS solar cells Table 3.  

For instance, K. Sunand et al reported on the effect of employing Zn0.35Cd0.65S as the 
novel buffer material on the performance of CZTS solar cells and achieved a power conversion 
efficiency of 9.2%[22]. B. Yassine et al achieved a conversion efficiency of 14.61% using a ZnS 
buffer layer in CZTS solar cells [23]. Also, Boubakeur et al found an efficiency of 14.59% [24]. 
Our work demonstrates that ZnS is an effective and sustainable buffer layer material that can 
replace CdS without sacrificing performance. This is a significant step towards developing 
environmentally friendly and non-toxic solar cell technologies 
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Fig. 8.Open-circuit voltage and short-circuit current density as a function of the ZnS layer thickness. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 9. Efficiency and Fill Factor as a function of the ZnS layer thickness. 

 
 

Table. 3 Optimal parameters of CZTS solar cell. 
 

ZnS CZTS 𝜂𝜂 
(%) 

FF 
(%) 

Voc 
(mV) 

Jsc 
(mA/cm2) thickness 

(nm) 
Nd 

(cm-3) 
thickness 

(µm) 
Nd 

(cm-3) 
20 1x1018 4 1x1016 16.29 83.41 700 28.41 

 
 
3.4. Influence of temperature on the parameters of the CZTS optimal cell 
The operating temperature of CZTS solar cells has a significant impact on their 

performance. We have found that as the temperature increases, the bandgap energy of CZTS 
decreases, which affects the cell's ability to absorb photons and generate charge carriers. Figure 
10shows the variation of the bandgap energy of CZTS for different temperatures ranging from 
300K to 400K. 

Furthermore, we have observed a linear decrease in the open circuit voltage (Voc) of the 
ZnS/CZTS cell with increasing temperature, as depicted in Figure 11 at 300K, the value of Voc is 
0,691V, while at 400K, it drops to 0.67V. This decrease in Voc is due to the increase in the density 
of states of CZTS at higher temperatures. Additionally, we have observed a decrease in the fill  
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factor FF of the ZnS/CZTS cell with increasing temperature, as shown in Figure 12. This is caused 
by the decrease in Voc and the increase in the short circuit current Jsc Table.4. 
 
 

Table 4.J-V parameters for different temperature values T. 
 

T (K) Voc (V) Jsc(mA/cm2) FF(% ) η(%) 
300 0.70 28,23 83,41 16,29 
310 0,69 28,24 82,97 16,18 
320 0,69 28,27 82,54 16,04 
330 0,68 28,29 82,094 15,92 
340 0,68 28,35 81,67 15,82 
350 0,68 28,40 81,23 15,73 
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Fig. 10. J(V) Characteristic of the solar cell for different temperature values. 
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Fig. 11.Open-circuit voltage and short-circuit current density as a function of the temperature. 
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Fig. 12. Efficiency and Fill Factor as a function of the temperature. 
 

 
Finally, we have found that the conversion efficiency of the ZnS/CZTS cell decreases with 

increasing temperature due to the combined effect of the decrease in Voc and FF, as shown in 
Figure11. Overall, our results demonstrate the importance of carefully controlling the operating 
temperature of CZTS solar cells to achieve optimal performance. 

While simulations provide a valuable tool for studying solar cell behavior, it is crucial to 
validate the results with experimental data. The variations observed between simulation and 
experimental results highlight the complex nature of solar cell performance and the need for 
further research to improve the accuracy of simulations. Additional experiments, detailed 
characterization, and parameter optimization can help bridge the band gap energy between 
simulations and real world performance, leading to better understanding and design of efficient 
solar cells (Table 5). 

The validation of our simulation results with other simulation [25,26] and experimental 
[27] results have been presented. For the first structure Mo/CZTS/CdS/ZnO/ZnO-Al we obtained 
an efficiency of 15.46%. We had a relative gain in efficiency compared to the result of ref [25] of 
9%. However, the second structure Mo/CZTS/ZnS/ZnO/ZnO:Al presents a relative benefit 
of 19.6% compared to the result of ref [26]. In addition, the best results, that are obtained with the 
second structure, were compared with the experimental results ref [27], and a relative gain of 46% 
have been reached. Finally, this study allows us to produce a solar cell with an efficiency of 
16.29% with a less toxic structure. 
 
 

Table. 5 Comparison of the important parameters in the proposed design and the published designs. 
 

Solar Cells Jsc (mA/cm2) Voc (V) FF (%) η (%) 
Mo/CZTS/CdS/ZnO/ZnO :Al Simulated 28.72 0.65 82.95 15.46 
Mo/CZTS/CdS/ZnO/ZnO :Al Simulation     [25] 35.06 0.75 53.13 14.06 
Mo/CZTS/ZnS/ZnO/ZnO :Al Simulated 28.41 0.70 83.41 16.29 
Mo/CZTS/ZnS/ZnO/ZnO :Al Simulation     [26] 20.20 0.96 67.30 13.10 
Mo/CZTS/ZnS/ZnO/ZnO :Al Experimental [27] 20.70 0.68 62.50 08.80 

 
 
4. Conclusion 
 
Simulation of two solar cells with structures: ZnO/CdS(n)/CZTS(p) and ZnO/ZnS 

(n)/CZTS(p) using the SCAPC software shows that the solar cell with the ZnS buffer layer gives 
an efficiency η=15.04% while the one designed with the CdS buffer layer gives an efficiency 
η=15.49%. The yields are almost the same and to avoid the toxicity of the cadmium Cd substance 
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contained in the cadmium sulfide CdS, we found that zinc sulfide ZnS material is more suitable to 
replace cadmium sulfide CdS and the short wavelength light absorption rate of CdS material is 
higher than that of ZnS material Eg(ZnS)>Eg(CdS).We optimized the ZnS/CZTS solar cell by 
investigating the effect of doping and layer thickness of CZTS and ZnS. The optimal efficiency 
obtained is 16.29% for ZnS and CZTS layer thicknesses of the order of 0.02µm and 4μm 
respectively and doped with concentrations of the order of 1018cm-3and 1016 cm-3 respectively. 
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