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A B S T R A C T   

The nitrogenated holey Graphene (C2N) based solar cell has been modeled and analyzed by using 
SCAPS-1D. Initially, a reported structure (TCO/IGZO/C2N) has been considered and improved by 
incorporating Al and Pt as front and back contact, respectively. Then, a novel device structure 
(Al/TCO/IGZO/C2N/CZT/Pt) has been proposed by inserting a BSF layer with heavily doped p- 
CZT material. The outcomes of the suggested cell structure have been analyzed numerically by 
changing different physical parameters. The absorber and BSF layer’s thickness has been opti-
mized as 0.6 μm and 0.4 μm, respectively. The cell performance is significantly declined when the 
bulk defect density in C2N exceeds the value of 1015 cm− 3. The rising of device operating tem-
perature shows a negative effect on performance. From this analysis, the structure has been 
optimized according to device performance. The optimized results have been achieved with the 
VOC, JSC, FF and efficiency (eta) of 1.40 V, 22.59 mA/cm2, 89.02%, and 28.16%, respectively. 
This research contributes to enriching the knowledge on the field of C2N materials and its use in 
optoelectronic applications.   

1. Introduction 

The global energy demand is growing daily as civilization advances. The search for alternative, environmentally friendly, sus-
tainable energy sources has been more widespread in recent years as a result of the growing energy demand, the ongoing burning of 
fossil energy supplies, and their effects on the environment. Solar energy is becoming more and more well-liked as a plentiful and long- 
lasting source of renewable energy sources [1,2]. Solar energy is a valuable renewable resource that need to be utilized efficiently for 
the betterment of the environment. The abundance of solar radiation and its characteristics indicates that the renewable energy is an 
emerging field of study. Many materials have been researched and produced for solar cells, including Si, CdTe, perovskite, and others 
that have successful commercial products and high photovoltaic efficiencies [3–12]. However, these materials are toxic and have a few 
limitations that inhibit them from developing further. The perovskite solar cells are unstable due to their volatile organic components. 
The usage of Indium, Gallium, or Tellurium, which are scarce materials, drives up the cost of manufacturing CIGS and CdTe. The novel 
holey nitrogenized material C2N has effectively been fabricated by a straightforward chemical reaction [13], which opens the doors for 
using these materials for optoelectronic applications. Usually, layered C2N has uniform holes and nitrogen atoms [14–16]. It has 
excellent structural stability and a wider energy bandgap that ranges from 1.7 eV to 1.96 eV [13]. Several theoretical simulations have 
been conducted on C2N materials and proposed that C2N might possess exceptional electrical and optical properties [17–19]. The 
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distinctive structure and high surface-to-volume ratio of this material make it promising for numerous fields, including hydrogen 
storage, batteries, sensors, and catalysts [20–26]. In addition, C2N is a viable option for photovoltaics because of its favorable bandgap, 
higher absorption coefficient, environmentally nonthreatening, and excellent thermal stability [18,27]. However, there is no extensive 
studies in this area up to this point. Moreover, the C2N ayer has not been embedded in solar cell fabrication, and the majority of papers 
are restricted to reporting their fundamental properties [16–19]. Therefore, it is essential to research the C2N-based solar cell’s 
characteristics to guide future development. Solar cells simulation is an initial step toward fabricating new cells. In this regard, re-
searchers are focused on the simulation of C2N-based solar cells and obtained a noticeable result [16,28]. X. Zhou et al. [28] designed 
and simulated a C2N-based solar cell with SCAPS-1D software and optimized the window layer. He achieved the best performance 
(over 17 %) for C2N/CdS heterojunction solar cells. S. Yasin et al. [16] considered different types of buffer layers (MZO, PCBM, IGZO, 
Cd0.5Zn0.5S) for C2N-based solar cells. He optimized the buffer layer of a C2N-based solar cell by SCAPS-1D and obtained the best 
efficiency of 18.57 % for the IGZO buffer layer. 

In this study, a solar cell with C2N-absorber which was reported by Yasin et al. [16] has been reproduced and modified by adding 
contact layers and inserting a BSF layer. The reported structure (TCO/IGZO/C2N/back contact) has been firstly improved by incor-
porating Al and Pt as the front and back contact, respectively. Then, a comparatively highly doped CZT is inserted as a BSF layer 
between the C2N and Pt to enhance the performance of the cell. The proposed hetero-junction structure becomes Al/TCO/IG-
ZO/C2N/CZT/Pt. The cell structure Al/TCO/IGZO/C2N/Pt and Al/TCO/IGZO/C2N/CZT/Pt is referred to as the cell (i) without BSF 
layer and (ii) with BSF layer, respectively. The device structures have been analyzed by changing physical parameters of different 
layers and operating temperature. 

2. Modeling and physical parameters 

The SCAPS-1D, created by a team at the Department of Electronics and Information Systems (ELIS), University of Gent, Belgium 
[29,30], has been used to numerically simulate this study. The continuity equations for free electrons and holes as well as Poisson’s 
equation are the three key equations of semiconductor physics considered to develop this software. The key equations; Poisson 
equation (Equation (1)), continuity equation for electrons (Equation (2)), and continuity equation for holes (Equation (3)) are used for 
semiconductor device simulation and shown below [29,30]: 

Poisson equation: 
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where Ψ represents the wave function for the electrostatic potential, n and p are the electrons and holes concentrations, respectively, G 

Fig. 1. The schematic (a) block diagram (b) corresponding band diagram of the C2N-based solar cell.  
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is the generation rate, and ND+ and NA-are the ionized donors and acceptors densities, Ɛ0 and Ɛr are the permittivity of free space and 
the relative permittivity, and ρ is the density of defects. The current densities for electrons and holes are Jn and Jp, respectively. 

The SCAPS-1D can operate in a variety of situations: including back contact voltage, illumination in both light and dark, cell 
operating temperature, putting diverse interface conditions. All of these simulations were run with the light of the worldwide AM 1.5 
spectrum and at a temperature of 300 K. We concentrate on the computed outcomes for this study. 

The general design of the C2N-based solar cell has been modeled by considering the earlier reported structure [16] and modified by 
including Al and Pt as front and back contact, respectively. The modified structure (Al/TCO/IGZO/C2N/Pt) is referred to as a cell (i) 
without a BSF layer. To improve the performance of the cell, a highly doped CZT is inserted as a BSF layer between the C2N and Pt. This 
proposed structure (Al/TCO/IGZO/C2N/CZT/Pt) is referred to as cell (ii) with a BSF layer. The device’s absorber layer is made of 
nitrogenated holey C2N-based material, and its layer structure is as follows: Glass substrate with metal front contact (Al), TCO, buffer 
layer, absorber layer, and back surface field (BSF) layer and back contact (Pt) layer. We considering Indium Gallium Zinc Oxide (IGZO) 
as the buffer layer and Cadmium Zinc Telluride (CZT) as the BSF layer. The charge gradient on the same type of semiconductor 
produces a built-in potential. Based on this concept, a p + semiconductor is positioned amid the absorber and the back contact. The p +
-semiconductor layer is referred to as the BSF layer, and the field is referred to as the back surface field (BSF) [31]. The proposed cell 
and its energy band structure extracted from SCAPS-1D are shown in Fig. 1(a) and (b), respectively. The fundamental physical pa-
rameters for this simulation are considered from earlier reports and listed in Tables 1 and 2 [13,16,28,32]. The value of the absorption 
coefficient α(λ) of each layer needs to be inserted in SCAPS-1D software. This can be included by either absorption file (.abs) or 
calculated by using different built-in models stated in the optical absorption α(λ) of materials in the SCAPS manual [30]. Here we 
choose the SCAPS model “Eg-sqrt” (Equation (4)) for the optical absorption α(hv) calculation of different layers: 

α(hv)=
(

α0 + β0
Eg

hv

) ̅̅̅̅̅̅̅̅̅̅̅̅
hv
Eg

− 1

√

(4)  

here, Eg is the bandgap of the material in eV, hv is the energy of a photon in eV, and the model constants α0 and β0 (1/cm). The bandgap 
(Eg) value of C2N material is chosen as 1.80 eV extracted from Refs. [16,28] and the model constants α0 and β0 are considered as 
1.342 × 105cm− 1 and 1.0× 10− 12cm− 1, respectively. By examining the impact of thickness, defect density, and doping density on the 
device performance, the different layers have been optimized. 

From SCAPS-1D output, the diagram of the energy band can be derived, and Fig. 1(b) shows the corresponding diagram of the 
suggested cell with CZT BSF. Two forms of conduction band offset are created at the absorber/emitter contact depending on the 
material’s quality and properties: (i) a “spike type” (positive offset, +ΔEc) and (ii) a “Cliff type” (negative offset, -ΔEc). At the C2N/ 

Table 1 
Physical parameters of proposed C2N solar cell [13,16,28,32].  

Parameters (Unit) n-TCO (Window) n-IGZO (Buffer) p-C2N (Absorber) p-CZT (BSF) 

Thickness, W (μm) 0.1 0.1 0.5* 0.1* 
Energy bandgap, Eg (eV) 3.5 3.05 1.8 1.6 
Affinity of electron, χ(eV) 4 4.16 4.42 4.5 
Dielectric permittivity, εr 10 10 4.5 11 
Density of states NC (cm− 3) 2.2 × 1018 5 × 1018 1019 1016 

Density of states, NV (cm− 3) 1.8 × 1018 5 × 1018 1019 1017 

Thermal velocity of electron (cm/s) 107 107 107 107 

Thermal velocity of hole (cm/s) 107 107 107 107 

Mobility of electron, μe (cm2/Vs) 20 15 13 960 
Mobility of hole, μp (cm2/Vs) 10 0.1 20.6 56 
Donor Concentration, n (cm− 3) 2 × 1019 1018 0 0 
Acceptor Concentration, p (cm− 3) 0 0 1017 7.5 × 1019 

Type of Defect Neutral Neutral Neutral Neutral 
Density of Defect, Nt(cm− 3) 1014 1015 1015 1014 

Energy Distribution single Single Gaussian Single 
Absorption coefficient SCAPS SCAPS SCAPS SCAPS 

Note: * denotes variable fields. 

Table 2 
Defect parameters on IGZO/C2N and C2N/CZT interface.  

Parameters IGZO/C2N interface C2N/CZT interface 

Type of defect Neutral Neutral 
Defect energy level from EV (eV) 0.6 0.6 
Electron’s capture cross-section area (cm2) 10− 14 10− 14 

Hole’s capture cross-section area (cm2) 10− 17 10− 17 

Energetic distribution Single Single 
Total defect density, Nt (cm− 2) 1011 * 1011 * 

Note: * denotes variable fields. 
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IGZO interface, a positive conduction band offset (spike type) is seen in this instance. Very little band bending is caused by a very slight 
spike or nearly straight band offset, which enables a higher holes density on the absorber side. The cross-interface recombination may 
be enhanced by the higher hole density, increasing the recombination current and decreasing VOC [33]. Determining the optimum cell 
parameters is the main and most important task of a simulation. To do this, several factors, including layer thickness and carrier 
concentrations, defect densities, etc., have been varied systematically to obtain the optimum performance of the cell.(see Tables 1 and 
2) 

The contact parameters are taken from earlier reports [31,34,35] and concise in Table 3. 

3. Results and discussion 

3.1. Improvement of C2N solar cell by inserting a CZT BSF layer 

The proposed cell structures (i) without BSF layer (Al/TCO/IGZO/C2N/Pt) and (ii) with BSF layer (Al/TCO/IGZO/C2N/CZT/Pt) 
have been studied systematically to obtain optimized performance. A reasonable study of J-V and QE characteristics of both cells has 
been carried out and presented in Fig. 2. From Fig. 2(a), it is revealed that the CZT BSF layer considerably improved the JSC thus the cell 
performance compared to those of the same solar cell without the BSF layer. The output performance parameters of both the proposed 
cell structures without and with BSF layer along with the reference and reproduced cell structures have been presented in Table 4. 
From the table, it is observed that the output parameters of the replicated cell agreed satisfactorily with the reference cell structure 
[16]. This study validates our present work and opens a window for improving performance. It also reveals that the cell conversion 
efficiency is improved from 18.22 to 22.10 % by including contact layers and finally to 28.16 % by incorporating the BSF layer. As the 
open circuit voltage (VOC) and Fill-factor (FF) remain nearly constant after inserting the BSF layer, the enhancement in efficiency is 
attributed to improving the JSC from 17.82 to 22.59 mA/cm2. The performance enhancement of this cell can be explicated by the 
phenomena like electric field due to charge gradient in p-p+ junction, band bending between C2N and CZT layers, and enhancement in 
photoconverted carriers. 

The minority carriers are repealed away from the back surface due to the built-in potential and hence reduces the back-surface 
recombination velocity and increases the JSC. 

Table 3 
Physical parameters for front and back contact.  

Parameters Front Contact Back Contact 

Surface recombination velocity, Se (cm/s) 107 105 

Surface recombination velocity, Sh (cm/s) 105 107 

Work function (eV) 4.32; Al 5.93; Pt  

Fig. 2. (a) The simulated current density (JSC) vs. voltage (V) curves and (b) Quantum Efficiency (QE) curves of C2N-based solar cells with and 
without BSF layer. 
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The formation of preferable band offset among the CZT BSF and C2N absorber blocks the photo-generated electrons and reflected 
them to the front contact. Thus, incorporating the BSF layer into the solar cell results in the formation of favorable band alignment 
between the conduction and valance bands which assists holes whereas hinders electrons to reach the back contact [31,36,37]. 

In the case of cells with BSF, the BSF layer also act as absorber which enhances the electron-hole pair generation. The quantum 
efficiency (QE) curve of the proposed cell is shown in Fig. 2(b) elucidates that introducing BSF layer enhances the QE in the longer 
wavelength (600–800 nm) region which improves the cell performance. 

3.2. C2N absorber layer optimization 

3.2.1. Effect of thickness and doping concentration of C2N absorber layer on PV solar cell 
Fig. 3 shows the observed and portrayed effects of thickness and doping concentration of the absorber layer on device output 

parameters. The doping concentration varies between 1012 and 1018 cm− 3, while the absorber layer’s thickness varies from 0.5 to 1.5 
μm. The Voc, efficiency, and FF increase with increasing doping concentration, while the Jsc decreases along with it. All the parameter 
values decrease with rising the absorber thickness. The functioning of a cell is significantly persuaded by the thickness of the absorber 

Table 4 
A comparison of output parameters of C2N-based solar cells.  

Structures Performance parameters Comments 

VOC (V) JSC (mA/cm2) FF (%) PCE (%) 

Glass/TCO/IGZO/C2N/back contact 1.22 17.65 84.43 18.22 Reference [16] 
Glass/TCO/IGZO/C2N/back contact 1.20 17.70 85.47 18.15 Reproduced 
Al/TCO/IGZO/C2N/Pt 1.39 17.82 88.95 22.10 Proposed without BSF 
Al/TCO/IGZO/C2N/CZT/Pt 1.40 22.59 89.02 28.16 Proposed with BSF  

Fig. 3. Variation of photovoltaic output parameters: (a) VOC, (b) JSC, (c) FF, and (d) Efficiency (η) of C2N-based solar cell with absorber layer 
thickness and doping concentration. 
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layer. It directly affects the charge carriers’ diffusion length. The Beer-Lambert rule states that when the path length shortens, the 
absorbed light’s intensity grows exponentially [38]. A few hundred nanometers of absorber film may be absorbed sufficient sun’s 
spectrum to saturate solar efficiency. Here, the efficiency, Voc, and FF start declining above 0.6 μm, whereas Jsc becomes saturated. The 
absorber layer thickness therefore optimized to 0.6 μm. All metrics (Voc, FF, and eta) increase along with the rise in doping con-
centration, however, Jsc seems constant. Thus, considering the production costs and fabrication rates, a doping concentration of 1017 

cm− 3 is considered to be the optimized concentration. At this optimized condition, the values of Voc, Jsc, FF, and eta are found to be 
1.40V, 22.59 mA/cm2, 89.02 %, and 28.16 %, respectively. 

3.2.2. Influence of cell performance on absorber layer defect density 
The optical characteristics of thin film depends on the quality of the films. The functioning of solar cells is always negatively 

impacted by defects in their layers. Therefore, it is crucial to monitor the impact of the absorber layer’s defect density. To study the 
effect of the defect density of the absorber layer on cell performance, the defect density of the C2N layer varies from 1012 to 1017 cm− 3, 
while the thickness of the absorber layer is simultaneously altered from 0.5 to 1.5 μm. Fig. 4 shows that all of the solar cell’s char-
acteristics, including Voc, Jsc, FF, and eta, have considerably declined with rising defect density. The defect states act as localized 
energy levels and serve as a recombination center [39]. Thus, with increasing the defect density, the carrier recombination rate en-
hances which deteriorates the cell performance. Additionally, higher series resistance and a poor fill factor are caused by increasing 
defect density. As a result, we have selected an optimum defect density of 1015 cm− 3 with absorber thickness of 0.6 μm. The optimized 
performance parameters, Voc, Jsc, FF, and eta are found to be 1.40V, 22.59 mA/cm2, 89.02 %, and 28.16 %, respectively. 

3.2.3. Effect of the interface defect density on cell performances 
The interface defect has a significant effect on device performance. Therefore, we must observe the effect of the defects at interface 

(CZT/C2N and C2N/IGZO interfaces) on the output parameter. We changed the defect density at the CZT/absorber interface between 
1010 and 1020 cm− 2 and its outcomes are presented in Fig. 5(a). A detrimental effect is observed with increasing defect density. From 
the figure, it is revealed that, up to 1011cm− 2, there had been no appreciable change in the efficiency; but as defect density increased, 
the efficiency began to deteriorate rapidly. Device performance starts to rapidly degrade at interface defect levels of the order of 1011- 

Fig. 4. Variation of photovoltaic performance: (a) VOC, (b) JSC, (c) FF, and (d) Efficiency (η) of SC with thickness and defects density of C2N layer.  
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1014 cm-2 in device layers. The eta value has been reduced from 28.31 % to 18.72 % between 1011 and 1014 cm− 2 of the CZT/C2N 
interface defect density. The values of all parameters dropped with rising defect density. However, all of the PV characteristics are 
constant beyond 1016 cm− 2. Therefore, the CZT/C2N interface defect density has been considered to be 1011 cm− 2 to achieve optimum 
solar cell values. Additionally, we changed the density of the interface defects at the C2N/IGZO interface from 1010 to 1020 cm− 2 as 
shown in Fig. 5(b). A constant efficiency was observed up to 1015 cm− 2 and dropped to 25.32 % from 28.25 % for subsequent increases 
in defect density to 1019 cm− 2, and there was a sizable fall in VOC and Jsc as well. The Shockley-Read-Hall (SRH) recombination process 
may help to explain this phenomenon [40]. With increasing defect density carrier lifetime decreases thus carrier recombination is 
enhanced which deteriorates the efficiency. More carriers are also trapped in the defect sites with increasing defect density. To achieve 
our intended outcome, we have chosen an optimal density of 1011 cm− 2 for both interfaces. 

3.3. Impact of BSF layer thickness and doping concentration on PV solar cell 

The solar cell performance has been observed by changing the thickness and doping concentration of the BSF layer. The BSF layer’s 
thickness is changed from 0.1 to 0.6 μm and its impact on cell performance parameters VOC, JSC, FF, and eta is shown in Fig. 6(a). The 
performance parameters (JSC and eta) increase with increasing the BSF layer thickness. The VOC and FF seem nearly constant in the 
investigated range, whereas, the JSC rises linearly from 19.7 to 23.1 mA/cm2 with rising the BSF layer thickness from 0.1 to 0.5 μm. The 
efficiency also increases from 24.5 to 28.7 % and follows the same pattern of JSC. A similar outcome was reported by other researchers 
[31,41]. Increasing the efficiency with thickness can be attributed to more electron-hole pairs generation on thick layer. Even though 
efficiency rises with thickness, 0.4 μm was chosen as the optimum thickness to save the cost of the cells as thick cells are costlier. 

Fig. 6 (b) shows the effect of the doping concentration of the BSF layer on various output parameters (VOC, JSC, FF, and eta). All the 
parameters gradually rise with increasing the doping concentration of the BSF layer from 1015 to 1019cm− 3, after that all becomes 
saturated. A gradient in the doping concentration on absorber/BSF layer contact produces the built-in field that repeals the minority 
carrier from the interface. Thus, the recombination rate at interface is reduced and hence improves efficiency as the doping con-
centration rises over 1017 cm− 3. In addition, by lowering the Fermi level and raising the doping concentration, an advantageous band 
bending developed among the BSF layer and back contact [31,36]. As a consequence, the back contact has a more effective assortment 
of holes, which improves performance. Due to this research, an optimum doping concentration and thickness were set to be 7.5 × 1019 

cm− 3 and 0.4 μm, respectively. 

3.4. Effect of operating temperature on cell performance 

The operating device temperature strongly correlates with the stability of solar cell outcomes. According to earlier research, the 
solar cells performance degrades at higher temperatures. This was mostly ascribed to the layer’s quality deformation that instabile the 

Fig. 5. Variation of PV performance parameters with defect density of (a) CZT/C2N interface and (b) C2N/IGMO interface of the of C2N based solar 
cell structure. 
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Fig. 6. Variation of photovoltaic output parameters of C2N-based solar cells with (a) BSF (CZT) layer thickness and (b) BSF (CZT) layer doping 
concentration. 

Fig. 7. Output parameters: (a) VOC, (b) JSC, (c) FF, and (d) Efficiency (η) of C2N based cells with operating temperature.  
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solar cell structure [42,43]. To observe the effect of device temperature on cell outputs of our suggested structure, the temperature rose 
from 300 to 550 K for both structures, as depicted in Fig. 7. The Voc, FF, and eta are decreased with increasing the temperature for both 
the structures. The Jsc indicates a slight improvement in both cases with increasing the temperature. In general, as the operational 
temperature rises, the energy bandgap of most semiconductors shrinks [44,45], which deteriorates the Voc. Furthermore, the bandgap 
decreases with increasing temperature, increasing the JSC [36]. Different defect states present in the devices are also activated with 
increasing temperature which hinders the performance. The decline in VOC and FF is a cause of to drop in efficiency with operational 
temperature. As a result, we chose 300 K as the ideal temperature because it is simple to maintain in the experimental setting and 
maintains a comfortable value for all the parameters. 

4. Conclusions 

The proposed solar cell by using C2N absorber and CZT BSF layer was examined by SCAPS-1D software. A published cell structure 
(TCO/IGZO/C2N/back contact) with an efficiency of 18.22 % has been firstly reproduced and improved by incorporating the Al and Pt 
as front and back contact materials, respectively. Then, a novel solar cell structure (Al/TCO/IGZO/C2N/CZT/Pt) is proposed by 
including a heavily doped p-CZT material as BSF layer. The output parameters of the proposed device structure have been studied 
numerically by changing different physical parameters like thickness, doping density, and bulk and interfacial defect densities. The cell 
temperature has also been varied and the performance is noticed to decrease with the increase of temperature. From these numerical 
analyses, an optimized solar cell device structure has been proposed with 0.6 and 0.4 μm absorber and BSF layer, along with the doping 
concentrations of 1 × 1017 cm− 3 and 7.5 × 1019 cm− 3, respectively. The efficiency significantly enhanced from 18.22 to 28.16 % by 
incorporating the BSF layer with enhancement in VOC from 1.3938 to 1.40V, JSC from 17.82 to 22.59 mA/cm2, and FF from 88.95 to 
89.02 %. This research contributes to enriching the knowledge of C2N materials and their use in solar cells, and suggests that C2N might 
be a potential candidate for optoelectronic applications. 
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