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Abstract—This paper demonstrates the performance 

improvement of a very thin (410 nm thick) P-a-SiC:H/I-a-

Si:H/N-a-Si:H heterojunction solar cell simulated using 

SCAPS-1D software, a very commonly encountered 

mathematical simulation program used for modeling 

variegated solar cells structures. Our PIN heterojunctoin solar 

cell comprises of two distinct consecutive P+ layers, CuAlO2 

as Transparent conducting oxide (TCO), and SrCu2O2 as Hole-

transport material (HTM) layer, a window layer (P- type 

amorphous-Silicon-Carbon (a-SiC:H)), an absorber (intrinsic 

(I) hydrogenated amorphous-Silicon (a-Si:H)), n-type a-Si:H 

and ZnO as the bottom layer before the back contact. It can be 

realized that insertion of these TCO and HTM on PIN 

enhances the conduction of charge carriers to the contacts and 

thus serves as an efficient carrier conduit. This eventually 

increases the efficacy of the ohmic contact and also provides 

the effect of back surface field. Corollary, we observe the 

better efficiency at optimized thickness, band gap and doping 

concentration of each layer from our proposed heterostructure, 

which leads to an outstanding view of the transport 

mechanism and revelation of the role of a suitable TCO and an 

opposite HTM on the performance of PIN heterostructure 

solar cell based on a-Si:H. The best photon conversion 

efficiency (PCE) from our P-a-SiC:H/I-a-Si:H/N-a-Si:H 

heterojunction solar cells is achieved as 21.4%.  

 

Keywords—a-Si:H, a-SiC:H, heterojunctoin solar cells, 

HTM, PCE, TCO. 

 

I. INTRODUCTION 

wing to some promising features such as high 

optical absorption coefficient, substantially 

reduced cost, many-meters-long large-scale fabrication 

with less challenging techniques (regardless of the 

substrates’ types at temperature below 600
o
C, even 

glass can be utilized as substrate), and non-toxicity, thin 
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film amorphous-Silicon photovoltaic (PV) cells have 

always been considered as an attractive choice for the 

research community of renewable technology [1-5].  

In line with this, energy-bandgap (Eg) tunability is 

considered as a pertinent feature for amorphous silicon 

PV cells. Variation of the Eg of amorphous silicon 

alloys are made wide-ranged by changing the 

percentage of elemental-substance (hydrogen, carbon, 

and germanium, etc.) into the amorphous silicon. 

Therefore, in latest years, hydrogenated amorphous-

Silicon (a-Si:H) and its compounds grow into a 

favorable candidates for PV applications. The inclusion 

of a-Si:H alloys (a-SiC:H, a-SiGe:H, etc) offer a decent 

solution to enhance a-Si:H solar cell performance [6-7]. 

The alloys that are used most in PV cells are 

amorphous-Silicon-Carbon (a-SiC:H) and amorphous-

Silicon-Germanium (a-SiGe:H). The a-SiC:H 

compound with wider Eg is typically utilized as a 

window layer for abating the optical loss. While due to 

narrow bandgap, a-Si:H and a-SiGe:H compounds are 

extensively used as intrinsic layer, and thus expected to 

play a vital part in the performance enhancement in a-

Si:H based cells. It is worth mentioning that the photon 

conversion efficiency (PCE) of a-Si:H PV cells has 

evolved to surpass 12% for single junction, 13-14.6% 

for tandem or multijunction PV cells [7]. Mainly, the 

key stumbling block of a-Si:H solar cell is yet the small 

PCE compared to the rest of the existing PV 

technologies, mostly owing to the large number of 

electronic energy states within the Eg, that even 

augments at the exposure of heat/sun and thus results in 

the deterioration of PCE which is known as the 

established Straeber-Wronski Effect (SWE) [8]. 

Therefore, for improvement of efficiency in cell 

technology, detail understanding and optimum usage of 

individual layer of PV cells are regarded as one of the 

critical matters. Likewise,  inclusion of effective tunnel 

recombination junction in tandem cells, mobility of 

charge carriers, concentration of impurity added, surface 

qualities of the electron and hole transport materials 
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(ETM & HTM) and their proper alignment of energy 

bands with absorber [9-11], all are the decisive aspects 

for effective passage or collection of the charge carriers 

to the metal contacts (front and back). This is simply 

possible if the work-function of front contact material is 

almost identical or marginally larger than conduction 

band edge of the transport layer. Corollary, larger work-

function presumably yields an ohmic contact for holes 

and electrostatic barrier for electrons in HTM. Cell 

performance also worsens if the recombination 

mechanism is not addressed properly as accumulated 

charges will intrude the electric field inside the cell. 

Therefore proper Tunnel junction or recombination 

layer is imperative to maintain the current flow through 

an entire heterojunction cell.  

Again, talking about the transparent conducting oxide 

(TCO), HTM, ETM layers in PV cells, it is needless to 

mention that these are merely semiconductor capable of 

converting a fraction of solar spectrum into illumination 

current. Also these are indispensable in solar cells as 

photoelectrodes due to their appropriate properties such 

as abundance with suitable Eg and affinity, wide 

surface-area, and flexibility of processing in diverse 

forms. Till now several processing methodologies and 

advancement have been carried out largely based on 

absorber layer than the other layers. However, the other 

layers can also augment the performance of the PV cells 

through controlling the specific dynamics of carriers 

along the complete conduit starting from the absorber to 

the external contacts/electrodes.  

In this circumstance, our structure targets to explore 

all the pertinent performance features through 

simulation focusing on improving the conversion 

efficiency of a typical PIN heterojunction hydrogenated 

amorphous-Silicon (P-a-SiC:H/I-a-Si:H/N-a-Si:H) with 

the inclusion of a p-type transparent conducting oxide of 

CuAlO2, and a HTM layer of SrCu2O2 and thereafter 

also through the variations of thicknesses, series 

resistance, defect densities, doping concentrations, and 

Eg of every PIN layers. We hope and surmise, this 

learning will benefit the researchers in this field of 

renewable energy, considering optimization and 

evolution of the prevailing PIN PV cells together with 

the comprehension of the starring role of the transport 

layer on the performance of the heterojunctions at the 

same time.  

II. METHODOLOGY, SIMULATION AND STRUCTURAL 

DETAILS OF PROPOSED CELL  

In this work the modelling and simulation are 

performed using the popular SCAPS-1D simulation 

program/software. We intended to elevate the 

performance of the proposed cell through optimization 

of thickness, energy gap, defect densities and doping 

concentrations of the window, absorber/intrinsic, 

conducting oxides and transport layers for attaining 

maximum possible PCE under 1.5 AM solar irradiance 

and at a temperature of 300 K.  

The properties of all requisite design parameters used 

for calculating the carrier dynamics and transport 

equations of the structure are given in Table-I and II that 

have been collected from existing established literatures 

[12-14].  

 
(a) 

 
(b) 

Fig. 1. (a) Schematic depiction of proposed heterojunction PV 

cells at optimized thickness of all layers. (b) A screen-shot of 

the layout from SCAPS-1D simulation software. 

 

In Fig. 1, the structural details of our proposed PIN P-

a-SiC:H /I-a-Si:H /N-a-Si:H heterojunction solar cell is 

shown elucidately. In our optimized structure, a-Si:H is 

inserted as N-type (30 nm thick), a-SiC:H is used as P-

type (20 nm thick) layers at the top and the intrinsic a-

Si:H (300 nm thick) is sandwiched as the absorber layer. 

Above the P-type a-SiC:H, 20 nm thick SrCu2O2 is used 

as HTM and another 20 nm of CuAlO2 is used as P-type 

TCO on the very top attached to the front contact. Also, 
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a 20 nm of N-type ZnO is added right beneath the N-

type a-Si:H  connected to the back contact to offer low 

electrical losses (low series resistance) and optical 

losses. The total thickness of the entire structure 

becomes only 410 nm as a whole.  
 

TABLE I 

PARAMETERS OF KEY MATERIALS UTILIZED AS PIN 

Parameters N-a-Si:H I-a-Si:H P-a-SiC:H 

Eg(eV) 1.8 1.8 1.90 

χ (eV) 3.8 3.8 3.7 

εr 11.9 11.9 11.9 

NC (cm-3) 2.50  1020 2.50  1020 2.50  1020 

Nv (cm-3) 2.50  1020 2.50  1020 2.50  1020 

μn (cm2/Vs) 2.00 101 2.00  101 1.00  101 

μp (cm2/Vs) 2.00 100 2.00 100 1.00 100 

ND (cm-3) 0 0 0 

NA (cm-3) 8.00 1018 0 2.9  1018 

 

TABLE II 

PARAMETERS OF MATERIALS USED AS TCO AND HTM 

Parameters ZnO (n) SrCu2O2 CuAlO2 

Thickness 

(µm) 

0.02 0.02 0.02 

Eg(eV) 3.37 3.3 3.60 

χ (eV) 4.35 2.2 2.500 

εr 10 9.7 60.000 

NC (cm-3) 2.22  1018 2.20  1018 2.20  1018 

Nv (cm-3) 1.78  1018 1.80  1019 1.80  1019 

μn (cm2/Vs) 1.00 102 1.00  10-1 2.00  100 

μp (cm2/Vs) 5.00 101 4.60  10-1 8.60  100 

ND (cm-3) 1.00 1020 0 0 

NA (cm-3) 0 3.68  1018 3.80  1018 

A. The optical Properties of a-Si:H 

The pertinent optical properties of a-Si:H is its 

absorption coefficient, Eg and refractive index. The Eg 

of it is determined as the minimum band-gap also 

referred as mobility gap between extended conduction 

and valence band that typically lies in the range of 1.7 to 

1.8 eV for a good quality of a-Si:H. However, the 

optical Eg increases as the concentration of H increases 

[15]. The inclusion of Ge in a-Si:H reduced the Eg, 

while alloying with C (a-SiC:H) results in widening the 

gap that can be tuned to as high as 2 eV [16]. 

B. The significance of a-SiC:H in PIN a-Si PV Cell 

The inclusion of large band gap of a-SiC:H as 

top/window layer is essential to heighten the absorption 

in typical PIN solar cell based a-Si:H, owing to their 

great conductivity, and wider range of optical Eg 

suitable for photon soaking [17-18]. But it is not 

preferably used as absorber because its defect density is 

high. In a-SiC:H, the optoelectronic priorities and 

thickness are the major parameters that needed to be 

optimized for better performance of PIN cells. 

Corollary, the attachment of suitable absorber (intrinsic) 

layer at the interface of P-I can play a vital role in 

upgrading the crossing-junction of p-i-n solar cell and 

lessening the recombination at P-I domain. In this 

context, P-I interface of p-a-SiC:H /I-a-Si:H is suitably 

matched in PIN solar cells based on a-Si:H.  

III. RESULTS AND DISCUSSIONS 

A successful PV cell demands two basic 

requirements: (i) the current generated throughout 

heterojunctions will be almost equal and (ii) the cell will 

have lowest electrical resistance and optical losses 

possible. These requirements can be controlled by 

varying band-gap, thickness, and defect of absorber 

layer and by adding suitable transport layer [17-19]. 

 

 
Fig. 1.  Fill-Factor (FF), Jsc (short circuit current density), and 

open circuit voltage Voc, as a function of band-gap varied from 

1.7 to 2 eV for all P, I and N-layers. 

 

 
Fig. 2.  Fill-Factor (FF), Jsc (short circuit current density) 

open circuit voltage Voc, and efficiency (%) as a function of Eg 

of the P, I and N-layers varied from 1.8 to 2 eV. 
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It has been revealed almost an era ago that the a-Si:H 

gives higher efficiency if light enters into the PIN PV 

cell from P-type window [3]. Since in PIN, intrinsic (I) 

layer works as absorber layer, the carriers mostly 

generates here, experienced the field, and they 

(electrons/holes) are swept/run towards the N-side/P-

side of the structure. The low thickness of I-layer would 

provide high electric field, but will soak lesser number 

of carriers. Therefore, thickness, band-gap, and defect 

of I-layer are considered important design parameters.   

Our simulation, as shown in Fig. 1, shows the effect 

of varying band-gap (Eg) on the performance of the cell 

such as FF, Jsc and Voc for the P, I and L-layer each. 

Since for a good quality of a-Si:H the Eg can vary from 

1.7 to 2 eV, we intend to see the effect for this particular 

range. We can see from the Fig.1 that as the Eg is 

increased the FF, and Voc is increased, while Jsc is 

decreased, which is very typical. It is conspicuous from 

the result that 1.8 eV is the optimized Eg of the a-Si:H 

as I and N-layers. Next, from Fig. 2 we can also observe 

the effect of Eg on the efficiency together with other 

factors giving emphasis on the range from 1.8 to 2 eV, 

particularly for P-type a-SiC:H as window. We can see 

that for P-type a-SiC:H, 1.9 eV is the optimized Eg at 

which highest efficiency can be attained. 

 

 
Fig. 3. The effect of the variation of thickness of each layer 

from 1 nm to 1000 nm on Fill-Factor (FF), Jsc (short circuit 

current density) open circuit voltage Voc, and efficiency (%) of 

the entire structure. 

Then we observe the effect of thickness, defect and 

doping densities on our structure as depicted in Fig. 3, 4 

and 5, consecutively. Our simulation results reveal that 

the efficiency increases linearly by increasing the 

thickness of absorber I-layer from 1 to 100 nm and 

gradually becomes maximum at 300 nm (Fig. 3). 

Thereafter the efficiency starts to decrease slowly again. 

As we know that the photon absorption is expected to 

increase with increasing thickness, however, it is also 

known that much larger thickness will affect the electric 

field and therefore we see the optimized thickness of the 

I-layer of the PIN structure is 300 nm. 

 
Fig. 4.  Fill-Factor (FF), Jsc (short circuit current density) open 

circuit voltage Voc, and efficiency (%) as a function of defect 

density Nt (cm-3) of all layers. 

 

 
Fig. 5. The variation of doping concentration on the 

performance parameters (Fill-Factor (FF), Jsc (short circuit 

current density) open circuit voltage Voc, and efficiency (%) ) 

of all layers. 

 

The P-type a-SiC:H layer shows the same 

dependence as the N-type a-Si:H layer with the 

variation of thickness on the performance. The P-layer 

thickness is chosen as 20 nm, whereas for N layer 

thickness is selected slightly thicker as 30 nm with an 

N+ ZnO layer right beneath with a thickness of 20 nm 

for maintaining series resistance as low as possible. 

Thus the overall height of total N layers is decided as 50 
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nm, while the total P layers is best optimized as 60 nm 

including the 20 nm of P+ type SrCu2O2 HTM and P+-

type CuAlO2 TCO of 20 nm above the P-type a-SiC:H 

window.  

We also explore the effect of defect density. We can 

see from the Fig. 4 that, particularly the defect density 

of I-a-Si:H strongly disturbs the performance of the cell 

and charge transport by introducing the non-uniform 

electric field profile. Also the optimization of our 

structure to choose suitable doping densities of relevant 

P and N layers are depicted in Fig. 5.  

 
(b) 

 
(c) 

Fig. 6. (a) The screen-shot of the I-V curve from SCAPS-1D 

after simulation of the optimized PIN (P-a-SiC:H/I-a-Si:H/N-

a-Si:H) heterojunction solar cell including P+ type SrCu2O2 

HTM and P+-type CuAlO2 TCO (b) The plotted I-V 

characteristics of the optimized PIN (P-a-SiC:H/I-a-Si:H/N-a-

Si:H) heterojunction solar cell including P+ type SrCu2O2 

HTM and P+-type CuAlO2 TCO. (c) The quantum efficiency 

(QE (%)) of the PV cell as a function of wavelength. 

Finally, the I-V characteristics and quantum 

efficiency of the optimized structure of P-a-SiC:H/I-a-

Si:H/N-a-Si:H heterojunction solar cell including P+ 

type SrCu2O2 HTM and P+-type CuAlO2 TCO, and a 

similar P-a-SiC:H/I-a-Si:H/N-a-Si:H heterojunction 

without the P+ type SrCu2O2 HTM and P+-type CuAlO2 

TCO are shown in Fig. 6, and Fig. 7, respectively for 

the readers understanding. It reveals that without HTM 

and TCO, the efficiency reduced 2% from our proposed 

cell with HTM and TCO.  

 
Fig. 7. The I-V characteristics of the PIN (P-a-SiC:H/I-a-

Si:H/N-a-Si:H) heterojunction solar cell without HTM and 

TCO. 

In a nutshell, the optimization of our overall structure 

is accredited to the favorable effect on the performance 

of the PV cell, specifically achieving the Voc of 1.4 V, 

PCE of 21.4% and short-circuit current of 19.01 

mA/cm
2
 without any significant defeat in FF as 81.06%. 

IV. CONCLUSION 

In this effort, a systematic analysis on an ultra-slim 

(410 nm) heterojunction PIN P-a-SiC:H/I-a-Si:H/N-a-

Si:H PV cell is designed and simulated using SCAPS-

1D simulator. At first place, the PV cell were simulated 

and optimized with the variation of band diagram, 

thickness, defect densities and doping concentrations of 

P-type a-SiC:H as window layer at P-I interface, a-Si:H 

as absorber I and N-type layers. The highest PCE is 

achieved to be 21.4% implementing SrCu2O2 as HTM 

layer and CuAlO2 as suitable P-type TCO which provide 

suitable back surface-fields as well. Simulation results 

reveal that they have significant contribution in 

achieving such a high efficiency. At 1.5 AM solar 

irradiance, the proposed cell structure with HTM and 

TCO layers achieved an open-circuit voltage of 1.4 V, a 

short-circuit current density of 19.01 mA/cm
2
, and a fill 

factor of 81.06% and the corresponding overall 

conversion efficiency of 21.4%. The same structure 

without TCO and HTM produces an open-circuit 

voltage of 1.3 V, a short-circuit current density of 18 

mA/cm
2
, and the reduction of efficiency of 2% than that 

of the previous one.  
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