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ABSTRACT  
 

Si crystalline solar cell by surface grating and the effect on solar cell efficiency studied and 
analyzed. 3D Multiphysics tool box using; the model of semiconductor is concerned for explaining 
the electrical properties, while the optical effect added with electromagnetic model. The efficiency of 
the model with triangle grating was 26.4 % and in a model without any grating was 25.3%. The PV 
efficiency improved by 1.1 % in case of isosceles triangle grating. The value of maximum power 
detected in isosceles triangle grating is 26.5[mW/cm2] that makes difference with [1.5mW/cm2] than 
without any grating model, and the largest value for the current density with isosceles triangle grating 
is 44 [mA/cm2].  
 
Key words: Si Crystalline, Photovoltaic, Solar cell, Surface grating, light trapping, Solar cell 

efficiency, MATLAB simulation.  

 
Introduction 

Since solar photovoltaic (PV) systems, that operate the sun, the most plentiful has been rising 
every year. 38 GW of PV modules were installed in 2013, and the total decreed capacity reached 137 
GW worldwide. Such rapid market growth has also motivated the price reduction of PV modules. As 
the price of PV modules has dropped, decreasing the balance of system (BOS) price for inverters, 
rising materials, installation, labor, and shipment has been more important. Highly efficient solar 
panels can decrease the BOS cost more than inefficient solar panels because they demand less panels, 
less rooftop space, less accumulating materials, and smaller installation times. The crystalline silicon 
structure adopted has notably decreased recombination loss in order to greater efficiency. 

Si crystalline solar cells are one of the furthermost pronounced and developed photovoltaic 
technologies with wide-ranging implementation across many markets. Power conversion efficiency 
achieved 25.0% (Zhao et al., 1999 and Green, 2009), and has raised slightly to 25.6% (Masuko et al., 
2014) and to 26.7% (Yoshikawa et al., 2017). For additional improve the PCE with low cost, 
conventional Si crystalline solar cells need to be enhanced significantly. Si crystalline photovoltaics 
classically based on heavily doped carrier-selective contacts, forming homo-junctions or 
heterojunctions for parting and extracting photo generated carriers. The homo-junctions exploit 
boron- or aluminum-diffused p + -type hole-selective contacts and phosphorus-diffused n+ -type 
electron-selective contacts(Zhao et al., 1999 ; Green, 2009), while the heterojunctions employ p+ -
type and n+ -type heavily-doped hydrogenated amorphous silicon (a-Si:H) respectively as electron 
and hole selective contacts (with intrinsic a-Si:H for example passivation coats on the c-Si surfaces) 
(Masuko et al., 2014; Yoshikawa et al., 2017). While, the achievements in boosting PCE to over 25% 
(Zhao et al., 1999; Green , 2009 ; Masuko et al., 2014; Yoshikawa et al., 2017), these heavy doping 
technologies still hold many shortcomings, which bound the cost and device performance. Heavily 
doped semiconductors demonstrate substantial Auger recombination, bandgap narrowing, 
bulk/surface recombination, free-carrier absorption, etc (Richter et al.,2012 ; Yan and  

Cuevas, 2014; Oh et al., 2012; Baker-Finch et al., 2014). All these unfavorable factors will 
greatly restrict open circuit voltage, short circuit current of the photovoltaic solar cells, having an 
effect on the cell PCEs. Annealing and High-temperature distribution processes are permanently 
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essential for doping. Flammable gases and Toxic (i.e., borane and phosphine) are involved for the 
development of p+ -type and n+ -type a-Si:H. The doping processes is complicated, meaning costly 
and unfriendly to the environment. In the recent years, dopant-free carrier-selective contacts have 
been offered (Battaglia et al., 2016; Cuevas et al., 2015).  

The problem of higher cost, thicker Si crystalline wafers have greater bulk recombination, 
which guides to stricter quality needs for the wafers. Using thinner Si crystalline decreases the cost of 
the solar cell, and potentially progresses open-circuit voltage due to the decrease the bulk 
recombination (Herasimenka et al., 2013). The wafer becomes flexible and light when the thickness is 
decreased (Wang et al., 2013), enabling some further applications of Si crystalline solar cells that 
necessitate lightweight and strong mechanical flexibility.  Lots of different thin Si crystalline solar 
cells have introduced, such as, 43-µm (Petermann et al., 2012 ) and 10-µm (Branham et al., 2015 ; 
Jeong et al., 2013) heavy homo-junction Si crystalline solar cells, 20-µm heavy organic-inorganic 
hybrid Si crystalline solar cells (He et al., 2015). All these thin Si crystalline solar cells incapacitate 
contacts (Petermann et al., 2012; Branham et al., 2015; Jeong et al., 2013; He et al., 2015) and 
inevitably suffer from the technological and physical matters persuaded by heavy doping. There have 
been no reports on the dopant free carrier choosy contacts for Si crystalline solar cells less than 100 
µm. 

Although, that range of wavelengths encloses 36.2% of the solar photons using energies over 
the band gap of Si crystalline (ASTMG, 2005). Therefore, solar cells made from Si crystalline thin 
films or 150 μm Si crystalline wafers will fail to recognize a significant number of photons that could 
otherwise use to generate power in the cell. In the same time, expenditure of thicker Si crystalline 
wafers, e.g., 775 μm, with their consistently longer diffusion lengths (Rohatgi et al., 1993), drives up 
costs significantly. Accordingly, progressive light trapping schemes are essential to form thin yet 
efficient solar cells, composed from Si crystalline and other, thoroughly associated materials, like 
monocrystalline silicon (that has the identical bandgap and identical absorption features (Fischer et 
al.,1996 ). There are two characteristic approaches to light trapping: geometrical optics, which i 
mostly used in solar cells today, and wave optics, which signifies a new approach to the problem that 
has just launched to explore. Conventional attitudes to the light trapping in photovoltaics depend on 
managing light ray pathways through geometrical optics. 

In this paper, Multiphysics toolbox utilized to triangle surface grating of Si Crystalline solar 
cells. The Importance of this study is modeling of isosceles triangle surface grating to show the effect 
of isosceles triangle on the Si Crystalline solar cells efficiency. 

The rest of the paper presented as follows. In Section 2 introduction of model structure and its 
parameters of used Si Crystalline solar cell models. Section 3 show the model of semiconductor used 
in study. Section 4 simulation results of the presented study. Lastly, Section 5 gives Conclusions of 
this study. 

 
Proposed Model Structure 
  

The structure of the utilized Si Crystalline solar cell indicated in Figure 1 made up of three 
stacked layers, The solar cell structure is composed as 0.3µm n+ made of silicon,198.9 µm as P-type 
silicon, and the p+ is 0.8 µm and whole thickness of the isosceles triangle grating Si Crystalline solar 
cell is 200 µm. The used material parameters values obtained from of the Si crystalline solar cell given 
in Table 1. Figure 2 shows an isosceles triangle surface grating presented with simulation to study the 
electrical and optical effects on the cell model performance. 
 
Table 1:  The parameters in the Si Crystalline 
Parameter Name Value 
Temperature 300 [K] 
P+-doping 6e19 [1/cm^3] 
N+-doping 6e19 [1/cm^3] 
intrinsic carrier concentration (Si)  1 e16[1/cm^3] 
P-type Si thickness  198.9 µm 
N+ Si thickness  0.3 µm 
P+ Si thickness  0.8 µm 
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angle of ligth incidence 0[deg] 
electron mobility (Si) 1500 [cm^2/(V*s)] 
hole mobility (Si) 450 [cm^2/(V*s)] 
Electron carrier life time (Si-N+) 0.0001 [ns] 
Hole carrier life time (Si-N+) 10 [ns] 
Electron carrier life time (Si-P+) 10 [ns] 
Hole carrier life time (Si-P+) 0.0001 [ns] 
Boltzmann's constant 1.38e-23 [J/K] 
Elementary charge 1.602e-19 [C] 
input power flow 100[mW/cm^2] 
plank constant in [J*s] 6.62606957e-34[J*s] 
band gap (Si) 1.74[eV] 
electron affinity (Si) 4.00[eV] 
relative permittivity (Si) 11.7 

 

 
 

Fig. 1: The model structure of Si crystalline solar 
cell [5] 

Fig. 2: The model structure of Si crystalline solar 
cell with isosceles triangle grating 

 

 
Fig. 3: The equivalent solar cell circuit 

Transport Model 
As shown in Fig. 3 equivalent circuit of Si crystalline solar cell, the photoI–V characteristics of 

a Si crystalline solar cell under illumination condition can expressed by Sheng, (2006). 

� = −��� + ��� ���� �
��

���
� − 1�                                                                                                            (1)                                       
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Where���the injection current and Iph is the photocurrent component. 

At I=0 in equation (1) 

��� = −���                                                                                                                                  (2)         

Isc is the short circuit current, Vocis the open circuit voltage.      ��� = �� �� ��
���

���
� + 1�            (3)     

If the series resistance ��and neglects the shunt resistance effect (i.e., ���→∞) in the I–V 

equation, then the output current of the solar cell can expressed as: 

� = �������(� − ���) )/�� � − 1� − ���                                                                                               (4)                                   

In addition, the output power given by: 

     � = �� = � ��� ln �
�����

��
+ 1� + ����                                                                                    (5) 

Moreover, the maximum output power can calculated using the expression. 

�� = ����                                                                                                                                   (6)                                                                             

Where                                                                            

�� = (���� + ���) �
(�� /�� )

(1 + (�� /�� )
�                                                                                                 (7)     

Here �� is the current corresponding to the maximum power output (Sheng, 2006). 

The efficiency solar cell can calculated from the presented model (Sheng, 2006). 
 

Efficiency of Solar Cell =
������ ��

���
                                                                                              (8) 

 
Where FF is the filling factor: 

 �� =
����

������
                                                                                                                                     (9) 

 
The Simulation Results  

The results simulation Si crystalline solar cell model  are presented in this section, full 
information about the simulation results  presented in Figure 4 and Table 2, as presented in Figure 4 I-V 
curve and power curve for the given model with isosceles triangle grating shape. In case of without 
grating, the efficiency was 25.3%. The largest result in this study happened at the isosceles triangle 
grating the efficiency was 26.4%, the total enhancement efficiency between the two models was 1.1%. 
The maximum power obtained from the model without grating was 26 mW/cm2, and with isosceles 
triangle grating was 26.5 mW/cm2 that reveals an enhancement in the maximum power. 

The surface isosceles triangle grating exploits the scattering results to add additional light to get 
into Si Crystalline solar cell to enhance the total absorption efficiency and the maximum electrical 
power above the isosceles triangle surface grating as demonstrated in Table 2.  The Shape and size of 
the isosceles triangle grating defines the amount of the generated power by the cell established in the 
diffusion of the solar spectrum incident on the cell. In the above case, the maximum power produced by 
the solar cell is boosted self-reliant of the location of isosceles triangle grating by 26.4 [mW/cm2]. 
Figure 5 shows the doping profile of the utilized Si Crystalline solar cell layers, as we showed in Table 
1, the concentration of P+ doping was about 6 × 10��[atoms/cm3] and the N+ doping concentration was 
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about 6 × 10�� [atoms/cm3]. Figure 6 Show the Electric field intensity at the surface of the modeled cell 
(a) without grating, (b) with isosceles tringle grating. 

 

 
Fig. 4: I–V/P–V of  model with and without grating isosceles triangle grating 

 
Table 2:  The result values 

Parameter Name Without grating 
With isosceles triangle 

grating 
Pin (Input Power) [W/m2] 1000 1000 
Pmax (Maximum Power) [mW/cm2] 25 26.5 
Isc(Short Circuit Current Density) [mA/cm2] 48 46 
Voc(Open Circuit Voltage) [V] 0.63 0.73 
Im(Maximum current Density) [mA/cm2] 46 44 
Vm(Maximum Voltage) [V] 0.55 0.6 
FF(Filling Factor) 0.837 0.787 
Efficiency (%) 25.3 26.4 

 

 

Fig. 5: The doping profile of Si Crystalline solar cell. 



Curr. Sci. Int., 6(4): 993-999, 2017 
ISSN: 2077-4435 

998 

 
 

Fig: 6. The  Electric field intensity at the surface of the modeled cell (a) without grating, (b) with 
isosceles triangle grating. 

 
Conclusion 

In this research study, 3D Multiphysics modeling of Si Crystalline solar cell was determined. As 
presented in study we run the model of semiconductor device in Comsol Multiphysics software to obtain 
the most important parameters of Si Crystalline solar cell. In Si Crystalline device with grating and 
without grating using the same parameters we observe that two difference between the results. The 
results show that structure of the isosceles triangle grating was effectual in enhancing the performance 
of the Crystalline Silicon solar cell. It shown that the isosceles triangle grating was effective at the 
considerable efficiency enhancement to 26.4% the total enhancement about 1.1%.  

References 
 
ASTMG173-03, 2005 .Standard Tables for Reference Solar Spectral Irradiances: "Direct Normal and 

Hemispherical on 37 degree Tilted Surface ASTM International. West Conshohocken, 
Pennsylvania.  

 Baker-Finch, S. C., K. R. McIntosh, D. Yan, K. C. Fong and T.C. Kho, 2014  ."Near-infrared free 
carrier absorption in heavily doped silicon. J. Appl. Phys., 116:(6).   

Battaglia, C., A. Cuevas and S. De Wolf, 2016. High-efficiency crystalline silicon solar cells: status 
and perspectives," Energy & Environmental Science, Vol. 9, pp. 1552-1576.  

Branham, M. S., W. C. Hsu, S. Yerci, J. Loomis, S. V. Boriskina, B. R. Hoard, S. E. Han  and G. 
Chen, 2015."15.7% efficient 10‐µm‐thick crystalline silicon solar cells using periodic 
nanostructures. Adv. Mater., 27(13): 2182-2188,  

Cuevas, A., T. Allen, J. Bullock, Y. Wan and X. Zhang, 2015."Skin care for healthy silicon solar 
cells. IEEE 42nd Photovoltaic Specialist Conference (PVSC), New Orleans, LA, USA,  

Fischer, D., S. Dubail, J. Selvan, N. P. Vaucher, R. Platz, C. Hof, U. Kroll, J. Meier, P. Torres, H. 
Keppner, N. Wyrsch, M. Goetz, A. Shah, and K.]D. Ufert, 1996. The micromorph solar cell: 
extending a-Si:H technology towards thin film crystalline silicon. Twenty-fifth Photovolt. Spec. 
Conf., Washington, DC, USA, pp. 1053. 

Green, M. A., 2009. The path to 25% silicon solar cell efficiency: history of silicon cell evolution," 
Progress in Photovoltaics: Research and Applications, 17(3):183-189. 

He, J., P. Gao, M. Liao, X. Yang, Z. Ying, S. Zhou, J. Ye and Y. Cui, 2015."Realization of 13.6% 
efficiency on 20 µm thick Si/organic hybrid heterojunction solar cells via advanced 
nanotexturing and surface recombination suppression," ACS nano , 9(6):6522-6531.  

Herasimenka, S. Y., W. J. Dauksher and S. G. Bowden, 2013. > 750 mV open circuit voltage 
measured on 50 µ m thick silicon heterojunction solar cell," Appl. Phys. Lett., 103(5).  



Curr. Sci. Int., 6(4): 993-999, 2017 
ISSN: 2077-4435 

999 

Jeong, S., M. D. McGehee  and Y. Cui, 2013."All-back-contact ultra-thin silicon nanocone solar cells 
with 13.7% power conversion efficiency," Nat. Commun., Vol. 4,  

Masuko, K., M. Shigematsu, T. Hashiguchi, D. Fujishima, M. Kai, N. Yoshimura, T. Yamaguchi, Y. 
Ichihashi, T. Mishima and N. Matsubara,  2014. Achievement of more than 25% conversion 
efficiency with crystalline silicon heterojunction solar cell," IEEE Journal of Photovoltaics, 4(6): 
1433-1435. 

Oh, J., H.-C. Yuan,  and H. M. Branz, 2012. " An 18.2%-efficient black-silicon solar cell achieved 
through control of carrier recombination in nanostructures," Nat. Nanotechnol., 7, pp. 743-748.  

Petermann, J. H., D. Zielke, J. Schmidt, F. Haase, E. G. Rojas and R. Brendel, 2012. 19%‐efficient 
and 43 µm‐thick crystalline Si solar cell from layer transfer using porous silicon," Progress in 
Photovoltaics: Research and Applications, 20(1):1-5.  

Richter, A., S. W. Glunz, F. Werner, J. Schmidt, and A. Cuevas, 2012. Improved quantitative 
description of Auger recombination in crystalline silicon," Phys. Rev. B, 86 (16).  

Rohatgi, A., E. Weber, and L. C. Kimerling, 1993. “Opportunities in silicon photovoltaics and defect 
control in photovoltaic materials. J. Electron. Mater., 22(1): 65–72.  

Sheng S. Li, 2006. Semiconductor Physical Electronics", Second Edition, Springer, Book, chapter 12. 
Wang, S., B. D. Weil, Y. Li, K. X. Wang, E. Garnett, S. Fan,  and Y. Cui, 2013."Large-area free-

standing ultrathin single-crystal silicon as processable materials. Nano Lett., 13(9):4393-4398.  
Yan, D., and A. Cuevas, 2014. Empirical determination of the energy band gap narrowing in p+ 

silicon heavily doped with boron. J. Appl. Phys., 116(19).  
Yoshikawa, K., H. Kawasaki, W. Yoshida, T. Irie, K. Konishi, K. Nakano, T. Uto, D. Adachi, M. 

Kanematsu, and H. Uzu, 2017. Silicon heterojunction solar cell with interdigitated back contacts 
for a photoconversion efficiency over 26%.  Nature Energy, 2(17032):1-8.  

 Zhao, J., A. Wang and M.A. Green,  1999." 24• 5% Efficiency silicon PERT cells on MCZ substrates 
and 24• 7% efficiency PERL cells on FZ substrates," Progress in Photovoltaics: Research and 
Applications, 7( 6): 471-474. 


	Received: 15 Oct. 2017 / Accepted: 10 Dec. 2017 / Publication date: 30 Dec. 2017
	ABSTRACT 



