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ABSTRACT 
 

Numerical simulations have shown that low reflectivity’s at the surface of the planar cell coated with 
a single layer can be obtained. For example, for single coatings of Si3N4 and HfO2 materials, 
reflectivity values of around 3% and 2% respectively are obtained. Structures with multilayer 
coatings such as MgF2 /SiNx: H/Si, give a very low reflectivity of around 1%. Thus, the refractive 
index of the coating is an important parameter that plays a major role in the optical properties of the 
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materials. The closer the refractive index is to the index of the substrate or the layer above the 
substrate, the higher the reflectivity. The low reflectivity’s of silicon coated with anti-reflective 
materials increase the external quantum efficiency of the solar cell; for example, the efficiency is 
95% for HfO2 /Si and Si3N4 /Si, as there is a maximum incident photon flux within the solar cell. 
 

 
Keywords: Materials coating; spectral response; solar cell; reflectivity; refractive index. 
 

1. INTRODUCTION 
 
“The external quantum yield or spectral response 
is the ratio of the photo current density delivered 
by the cell to the photon flux incident on the front 
of the cell” [1,2]. “Optical parameters such as 
refractive index and thickness contribute to a 
significant improvement in reflectivity thereby 
increasing transmission. A good compromise 
must be found between these two parameters 
and the AR material in order to improve the 
quantum efficiency of the solar cells” [3,4]. This 
paper was devoted to the simulation of anti-
reflection layers involving the best anti-reflection 
materials and the optimization of their 
performance. Anti-reflective coatings play an 
important role in reducing optical losses in silicon 
solar cells, which is a highly reflective material 
(60% loss of the incident light flux). The variety of 

materials that can be used as anti-reflective 
coatings provides several solutions. 
 

2. STUDY OF THE SPECTRAL 
RESPONSE  

 

The solar cell, used to simulate the spectral 
response, is an ideal p-n junction with the 
following parameters: 
 

Emitter thickness of the silicon cell: 0.5 m; 

Total thickness of the silicon cell: 200 m; 

Transmitter doping (area p): Nd = 1019 cm
-3

; 

Doping of the base (area n): Na = 1016 cm-3 

Recombination speed on the front face Sp = 0 
cm.s

-1
 

Recombination velocity at the rear surface Sn = 
0 cm.s

-1
 (BSF). 

 
Table 1. Materials used as anti-reflective coatings with their optimum refractive indices and 

thicknesses for a reference wavelength (λref) = 700 nm 
 

ref = 700 nm 

Materials Refractive index Thickness, e(nm) 

 MgF2 1,38 127 ,17 
SiOx 1,50 116,67 
SiOxNy 1,80 97,22 
If3 N4 2,03 86,11 
 HfO2 2,10 83,37 
SiNx: H  2,30 58,33 
Si (substrat) 3,78 46,20 
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Fig. 1. Spectral response of silicon solar cell with different anti-reflection coatings 
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Give adequate information to allow the 
experiment to be reproduced. Already published 
methods should be mentioned with references. 
The curves below show the spectral responses 
of silicon solar cells coated with various anti-
reflection layers. The calculations are made 
using the optimal parameters for these materials 

at the reference wavelength ref) = 700 nm. The 
optimal values of the material parameters are 
listed in Table 1, in order to better understand 
their influence on the spectral response [5,6,7]. 
The spectral response of the solar cell is strongly 
dependent on the nature of the material used as 
an anti-reflective coating. The uncoated solar cell 
has a lower efficiency at all wavelengths, with 
silicon reflecting more than 30% of the incident 
light flux.  Coatings contribute significantly to 
increasing this response as shown in Fig. 1 for 

the structures of MgF2/Si, Si3 N4/Si, SiNx:H /Si, 
SiOxNy /Si, SiOx/Si, HfO2/Si. 
 
The HFO2/Si, Si3N4 /Si, and SixNy/Si show 
better spectral responses due to the refractive 
index of the coatings being close to the optimum 

value n = ;nair × nSi . 
 

3. INFLUENCE OF CAR THICKNESS ON 
SPECTRAL RESPONSE 

 
To study the impact of layer thickness on the 
spectral response, two anti-reflective materials 
were chosen with their thicknesses varying by ± 
10 nm from the optimum value. Fig. 2 shows the 
SiOx/Si structure with the optimum thickness(e) 
[8,9,10]. 

 

400 500 600 700 800 900 1000 1100

0

20

40

60

80

100

 ------ Solar cell SiO
x
/Si optimal values e=116nm

 SR-SiOx/Si with e = 106 nm (thickness)

 SR-SiOx/Si with e = 126 nm (thickness)

 SR-silicon without coating

 SR-silicon without reflection

 

 

S
p

ec
tr

al
 r

es
p

o
n

se
 o

f 
th

e 
si

li
co

n
 s

o
la

r 
ce

ll
 (

%
)

Wavelength (nm)

 
 

Fig. 2. Quantum efficiency of SiO2/Si and HfO2/Si as a function of wavelength for different 
thicknesses 
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Fig. 3. Quantum efficiency of SiO2/Si and HfO2/Si as a function of wavelength for different 

thicknesses 
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Fig. 4. Spectral response of the variation of the refractive index of one of the layers 

 
These two figures show us that increasing and 
decreasing by 10 nm from the optimum value 
does not give a better quantum yield. It can also 
be seen that HFO2 /Si gives a better 
performance than the other anti-reflective 
materials. 
 

4. REFRACTIVE INDEX VARIATION OF 
ONE OF THE AR LAYERS FOR A 
DOUBLE LAYER COATING 

 
In this section, the spectral response is studied 
on the silicon cell coated with two anti-reflection 
layers, with the indices of the materials varying 
from the largest to the smallest from the silicon 
substrate to the top outer layer. The Fig. 3. 
shows the importance of double-layer anti-
reflection coatings on the external quantum 
efficiency of the monocrystalline silicon solar cell 
[11,12].  
 

In the wavelength band between 650 and 1000 
nm, there is a progressive decrease in the 
spectral response, which is explained by a very 
low absorption of the incident light with photon 
energies close to the silicon gap. Beyond 1100 
nm, corresponding to photon energies below the 
silicon gap, the spectral response is cancelled 
out. Among the materials used, the SiOx /Si 
combination presents the best response 
compared to other coatings. The refractive index 
of SiOx , which is n =1.5, is close to the optimum 

index ;nair × nsilicium  related to the amplitude 
condition. This explains the fact that the cell with 
an anti-reflective SiOx coating has a spectral 
response close to 99% at the reference 
wavelength. On the other hand, it is observed 

that the response of the cell is lower in the range 
of the reference wavelength at an index of n = 
2.8 which is quite close to the index of silicon and 
therefore different from the optimal index 
mentioned above. The optimal thickness of the 
anti-reflection layer also plays an important role 
as it must be large for low index materials which 
give a relatively lower efficiency than the other 
materials mentioned above. The main challenge 
related to the performance of solar cells with anti-
reflective coating is to find a judicious 
compromise in the choice of thickness and the 
targeted material in order to reduce the 
manufacturing costs [13,14,15]. However, a 
clearer increase in spectral response implies an 
improvement in the minority carrier generation 
rate in the single crystal silicon solar cell. 
 

5. CONCLUSION 
 
Among these materials, magnesium fluoride 
(MgF2), silicon nitride (Si3N4), hydrogenated 
silicon nitride (SiNx:H), silicon oxide (SiO2), 
halfinium (HFO2), silicon nitride oxide (SiOxNy) 
have shown interesting properties by reducing 
the reflectivity of silicon to less than 35%. The 
closer the index of the layer is to the optimum 

index ;nair × nsilicium (nopt =1.9451), the more the 
reflectivity becomes practically zero in the 
spectrum centred around the reference length 
which was chosen in this work equal to 700 nm. 
 

Simulation studies of the spectral response of a 
conventional silicon p-n junction have shown the 
influence of thickness, which shifts the reflection 
coefficient minima towards short wavelengths for 
small thicknesses and towards long wavelengths 
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for large thicknesses on either side of the 
reference wavelength of the anti-reflection layers, 
and the impact of the stacks on the cell 
performance with an increase from 60% to 90% 
or even 98%. 
 

COMPETING INTERESTS 
 
Authors have declared that no competing 
interests exist. 
 

REFERENCES 
 
1. Asghar MH, Khan MB, Naseem S. 

Modeling high performance multilayer 
antireflection coatings for visible and 
infrared (3 - 5 μm) substrates. 
Semiconductor Physics, Quantum 
Electronics & Optoelectronics. 2003; 
6(4):508-513. 

2. Khorasani S, Rahidian B. Modified transfer 
matrix method for conducting interfaces. 
Journal of Optics A: Pure and Applied 
Optics. 2002;4:251-256. 

3. Ganguly A, Nath SS, Gope G, Choudhury 
M. CdS quantum dot sensitized zinc oxide 
based solar cell with aluminum counter 
electrode. Наносистемы: физика, химия, 
математика. 2017;8(6):782-6. 

4. Ganguly A, Nath SS, Choudhury M. 
Copper doped PbS quantum dots as 
sensitizers for solar cells. Journal of 
Nanoelectronics and Optoelectronics. 2018 
Jun 1;13(6):906-11. 

5. Kosoboutskyy P, Karkulovska M, Morgulis 
A. The principle of multilayer planeparallel 
structure antireflection. Optica Applicata. 
2010;XL(4):759-765. 

6. Dyakov SA, Tolmachev VA, Astrova EV, 
Tikhodeev SG, Yu V, Timoshenko TS. 
Perova, Numerical methods for calculation 
of optical properties of layered structures. 

Proc. of SPIE. Vol. 2010;7521:75210G-1 - 
75210G-10. 

7. Zhan F, Wang HL, He Ji-F, Wang J, Huang 
SS, Ni HQ, Niu ZC. Multilayer antireflection 
coating for triple junction solar cells. 
Chinese Physical Letters. 
2011;28(4):047802-1 - 047802-4. 

8. Katsidis CC, Siapkas DI. General transfer-
matrix method for optical multilayer 
systems with coherent, partially coherent, 
and incoherent interference. Applied 
Optics. 2002;41(19):3978-3987. 

9. Troparevsky MC, Sabau AS, Lupini AR, 
Zhang Z. Transfer-matrix formalism for the 
calculation of optical response in multilayer 
systems: from coherent to incoherent 
interference. Optics Express. 2010;18(24): 
24715-24721. 

10. Zeng XC, Bergman DJ, Hui PM, Stoud D. 
Effective-medium theory for weakly 
nonlinear composites. Physical Review B. 
1988;38(15):10970-10973. 

11. Koledintseva MY, Dubroff RE, Schwartz 
RW. A maxwell garnett model for dielectric 
mixtures containing conducting particles at 
optical frequencies. Progress in 
Electromagnetics Research. 2006;63:223-
242. 

12. Guerin CA, Mallet P, Sentenac A. 
Effective-medium theory for finite-size 
aggregates. J. Opt. Soc. Am. 2006; 
23(2):349-358. 

13. Ruppin R. Evaluation of extended Maxwell-
Garnett theories. Optics Communications. 
2000;182:273-279. 

14. Aspnes DA. Local-field effects and 
effective-medium theory: A microscopic 
perspective. American Journal of Physics. 
1982;50(8):704-709. 

15. Neamen DA. Semiconductor physics and 
devices. Third Edition, McGraw Hill. 
2003;Chap. 14: 617-667. 

_________________________________________________________________________________ 
© 2022 Dieye et al.; This is an Open Access article distributed under the terms of the Creative Commons Attribution License 
(http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

 
 

 

Peer-review history: 
The peer review history for this paper can be accessed here: 

https://www.sdiarticle5.com/review-history/95553 

http://creativecommons.org/licenses/by/4.0

