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Abstract

In this study, the dielectric eftects on solar cell efficiency were vestigated. Difterent materials, such as ALO,,
HtO., TiO: and SiO., were deposited by various techmques on the front side of a p-type EWT (Emitter Wrap
Through) multi crystalline silicon (mc-S1) solar cell. The passivated layer thickness was optimized using the
software Matlab. The recombination velocities utilized in the simulation were taken from the literature. Using the
software TCAD (2D) Silvaco/Atas, the best results (for electrical parameters) were achieved with TiO: (refractive
mdex n = 2.0 at A= 020 nm) for a thickness of 5 nmy; a solar cell efficiency around 20.5% was obtained

Keywords: p-type EWT mc-Si solar cell; passivation layers; reflectivity;, absorption; efficiency; simulation;

Silvaco/Atlas.

1. Introduction
The energy conversion efficiency of a solar cell 1s
limited by two factors: theoretical (which cannot be
avoided) and technological (which can be improved).
The technological factors are of three forms: optical,
electrical (recombination) and resistive. The present
work 1s part of a logic to increase the conversion
efficiency of multi crystalline silicon solar cells by
limiting the losses quoted above. Some of these
limitations are:
-the shading rate that takes into account the partial
coverage of the front surface of the cell by an opaque
portion corresponding to the surface of the metal
contacts
-the recombination of carriers in the volume and on
the cell surface. The EWT (Emitter Wrap Through)
structure was proposed for the first ime by J.GEE
[1] in which the shade rate is equal to zero (PV cells
with rear contacts).
Today, and thanks to the excellent quality of the
available silicon substrates, photovoltaic solar cells
are limited by their surfaces (front and rear),
knowing that with the progress of the crystallization
techniques, recombination in the volume of the base
1s not a limiting factor anymore for the cell
efficiency. A practical and proven means to improve
the solar cell efficiency 1is through surface

passivation. This consists in increasing the collection

of the photogenerated carriers by improving their
lifetime (or their diffusion length). This is possible, if
the recombining action of the defects present on the
surface 1s reduced (reduction of the recombination
velocity on front and rear sides of the cell).

For that, thin layers of materials are deposited on the
front and/or back sides of the cell to reduce the
defects present on the silicon surface.

In addition to their passivation properties, thin films
must have adequate optical properties, 1.e. they must
be non-absorbing and anti-reflective if deposited on
the front; and on the other hand, they must have a
high iternal reflection rate on the rear face in order
to limit the losses due to transmission.
This work aims to show the effect of the passivation
layer thickness deposited on the front side of a p-
type EW'T silicon solar cell, under Silvaco Atlas-2D)
TCAD, by using several oxides, like Al.O., HfO.,
S10: and Ti0O..

2. EWT cell simulation

“In the present work, all the simulations were carried
out with (10x10) cm? EWT solar cells, under
AML1.5G illumination, and were performed with the
software TCAD (2D) Silvaco/Atlas.

EWT solar cells are developed using a p-type multi
crystalline silicon substrate with a thickness of 200
um. The front surface 1s covered with a SiNx :H
antireflective coating to reduce light reflections. A
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um)
n+ layer in the p-type silicon substrate. This diffusion

n'p junction is created by diffusing a shallow (0.5

1s performed on the front face of the cell and into
the holes within the substrate. It should be noted
that these holes are made by means of a laser. The
back surface field (BSF) is to create a potential
barrier at the back of the cell to ensure the reflection
The

screen-printed on the back side of the structure.

of minority carriers. metallic contacts are
Aluminum and silver are used for p+ and n+ regions,

" [14].

respectively’

The figure below illustrates the cross-section view of

the investigated p-type EWT multi crystalline silicon

solar cell.
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Figure 1: Schematic structure of p-type EWT mc-Si
solar cell used during simulation

Base Width =200 um
Doping = 9E17 cm-3
Emitter Junction depth =0.5 um

Doping = 1E20 cm-3
ERFC (complementary
error function)

BSF (Back Surface
Field)

Width =5 um
Doping = 5E18 cm-3
Gaussian profile

Thickness = 80 nm
Refractive index = 2.05
(at A = 0.632 um)

Anti-reflective coating

SN. :H

Thickness =10 um
Workfunction :
W(Ag) =4.08
W(AI]) = 5.2

Screen printed contacts

Table 1: Parameters of the p-type EW'T silicon solar
cell used in simulation, without passivation layer.

With this parameters, simulation of the p-type EWT
multi crystalline silicon solar cell under TCAD (2D)
Silvaco/Atlas, gives the results reported in the table
below:
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Losses (%) by Tee Ve | 1 (%)
(mA/ | (V)
cm?)
reflection | absorption
10.32 0.59 32.32 | 0.68 | 18.51

Table 2: Optical losses and electrical parameters of

the simulated cell, without passivation layer
(reference cell).
3. Program chart

In this paper, the simulation was used to determine
effect
dielectrics) on the optical and electrical parameters
of EWT cells.

We constructed simulation codes to evaluate optical
(reflection, transmission and
the Matlab Indeed,

properties which govern the light propagation in a

the surface passivation (using  several

losses absorption)

under software. the optical
material are essentially its refractive index n and its
absorption coefficient. It is necessary to seek the best
configuration which allows having the minimum of
maximum of transmission

reflection and the

according to the thickness d of the different layers.

Single Anti Reflective Coating (SARC) (n, d)

Oxyde (n,d)

Substrate

Figure2 : Parameters involved in the simulation

under Matlab

Then, we injected the results into a Silvaco / Atlas
program to determine the electrical parameters of
the cell, namely: short circuit current, open-circuit
voltage and efficiency. The procedure is as follows:
after a judicious mesh of the device (the mesh must
be done with the utmost attention to guarantee the
reliability of the results), the structure is describe (the
different regions, the electrodes and the doping) and
the materials and models used are cited (contacts,
materials, interfaces, models ...).

4. Passivation of p-type front side EWT cell

The surface recombination velocity has a significant
effect on the change in the short-circuit current and
the open circuit voltage. Surface recombination at
the front can be reduced by decreasing the dangling
bonds of silicon, using a passivation layer. These
dangling bonds can be neutralized, using oxides such
as Al:Os, HfO,, S10. and TiO.. Due to the presence
of oxide, they constitute good passivation layers for

p-type silicon solar cells. This neutralization
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operation  allows  decreasing  the  surface
recombination rate and increasing the minority
carrier lifetime. The optical properties of the films,
deposited by plasma-assisted atomic layer deposition

(ALD), are given in the table below.

Dielectric Average refractive Band gap
layer index (at 620 nm) €V)
ALO:; 1.65 8.8
H{O. 2.10 5.6
S10. 1.47 9
TiO. 2.60 3.1

Table 3: Optical properties of the thin films

(dielectrics deposited by plasma-assisted ALD) used

in the simulation [3].

By applying a thin coating, a few nanometers thick,
the physical characteristics of the substrate are
modified. Thin film deposition 1s a process that must
be applied in a controlled manner. The deposition
techniques used depend on the way the thin film 1s

to be "created”.

Different deposition methods exist and some of
these are: the Atomic Layer Deposition (ALD)
[3,4,5], Plasma Enhanced Chemical Vapor
Deposition (PECVD) [5,6], Thermal Atomic Layer
Deposition (T-ALD) [5] and Plasma Enhanced
Atomic Layer Deposition (PE-ALD) [5].

Dielectic thickness Deposit Tar (M) at Ser(cm/s) Sar (cmy/s) reported by
layer technique An=5.10" literature
S10:[5] 20nm T-ALD 324 31 10-70

S10: [5] 20nm PECVD 36 277 80-400

ALQO:; [5] 15nm T-ALD 613 17 5-30

ALO: [5] 15nm PE-ALD 3790 3 2-20

HIO: [7] 10nm ALD 650 55 /

Ti0: [13] 10nm ALD 730 20 /

Table 4: 1. and S.r values (kept from literature) used in the simulation for different dielectric materials

5. Results and discussion

To optimize the solar cell efficiency, we started by
adjusting the single anti-reflective coating (SARC)
thickness to the dielectric thickness. For that, a
numerical simulation Matlab code (developed m our
research team [8]) was used; the transfer-matrix
method was applied to solve the optical equation.
The solutions allowed plotting the optical reflectivity
as a function of wavelengths and layer thicknesses.
The optical refractive index and thicknesses of
considered materials, which allowed us to have the
lowest reflection, were used to simulate the electrical
properties of the cell, using the TCAD (2D)/ Silvaco
Atlas software.

The optical
reflectivity of each material under consideration.

following figure represents the
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The refractive index database of each material used

in the simulation as a function of the wavelength was
taken from references [9], [10], [11] and [12].
Using a passivation layer on the front side of the
cell implies a compromise between reflection,
absorption and surface passivation. Indeed, it can be
seen that, the thicker the dielectric layer, the smaller
the surface recombination. However, when the
dielectric layer thickness increases, a large part of
radiation 1s absorbed and therefore lost.

It is therefore required to determine the optimum
thickness of the dielectric layer that can passivate the
substrate correctly. So, a thin passivation layer must
lead to the best compromise between the optical
(absorption and reflection) and the electrical losses

(recombination).
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Figure 3: Reflectivity as a function of SARC thickness and dielectric thickness.

The optical losses due to reflection and absorption
on the front side of the simulated mc-S1 EWT solar
cell, passivated with ALQO;, are evaluated and

reported 1n the figure below.
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Figure 4: Optical losses of the simulated solar cell as
a function of the variation of ALO: (dielectric layer)
thickness and SiN. (SARC) thickness (A: 80nm, B:
60nm C: 40nm D: 30nm and E: 10nm).

Then, the electrical parameters, such as the short-
circuit current and the solar cell efficiency of the
simulated solar cell, as a function of the variation of
ALQO: (dielectric layer) thickness and SiN. (SARC)

thickness are summarized in the figure below.
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Figure 5
cell as a function of the variation of ALQO: (dielectric
layer) thickness and SiN. (SARC) thickness (A:
80nm, B: 60nm C: 40nm D: 30nm and E: 10nm).

For AlLQO;, the maximum efficiency obtained was
18.43 % (less than the efficiency of a p-type EWT
multi crystalline silicon solar cell without front
surface passivation). Figures 6, 7 and 8 show the
variation of the optical losses (reflection and
absorption) and the electrical parameters (short-
crcuit current and solar cell efficiency) of the
simulated cell as a function of the thicknesses of

different dielectrics (HfO., TiO. and SiO.) and the
thickness of SIN.(SARC).
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Figure 6: Vdrldtlon of the OptlLdl losses (a) and
electrical parameters (b) of the simulated cell with
the variation of HfO. (dielectric layer) thickness and
SIN.(SARC) thickness(A: 80nm, B: 60nm and C:
40nm).

For HfO., good passivation properties were found.
For a 10 nm thick dielectric layer and a 60 nm thick
SARC, the short-circuit current achieved was about
32.6 mA/cm’ and the energy conversion efficiency

around 199%.
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Figure 7: Variation of optical losses (a) and electrical
parameters (b) of the simulated cell with the
variation of SiO. (dielectric layer) thickness and SiN.
(SARC) thickness (A: 80nm, B: 60nm and C:
40nm).
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For Si10. the electrical parameters degrade, especially
the short-circuit current which decreases by about
6.75 mA/cm2. This degradation is mainly caused by
the diffusion of atomic hydrogen to the S10-Si
From the
degradation can only be explained by the increased

interface. simulation results, such

recombination rate on the front.
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Figure 8: Variation of optical losses (a) and electrical
of the simulated cell with the
variation of TiO. (dielectric layer) thickness and SiN,
(A: 70nm, B: 70nm and C: 40nm).

parameters (b)

For T, the
approximated 0.7 V, the
obtained exceeded 35 mA/cm? and an energy
conversion efficiency of 20.44% was reached. This

mmplied open-circuit  voltage

short circuit current

efficiency 1improvement can be explained by the
decreased recombination rate on the front of the
cell.

The table below summarizes the optical losses

(reflection and absorption) and the electrical

parameters (short circuit current, open-circuit)
voltage) and solar cell efficiency) of the considered

EW1
optimized thicknesses.

solar cell, for the four materials, with
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Dielectric Ref | ALO; | HfO. | SiO. | TiO. To conclude, an average energy conversion
oxide cell efficiency of 20.59% was reached with a (10 x 10) cm?
oxide p-type multi crystalline silicon solar cell, with TiO. as
thickness ST o laver S— Secivat] ; :
(om) / 5 10 5 5 a dlele.cmc. layer for surface passivation. An unphed
open-circuit voltage equal to 0.7 V was obtained.
SiNx ARC . . . - .
thickness The high refractive index of TiO. (n = 2.6 at A = 620
(nm) 80 80 60 80 70 nm), which is extremely close to the optimal
Losses 96) | 10.32 | 11.46 | 11.52 | 11.43 | 11.70 refractive index of a silicon solar cell under glass (n =
by 2.43 at A = 600 nm) [15], is therefore interesting for
reflexion . . S )
increasing the cell efficiency.
Losses (%) | 0.59 0.63 0.46 0.63 0.53
by
absorption Acknowledgements
L. 32.32 | 31.66 | 32.60 | 28.556 | 35.10 . . S .
(mA/em?) >0 v This work was performed within the Research Unit
) 0630 T 0697 T 0696 T 069 1 0.699 Materials and Renew;?blt: Energy at the [lei\'f:rsit}f ﬂ()f
Tlemcen, we would like to thank the DGRSDT for
n (%) 18.51 | 1843 | 18.95 | 16.58 | 20.44 their funding assistance during the research program

Table 5: Variation of the optical losses and electrical
parameters of the simulated cell with the variation of
dielectric materials and SIN.(SARC) (best results).

Another way to confirm the above results 1s to plot
the variation of the External Quantum Efficiency
(EQE) for different dielectric materials, knowing that
EQE is the ratio of the number of charge carriers
collected by the cell to the number of mcident
photons (coming from the outside). The surface
recombination velocity (SRV) affects the variation of
EQE. Higher SRV means that the generation rate of

charge carriers in the considered solar cell decreases.
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Figure 9: Variation of EQL with different dielectric

materials (using TCAD Silvaco/Atlas software).

6. Conclusion

Surface passivation is an extremely important

process for high-efficiency silicon solar cells,
especially on the front surface where most of the
light 1s collected. Significant differences were
observed in the surface passivation of p-type EWT
multi crystalline silicon solar cells when Al:Os, HfO.,
T10: and S10: were used.

A priori, thermal SiO. did not lead to a good
performance of the EW'T solar cell. The S10. layer
does not allow obtaining a good passivation. HfO,

and ALOs show good front passivation properties.

74

PNR.
References:

[1] Gee, J.M., Schubert, W.K., Basore, P.A,
“Emitter wrap-through solar cell”, Proceedings of the
23" IEELE Photovoltaic Specialists Conference,
pp-265-270, Louisville, Kentucky, USA, 1993.

[2] Dirk-Holger Neuhaus, Adolf Miinzer, (Review
article), “Industrial Silicon Wafer Solar Cells”,
Advances in Opto Electronics, Volume 2007 (2007),
Article ID 24521, 15 pages

[3] G. Dingemans, W.M.M. Kessels, “Aluminum
oxide and other materials for Si surface passivation”,
ECS Transactions Vol 41 (2) 293-301 (2011)

[4] W.M.M. Kessels, J.A. Van Delft, G. Dingemans
and M.M. Mandoc, “Review on the prospects for the
use of AI203 for high-efficiency solar cells”

[5] R. Kotipalli, R. Delamare, O. Poncelet, X. Tang,
L.A. Francis and D .Flandre, “Passivation effects of
atomic-layer deposited aluminum oxide”, EPJ
Photovoltaics 4, 45107 (2013)

[6] J. Schmudt, F. Werner, B. Veith, D. Zielke, S.
Steingrube, P.P. Altermatt, S. Gatz, T. Dullweber
and R. Brendel , the
passivation of silicon solar cells”, International

“Advances 1n surface
Conference on materials for advanced technologies
2011 Symposium O, Energy Procedia 15 (2012) 30
-39

[7] F. B. Hoex, Y.H.Koh, J].J.Lin
A.G.Aberle, “Low temperature Surface passivation

Lin, and
of moderately doped crystalline silicon by atomic-
layer deposited hafnium oxide films”, International
Conference  on  Materials  for  Advanced
Technologies, Symposium O, Energy Procedia 15
(2012) 84 - 90

[8] N.SAhouane, A.Zerga “Optimization  of

Antireflection Multilayer for Industrial Crystalline


http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Gee,%20J.M..QT.&searchWithin=p_Author_Ids:38185234900&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Schubert,%20W.K..QT.&searchWithin=p_Author_Ids:37357350200&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Basore,%20P.A..QT.&searchWithin=p_Author_Ids:37267348500&newsearch=true
http://www.hindawi.com/40840715/
http://www.hindawi.com/64832514/
http://www.sciencedirect.com/science/article/pii/S1876610213018304
http://www.sciencedirect.com/science/article/pii/S1876610213018304

Electrical characterization of passivation layers ...

JNTM(2017)

B. Benabadji et al.

Silicon Solar Cells”, Energy Procedia, Volume 44,
2014, Pages 118-125 Proceedings of E-MRS Spring
Meeting 2013 Symposium D Advanced Inorganic
Materials and Structures for Photovoltaics 27-31
May 2013, Strasbourg, France.

[9] P. Kumar, M. Wiedmann, C. Winter and I.
Avrutsky, “Optical properties of Al203 thin films
grown by atomic layer deposition”, Applied Optics
48(28), pp. 5407-5412, 2009.

[10] D.L. Wood, K. Nassau, T.Y. Kometani and
D.L. Nash, “Optical properties of cubic hafnia
stabilized with yttria”, Applied Optics 29(4), pp.
604-607, 1990.

[11] E. Palik, Handbook of Optical Constants of
Solids Vol 1, Orlando.

Academic  Press,

75

[12] B. Richards, “Single-material TiO2 double-layer
antireflection coatings”, Solar Energy Materials &
Solar Cells 79, pp. 369-390, 2003.

[13] Benjamin G Lee, Jarmo Skarp , Ville Malinen,
Shuo  Li, Choi, HowardM.Branz,
“Ixcellent Passivation and Low  Reflectivity
AlI203/T102 Bilayer Coatings for n-Wafer” Silicon
Solar  Cells, IEEE Photovoltaic
Conference Austin, Texas June 3-8, 2012.
[14] B.Benabadji, A.Zerga, “Optimal design of

buried emitter of EW'T silicon solar cells type by

Sukgeun

Specialists

numerical simulation” Energy Procedia, Volume 44,
Pages 126-131, 2014.

[15] Bryce S. Richards, Jeffrey E. Cotter, Christiana
B. Honsberg, and Stuart R. Wenham, “Novel uses
of T1O: in crystalline silicon solar cells”, Presented at
28th IEEE PVSC, 15-22 September 2000,
Anchorage, Alaska.


http://www.sciencedirect.com/science/journal/18766102
http://www.sciencedirect.com/science/journal/18766102/44/supp/C

