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ABSTRACT: In order to enhance photon transmission mtdticrystalline silicon solar cells, double-layantire-
flection coatings (ARC) were simulated using the raesd optical constants of hydrogenated silicon dxige

SiONy:H and hydrogenated silicon nitride SiN layers deposited by Plasma Enhanced Chemical Magposition
(PECVD). On polished surfaces, these optimized siras have the potential to increase the shortitiotirrent by
more than 2% for non-encapsulated cells and up5% @or encapsulated cells, in comparison withdtamdard sin-
gle SiN:H ARC. Industrial multicrystalline silicon solar telwere fabricated in order to validate the siriata. In

spite of an inhomogeneous NaOH textured surface stiort-circuit current have shown an increaseau.3%,
which highlights the potential of such structureslboratory high-efficiency solar cells.
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1 INTRODUCTION

Minimizing the front reflection of solar cells isie of
the strong points to achieve a good efficiency. idgen-
ated silicon nitride layers (SiN) are widely usedaatire-
flection coating (ARC) for silicon solar cells [1-2The
low temperature deposition process (e.g. PECVD)slead
to a non-negligible content of hydrogen within tB&N
layer, which consequently provides good passivation
properties of defects situated at the silicon serfand
within the bulk of multicrystalline silicon (mc-Sj,4].

To decrease the surface reflectance, many authors a
ready proposed several solutions, often based dh Si
multilayers ARC [5-8]. In our study, we propose t@ us
silicon oxynitride (SiON) in combination with SiNbt
perform double layer ARC (DARC) and apply it to mc-Si
solar cells. The SION has the advantage of having a
refractive index n which can be varied between ehofs
SiO, and SiN (1.46 < &on < 1.85). Moreover, the ex-
tinction coefficient k of this dielectric is infeni to 10°
for wavelengths above 300 nm. This makes SiON a goo
candidate for ARC optimization [9].

To investigate the potential of such DARC, we con-
sidered the whole optical index range that can be o
tained with our PECVD SIiON and SiN layers. Then,
simulation was carried out to determine the mostrs-
ing DARC structure for mc-Si cells with and without
encapsulation. Lastly, solar cells were prepareda-
firm the improvement predicted by our simulation.

2 SIMULATION

2.1 Methodology

ARC layers take advantage of destructive interfexenc
phenomena in order to minimize the reflectance (Rpf
central wavelength (like in this work=600 nm is usu-
ally chosen as it is near the solar spectrum maxirand
allows a good penetration of the photons withingbkr
cell). In the case of SiN, the absorption (A) withthe
ARC layer must be taken into account and the trarsmis
sion coefficient (T=1-R-A) is the preferred paramete
be optimized.

On the one hand, the optimum refractive index and
thickness of the different layers were determinsdhgi
the matrix method for thin-film calculations [10A

Matlab program was designed including these egusitio
in order to determine the exact “quarter-wavelehgth
solutions as well as “intermediate” solutions ggvimon-
ideal stacks with low reflection coefficient R. Twases
were considered: solar cells without and with esoép
tion. In the first case, the refractive index oé thxterior
medium was set togal (Air). For encapsulated solar
cells, the glass plate and the EVA film (Ethylenieny
Acetate, used as adhesive between the glass plathe
cells) were considered as a unique exterior mediitin
n,=1.46. Furthermore, the reflection at the glasgepla
surface of the solar panel was not taken into atc@s it

is optically independent of interference phenomena
occurring within the ARC layer.

On the other hand, a large set of SION and Silsin
layers was deposited on Si wafers in a direct losv f
quency (440 kHz) PECVD reactor, providing the com-
plete range of SION and SiN stoichiometries [2, Bje
films were deposited at 370°C using @ifIH; and NO
as precursor gases. The thickness, wavelengtidepe
refractive index nX) and extinction coefficient kj of
the different thin films were deduced by spectrpsco
ellipsometry (JobinYvon UVISEL — 248 nrh<827 nm),
using Tauc-Lorenz dispersion model [11] (in thddat
ing, all refractive indexes are given 605 nm). The
obtained data library of optical indexes (n, k) virgtso-
duced in the multilayer optical simulator IMD (Bé&khbs
[12]) in order to compute the wavelength-dependant
reflection, absorption and transmission coeffidgent
through the desired SION/SIN stack layers (encapsdl
or not). Reflectivity measurements operating with a
Labsphere integrating sphere were carried out &ed t
results were compared to the computed reflectance i
order to validate the simulation. To investigate ithpact
of the stack absorption, the transmission coefiicie
obtained with IMD was introduced in PC1D solar cell
simulator [13] as (1-T) for the “front external le-
tance”. Thus, we directly obtained the improvement
short-circuit current density.Jfor the DARC compared
to the standard single ARC. The PC1D parameters are
given in Table I. They are typical of industrial 8¢
solar cells.



Table I: PC1D parameters

Silicon
Thickness 220 pm
Base P doping 1.1ocm®
Diffusion length 140 pm
Emitter N doping 3.18cm?®
Rear surface reflectivity 70 %
SRV on front side 5000 crits
SRV on back side 1000 cnt.s

2.2 Non-encapsulated solar cells results

Table Il presents the computed refractive indexes a
thicknesses of the layers that form the best stdtldso
displays the corresponding effective reflectivityes R
(obtained with the optical simulations), in additito the
resultant short-circuit current density (simulatedth
PC1D). These values have to be compared with the cas
of a single ARC (Ref.).

Table II: Refractive indexes (i thicknesses (g effec-
tive reflectivity (Rg) and short-circuit current {J results
obtained from the simulation of non-encapsulatelts ce
(i=1 stands for the top layer and i=2 for the buotto
layer).

Mm(esnm) (e nm) R (%) Ie (MA.cni?)

Ref 2.03 (73) - 10.2 33.48
A21 1.58(95) 2.50(60) 4.2 33.56
A22 158(95) 3.14(48) 4.9 31.88
A24 1.46(102) 2.08(62) 6.5 34.14
A25 1.46(55) 2.10(50) 6.9  34.18
A26 1.55(50) 2.16(47) 7.0 34.16
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Figure I: Computed reflectance versus wavelength for
the A21 “W” profile and the A22 “U” profile. The cre-
sponding effective reflectivity &g of the stacks is also
indicated. The reference is a standard SiN sirsyler|

The reflectance values strongly decrease thantteto
DARC structure. For the three exact “quarter-
wavelength” solutions, two different reflectivityrgdiles
were found: “U” profiles like A22 which exhibit &flec-
tance equal to zero for the central wavelength ‘&t
profiles like A21 with two reflectance minima (Figul —
the third solution A23 was discarded as it involuefsac-
tive index out of the range of the data library).tiBo
profiles give nearly similar effective reflectivjtybut
affect different spectral regions. However, if gféective

reflectivity is strongly reduced compared to thagte
layer ARC, the short circuit current is not signifitig
changed (Table II). This highlights the strong apton

of short-wavelength photons ocurring within the hig
silicon content SiN layers, which reduces the photo
transmission into the cell.

The results using “intermediate” stacks with lower
SiN refractive indexes show an improvement of up to
0.7 mA.cn¥ (A24-A26 - Table Il), despite “higher”
effective reflectivities. With its “W” profile, theA24
DARC seems to be a good candidate for solar cells wit
good bulk and rear side passivation schemes, dsawel
for back-contacted solar cells, as it allows a drett
transmission of the infrared part of the solar gpec
(Figure II). The two other solutions A25 and A2@thwa
“U” profile, involve thinner layers than A24. Thean be
an advantage looking at the ARC deposition velodity a
in order to avoid contacting problems during tmm§ of
the solar cell contacts through the ARC. For thémseks,
the improvement of the current density is mostlg tiua
higher transmission of high energy photons comp&med
the single ARC. Thus, the improvement should be
stronger for solar cells with low-doped or seleetiv
emitter. The computed external quantum efficiency
(EQE) highlights the impact of the absorption witlie
stacks, comparing it with the corresponding reflace
(Figure 11).
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Figure II: Simulation of the reflectance (R - square dots)
and external quantum efficiency (EQE - dark lingfsthe
A24 and A25 stacks.



2.3 Encapsulated solar cell results
The same simulations were performed for encapsu-
lated cells (i.e. with an outside refractive indeat to

1.46). The best parameter combinations obtained are

detailed in Table Ill. Note that for the single daycase
(Ref.), the refractive index is not the “quarter-
wavelength” solution as it would correspond to rarsj
absorption coefficient. Indeed, it has been deteeohito
maximize transmission through the SiN layer, as de-
scribed for the DARC case. It can be added as Wwall t
all the stack combinations of 3 or more layers ngo
high absorption SiN films, which prevent their dpat
tion to Si solar cells.

Table lll: Refractive indexes (n thicknesses (g effec-
tive reflectivity (Rg) and short-circuit current {J results
obtained from the simulation of encapsulated og#&
stands for the top layer and i=2 for the bottonekay

Mm(esnm) (e nm) R (%) I (MA.cni?)

Ref 2.16 (68) - 6.5 34.40
E21 2.03(74) 2.83(53) 2.2 33.30
E23 1.71(88) 2.83(53) 2.7 33.24
E24 2.03(50) 2.83(35) 2.0 33.89
E25 1.61(60) 2.36(56) 3.6 34.38
E26 1.61(69) 2.24(61) 4.6 34.56

All these stacks involve relatively high refractiwe
dex layers, and only one scheme shows better sebalh
the standard ARC. The corresponding increase int-shor
circuit current is much lower than for the casenoh-
encapsulated cells (0.5% against 2%). Thus, this im
provement seems to be insufficient to be incorgatat
into the solar cell process because it would imgty
additional SiON deposition step as well as newmdrand
silver paste optimizations.

2.4 Conclusion

For ARC and DARC applications, the parameter to
be optimized is the transmittance through the stank
order to take into account the absorption withia ltyers
and thus obtain the higher short-circuit currenpassi-
ble.

With the best DARC obtained, the simulations show
that we can expect a non-negligible 2% relativedase
of the short-circuit current for non-encapsulatedars
cells. On the other hand, photon transmission émtcap-
sulated solar cells cannot be significantly impebwéth
such DARC structures.

3 APPLICATIONS
SOLAR CELLS

TO  MULTICRYSTALLINE

In order to validate the simulations in the caseaof
non-encapsulated cell, we manufactured 3 sets of 8
125¢125 mnf mc-Si solar cells, NaOH textured, with
different ARC schemes. The mc-Si substrate thickness
and doping are similar to the ones used for siranat
(see Table I).

The cells were chemically textured in a NaOH solu-
tion. This anisotropic solution gives rise to a fion
homogeneous texturization which depends on thengrai
orientation. Consequently, the thickness of the diépd

dielectric layers differs according to the mc-Saigr(the
deposition velocity is lower on texturized graihsut on
polished ones). Thus, the reflectivity optimizatioms
made for non-texturized grains.

Three types of ARC were tested: a single SiN ARC
layer (reference); a DARC defined by the simulatedist
A24; a DARC defined by the simulated stack A25 (see
Table Il). The cells were made in an industrial g@ss
line at Photowatt except for the ARC deposition, iedrr
out at the INL in a direct PECVD reactor workingdd0
kHz.

3.1 Reflectivity

The reflectivity profiles are in agreement with the
simulation (Figure Ill — the measurements were per-
formed before the front contact deposition). Thighsl
difference between the simulation and the experiaien
data are attributed to the texturized grains whicdy
affect the deposited layers thicknesses and treugltibal
reflectivity.
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Figure Ill: Measured average reflectance of the 3 sets of
industrial solar cell.

3.2 Solar cells results

Table IV shows the results of the current-voltage
characterization of the mc-Si solar cells. An s in
short-circuit current up to 2.3 % is obtained foe tA24
DARC in comparison with the single ARC, which is in
accordance with the simulation. This induces a %.7
relative increase of the efficiency and shows tobedy
potential of such DARC structure. This potential is
thought to be even higher for high efficiency satefls
with a good Back Surface Field, as the transmission
low energy photons is greatly enhanced (Figure Ill)

Table IV: Current-voltage characterization results. All
the gains are relatives.

Voe(MV) I (MA.ci?) FF(%) Efficiency(%)

Ref 599 32.99 77.1 15.13
A24 600 33.94 76.6 15.39
Gain  +0.2% +2.3% -0.6% +1.7%
A25 598 33.13 76.9 15.13
Gain  -0.2% +0.5% -0.2% +0.0%

The short-circuit current increase for the A25 DARC
is moderate compared to the simulation. In thigectse
gain in reflectivity affects only the short waveigh



photons which are absorbed in the first micrometdrs
the cell where the emitter stands (Figure 1ll). Enthe
moderate increase in current can be explained diyehi
emitter recombination in the industrial solar céfan in
the “theoretical” solar cell used for the simulatio

For both DARC, the open-circuit voltage remains
similar to the reference cells, which indicatest ttiee
DARC stack is as efficient as the single ARC layer for
surface passivation. The slight decrease of thdafitor
may be attributed to the use of the same firingese for
the front contact formation as the reference. Opgtition
might be needed for the firing step profile in orde
obtain good contact formation through the thick DARC
stack.

For such an efficiency improvement, and for labora-
tory purpose, the modification of the fabricatiorogess
is minor because both SiON and SiN layers can be de
posited during the same PECVD step. Moreover, tive ga
in efficiency should be higher using an optimizéih§
step for the DARC.

4 CONCLUSION

In order to increase the mc-Si solar cell perforoean
we investigated the potential of a double antictiten
layer on the front side of the solar cells. PECVIxen
oxynitride was used to complete the refractive inde
range between silicon nitride and silicon dioxide.

The simulations showed that we have to choose
carefully the SIiN layer due to its high absorption
coefficient when its refractive index is high. Digethis
absorption, none of the layer combinations gave
significant improvement of the short-circuit currémthe
case of encapsulated solar cells. However, two DARC
profiles showed a potential increase of 2% of therts
circuit current in the case of non-encapsulatedrszlls.
The industrial mc-Si solar cells results confirmedain
in efficiency by using such a SiON/SiN stack asART,
which thus has a good potential for laboratory high
efficiency Si solar cells.
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