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ABSTRACT: In this article, we used 2D simulation tcakate the influence of the Metal-Insulator-Semaastor
(MIS) and fixed charge density contained in thdediic layers which may be used for the passivatibthe rear
side of silicon solar cells. Negative fixed chadgnsities were found in PECVD SiB and SiN:H dielectrics by
dark-capacitance-voltage measurements, using anethod more adapted to solar cell applicationstNexlticrys-
talline silicon solar cells based on the i-PERC pseogere made with PECVD Sj®l / SiN,:H stacks of different
thicknesses. |-V characterization showed open-itincoitage and fill factor degradations for the peesed cells
compared to the reference. These degradations amalgzed by spectral response measurements, sgaglpirtron
microscopy and infrared thermography. It was fothat the serigraphy paste and the laser impactgain bounda-

ries were responsible for the degradations.
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1 INTRODUCTION

Reduction of the material cost share is needed 1o en
hance the economic attractivity of the photovoltaich-
nology [1]. One of the solution is to reduce thefewa
thickness of crystalline silicon solar cells.

The standard aluminum back surface field (Al-BSF)
induces mechanical constraint problems on thin msafe
typically below 180 pm-thick. This increases theak-
age risk and may affect the production output. AFBS
also insulfficient for surface passivation, sincarrsur-
face recombinations become of predominant impoeanc
in this thickness range. Therefore minimizing thema-
num coverage and developing new passivation schemes
for the rear surface is one of the key points fegrdasing
silicon solar cell thickness [1-5].

A literature review tells us that three major @althi-
tectures are currently under development to hatitde
rear surface passivation problem. They are maiaked
on dielectric layers for passivation combined vathmi-
num contacts. The actual technology under studytare
facial cells [2-3], Laser Fired Contact cells (LA&aun-
hofer ISE) [4] and industrial-Passivated Emitted &ear
Cells (i-PERC; IMEC) [5].

The dielectrics used for passivation often conisist
SiO:H (SiO) and SiN:H (SiN) layers deposited by
Plasma Enhanced Chemical Vapor Deposition (PECVD).
This technology is one of the most promising solusi
due to its limited thermal budget needed for thpode
tion, its reasonable surface passivation capaislif6-8],
and the availability of the PECVD system, widely dise
for SiN antireflection. Although the PECVD SiO/SiN
stack is reputed to be one of the best candidajgase
sivate the rear side of the cells [7, 9], the Si@el di-
electric properties are not yet fully understootie Tef-
fects of the Metal-Insulator-Semiconductor (MISjust
ture that is present in the i-PERC and LFC structares
still under investigation [1].

In the present article we used simulation in orer
investigate the influence of the MIS structure #mel di-
electric fixed charge density on the cell efficign€hen
we determined the fixed charge density of the SiQ a
SiN layers by dark Capacitance Voltage measurement
(dark-C-V) technigue, modified to better meet thé&aso
cell application. Lastly, solar cells based on diedectric

structures were processed and characterized by I-V,
guantum efficiency measurements, infrared thermogra
phy and Scanning Electron Microscopy (SEM).

2 DESSIS SIMULATION

2.1 Parameters

The 2D simulation was performed using ISE TCAD
DESSIS [10]. The cell parameters used for the stion
are detailed in the table I. To highlight the reie influ-
ence on the solar cell efficiency, a high valuehaf mi-
nority carrier lifetime was chosen (typical of Fzbs
strate). The rear surface recombination velocifg\(pis
similar to the result recently obtained using PECVD
SiO/SiN stack [1, 9].

Tablel: Solar cell parameters for the simulation.

Substrate

Substrate type & doping P (boron) 1Ya6m*
Thickness 150 pm
Minority carrier lifetime 240 ps

Rear side
Al-BSF doping & thickness ~ 5.1Bcm® 5um
Contact coverage & material 12.5% Aluminum
Dielectric materials tested SiO SizNy
Dielectric thicknesses tested 100 nm 500 nm
Rear SRV 300 cm.séc

Two rear structures were simulated. The first struc
ture is similar to bifacial solar cell: the conwetre pre-
sent only where the dielectric layer is absent. 3éeond
structure is based on LFC and i-PERC cells: the ctstac
cover the whole rear surface including the dielectr
layer.

For both structures, we varied the type of dielectr
used on the rear side (SiOr SkN,4) and the thickness of
the layer (100 nm or 500 nm). The dielectric petimity
of SiO, and SiN, are respectively close to those of SiO
and SiN.



2.2 Simulation Results

The evolution of the solar cell efficiency with tde
electric fixed charged density {Qs plotted on the Figure
I. Under high inversion or high accumulation, thedl c
efficiency is nearly the same. For all rear sidesutated,
there is a Qrange where the efficiency falls deeply and
which may correspond to high rear surface recontioina
rate. The carrier recombinations become maximalnwhe
the free carrier ratio of electron and hole is éqaahe
inverse of their respective capture cross secttio:r

n_oa,

p 0o,
with n (p) the electron (holes) density aagd (o,) the
electron (hole) capture cross section. Siogds about
100 time superior t@,, p~ 100 n when the recombina-
tion rate is maximal [11-12]: the interface Si/[ietfric is
thus in desertion condition.
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Figure I: Evolution of the solar cell efficiency with:Q
for SiO, and SiN, dielectrics of two different thick-
nesses. The aluminum contacts cover the whole cjrfa
except for the localized contacts case.

In the case of localized contacts, this conditiap-h
pens when the dielectric has @ear 1.5.18 cm?, inde-
pendently of the dielectric thickness. When thetacts
cover the whole surface, including the dielectnie, have
to take into account the band diagram modificatibthe
Si/Dielectric interface. The difference between #ie-
minum work function (4.08 eV) and the P-Type sitico
work function being negative, the metal presenc&esa
the energy bands of the silicon to bend to lowergy at
the interface. The metal has thus a similar infbgeas a
positive Q on the band diagram at the interface. This ex-
plains why the recombination rate becomes maximal f
lower @ in the dielectric when the contacts are on the
whole surface.

Moreover, depending on the dielectric constant and
thickness, the influence of the aluminum may be en-
hanced. When the layer is thin, the metal is nedrer
Si/Dielectric interface and the aluminum-silicon ko
function difference has a greater impact on thedban
bending. This effect might be stronger if the iasol has
a high dielectric constant @Bl, in this case).

Consequently, thickness and dielectric constant val-
ues can strongly affect the; Qondition for the maximal
carrier recombination rate, as it can be seen énRig-
ure . With a 100 nm thick layer of $8l,, the cell effi-
ciency becomes minimal when @ negative.

2.3 Conclusion
The simulation shows two important points. Firstly,

an inversion layer on the rear side may not be lprob
atic towards the solar cell efficiency, as it wisaestab-
lished by Mittelstadt et al. [13]. Secondly, depegdon
the dielectric thickness and permittivity, negatiQe is
not always beneficial for a field effect passivation P
type silicon.

3 CAPACITANCE-VOLTAGE MEASUREMENTS

To measure the fixed charge density of our PECVD
dielectric films, we used the capacitance-voltaggthod
(C-V). Two types of measurements were carried B
standard dark-C-V was made by applying a voltaggram
from the accumulation to the inversion conditioand
back from the inversion to the accumulation coodi
in order to reveal a possible hysteresis effect.

From this first measurement, the flat band capacity
(Crp) is extracted. Then, we performed a second charac-
terization by applying a null voltage during fivanates
and slowly polarized the samples to the flat baoktbhge
(Veg). We called this method “weak polarization” (WP).

The WP method is more similar to the working con-
ditions of the dielectric films on the rear side slar
cells than the standard dark-C-V measurement. Thalme
and the silicon stay indeed nearly at the samengiate
This method can avoid traps charging effect when th
MIS is strongly polarized, which may change theedet
mination of Q.

3.1 Experimental

Three dielectric layers and one dielectric stadten
studied: a standard silicon nitride usually usecmtie-
flection coating (SiN), a rich-silicon silicon rie
(SiNr), a silicon oxide layer (SiO) and a stacksdfcon
oxide cover by a standard silicon nitride layeiQ/&iN).

All these structures have been deposited on 2 mbhe
type monocrystalline wafers, (100) oriented. Thayeha
5 ohm.cm resistivity and a thickness of 280 pm.

The deposited layers thicknesses were verifiedlby e
lipsometric measurements and were contained between
40 and 50 nm, except for the SiO/SiN stack (40 dm o
SiO and 25 nm of SiN). All these layers were elabex
in a direct PECVD working at 440 kHz and 370°C with
ammonia (NH), silane (SiH) and nitrogen protoxide
(N2O) as precursor gases.

After the deposition, the samples were annealeal in
belt furnace from Photowatt. Next, aluminum plotsrev
evaporated in order to form the Metal-Insulator-
Semiconductor structure on all the samples. Theoma:
tact was made with indium-gallium and silver pastes

The C-V characterizations were performed with a
probe station using standard dark-C-V measuremehts f
lowed by the WP characterization (performed on a
neighboring aluminum plot). The;@etermination was
done from the flat band capacity value [14].

3.2 Qresults
The fixed charge density results are presentedhen t

Table Il. Two values are given for; @ith the dark-C-V
measurement. This is due to the hysteresis effesept
in all the samples. This hysteresis is caused égtreins
trapping and holes injection from the dielectricaiocu-
mulation condition (see Figure Il). The oppositéeef
may also happen in inversion condition. This hysisr



effect is avoided when using the WP method. We will
thus rely mainly on the fixed charges density ot#diby
this second method.
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Figurell: lllustration of the influence of SiN traps which
may create a hysteresis effect.

Tablell: @ values calculated with the dark-C-V and the
WP results. The blue (red) value means that thbaglo
charge is negative (positive). The value is blatlewthe
sign is not determined.

Fixed charge (cif) by dark-C-V by WP
SiN -2.0.16%+1.9.102 -1.5.10%
SiN annealed -1.5.19+1.9.162 -1.3.1¢¢
SiNr +0.3.10Y+1.2.16* +0.6.10%
SiNr annealed -0.2.10%-1.8.1* -1.2.16%
Sio -8.0.10Y-1.6.102 -2.3.1681
SiO annealed -2.6.10%-7.0.102 -1.3.10%
SiO/SiN -1.3.18%+1.1.16¢ -2.7.16%
SiO/SiN annealed  -0.2.13Y-1.5.13? -1.8.16¢

Surprisingly, most of the dielectric layers exhibit
negative fixed charge before and after annealifgs ©®
even true for the standard SiN, reputed to havétipes
fixed charges [15-16]. The detection of positiveetl
charge may be caused by holes capture or electtease
in the dielectric with the polarization when usitige
standard C-V measurement.

The Figure Il highlights the behavior of the SiN
layer with six consecutive measurements: the hgsier
effect is strongly reduced and the calculated figbdrge
becomes clearly positive and superior td?k@n?, as it
can be found in the literature. The measuremenrep
ducibility for the other layers is clearly bettbanh for the
SiN. The SiO keeps a negativeeen after several dark-
C-V characterizations. Nevertheless, more investigat
is in progress to identify the type of traps resjible of
the negative charge in the dielectrics.

Annealing the layers does not change the signof Q
(except for SiNr) but strongly increase the hysisref-
fect due to trap formation in the dielectric layerar the
Si/Dielectric interface. The layers seem to degnaee
or less with the annealing, depending on their .tylgee
SiO/SiN stack is one of the most stable structufés
Figure IV shows the dark-C-V curve for SiO, SiN and
SiO/SIN after annealing. A smaller hysteresis dffisc
indeed visible for the SiO/SiN stack than for thbeo
dielectrics. This is in agreement with Agostinedti al.:
they pointed out the thermal stability of this sture,
even after successive annealing, due to its sfssiva-
tion properties [1, 17].

Dark-C-V -- 1* measure
—— Dark-C-V -- 6" measure
1,5x10™""{—— WP characterization

N |

1,8x10™"

1,2x10™" 1

9,0x10"*-

Capacitance (C)

6,0x10™"*

3,0x10™"

10 8 -6 4 2 0 2 4 6
Voltage (V)

0,0

Figurelll: C-V curves for the SiN sample before anneal-
ing obtained by C-V measurement. Theeyolution to-
ward positive fixed charge is clearly visible.
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3.3 Conclusion

The C-V characterizations show that the PECVD di-
electric layers may have negative fixed chargethair
bulk. Moreover, the SiO/SiN stack seems more thidlyma
stable in comparison with the other dielectric laye
Thus, it may be more efficient for an applicatiam the
rear side of solar cells.

4 SOLAR CELL RESULTS

4.1 Experimental

Multicrystalline silicon solar cells were elaborgte
on 125125 mnf wafers, 200 pm thick and with resistiv-
ity of 1 ohm.cm. SiO/SiN dielectrics stacks are aged
by PECVD on the back side. Three different SiO/SiN
stacks thicknesses were tested: thin (65 nm), atdnd
(500 nm), and thick (900 nm). The layers are opdmed
UV laser ablationX=355 nm) and covered with standard
aluminum serigraphy before being annealed. A set of
standard solar cells with a full rear side aluminbatk
surface field (Al-BSF) was also made in order to pamn
the efficiency.

4.2 Current-Voltage characterization

The electrical results (Table Ill) depend strongly
the thickness of the SiO/SIN stacks. The best tesat
the cells with a dielectric stack are obtainedtfack lay-
ers, in accordance with IMEC results [17-18]. Mitypri



carrier lifetime investigation shows that the impgEment
of the V,. and J; is due to a better passivation effect,
mostly caused by the reduction of the MIS effea an
thicker SiN layer. In fact, as we presumed in timeuta-
tion part, the Si/Dielectric interface is less afésl by the
aluminum coverage with a thick dielectric stackmiay
also bring additional hydrogen to passivate the sea-
face and the bulk of the substrate.

Table |11 Solar cells results for various SiO/SiN stacks
thicknesses.

Cells Vod(MV) I{mA.cnm?) FF(%) n(%)
Al-BSF 591 31.68 742  13.77
SiO/SIN 65 nm 573 29.04 740 12.21
SiO/SiN 500 nm 582 30.34 727 12.72
SiO/SiN 900 nm 585 31.33 715  12.97

The fill factor decreases when the SiO/SIiN stack is
thickened. In fact, for thick dielectric stack, tberial re-
sistance of the cells can be 20 percent higher fitrathe
reference cells. As illustrated in the SEM pictofethe
rear contact (Figure V), instead of having a thidkSi
alloy as presented by Ma et al. [18], a cavitydsrfed
under the dielectric layers and limits the contastiveen
the aluminum and the silicon. When the aluminumiteg
to dissolve the silicon during the firing step, iasuffi-
cient viscosity might prevent the serigraphy pdsten
filling up the hole, and cause the silicon to beabed in
the paste. An optimized paste and firing conditioms
larger laser point contacts, may be needed to athisd
phenomenon.

4.3 Spectral Response measurement

Even with increasing the dielectric stack thickness
the open circuit voltage stands below the Al-BSFeref
ence. In order to investigate which factor may eaus
lower Voc, we carried out spectral response measure
ments. We performed two characterizations with and
without a bias light to avoid a low rear passivattue to
a weak minority carriers injection [7, 13]. A typldnter-
nal quantum efficiency (IQE) obtained for solarlgel
with a thick SiO/SiN stack is displayed in the RigWI.

Although the additional bias light is less poweérfu
than the standard solar spectrum, the comparisaheof
IQE in the infrared range proves that the rearipaton
by the SIO/SIN stack is effective. The low Voc valmay
thus be ascribed to another cause. Note that tiénfoa-
red response does not disappear for thin SiO/Sigkst
(65 nm) due to a limited passivation effect.

On the other hand, the cell with the dielectricckta
exhibits a lower IQE than the reference cell onwviele
spectrum. These results point out a homogeneous-deg
dation affecting the whole current. In order toritiy the
source of the degradation we performed on the atand
cells a laser firing step before the serigraphyhef con-
tacts, in the same condition than for the “dieieticells.
The processed cells show similar Voc and efficiedey
gradations as the cells with a rear dielectric kstAte
may thus conclude that the Voc degradation is mainl
caused by the laser step, which probably entailasitac
shunting problems. To confirm this hypothesis, vee u
infrared thermography to detect abnormal heating.
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Figure V: SEM pictures of the cross section of a cell
with a dielectric stack. The serigraphy was pdytiat-
moved due to the cell cut.
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FigureVI: Internal quantum efficiency of a cell with a
700 nm SiO/SiN stack, with and without a bias light

4.4 Infrared thermography characterization

By polarizing the cells in inversion, the infrared
thermography is able to detect abnormal heatingtdue
local parasitic shunting [19]. Although the referen
cells, without laser, do not show significant shuthie
cells with dielectric stacks exhibit several plavédeere a
high current is detected. The high majority of tteating
sources are localized near grains boundary of tedtu
gains, corresponding to the position of front gidetalli-
zation. The Figure VII emphasizes the localizatdithe
shunts in comparison with the corresponding frade s



(the picture was mirrored to make it correspondhie
rear side).

165 293 432 566 693 832 966 1093 1233 1366 15.00

Figure VII: Infrared Thermography picture of the rear
side of a solar cell with a SiO/SiN stack (900 r(ejt).
Mirrored photography from the front side of the sacell
zone (right), with the shunt positions underlined.

We note that the laser impacts are not directly re-
sponsible of the shunts because large surfacesveitis
out any abnormal heating. To explain the localoratbf
the shunts, we may suppose that the texturizecheirf
might be sufficient to concentrate locally the lagealse,
as it was demonstrated by Knorz et al. [20]. Tiveimen
the laser hits the surface between two grainsetiergy
might affect the gain boundary integrity, by inGieg
the extended defects concentration, dissolvingirtipai-
rity precipitates and degrading the front emitt€his
phenomenon might be enhanced by the constraints-occ
ring during the contact formation and also by tharre-
flectivity in the ultraviolet range. More investigans are
in progress to verify this hypothesis.

5 CONCLUSION

In the present article we found that the MIS stitest
and the Qof the dielectrics used as passivation coating
on the back side of solar cells can strongly enédrihe
carrier recombination. The stack thickness, théedigc
constant and the (ave to be carefully chosen to avoid
high rear recombinations.

Qr was investigated in PECVD SiN and SiO layers
with capacitance voltage measurement a global ivegat
charge was found. Besides, with a reduced hystetbsis
SiO/SiN stack appears to be more thermally stdida t
the other layers.

Solar cells with SiO/SiN stacks were made. Thersola
cells efficiency depends strongly on the thicknekshe
SiO/SIN structures, with better results for thidlacks.
The reasons of the medium fill factor and Voc auelied
by spectral response, scanning-electron microseoyy
infrared thermography. It was found that the sepdwy is
not optimized for point contacts because it enteélgity
formation instead of a good silicon-aluminum alioythe
hole created by the laser. Several parasitic shwete
also detected along the grains boundary. They sedra
caused by the laser impacts on the boundary whightm
degrade the front emitter.
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