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ABSTRACT: The overall demand to reduce solar enemgts gives a continuous drive to reduce the tigsk of
silicon wafers. Handling and bowing problems assted with thinner wafers become more and more itaparas
these can lead to cells cracking and thus to highd ylosses. In this paper the microstructure arethanical
properties of the aluminium on the rear side oflarscell are discussed. It is shown that the aliium back contact
has a complex composite-like microstructure, caimgjsof five main components: 1) the back surfaetdflayer;

2) a eutectic layer; 3) spherical (3 - 5 um) hypagetic Al-Si particles surrounded by a thin aluarmoxide layer
(200 nm); 4) a bismuth-silicate glass matrix; afighdres (14 vol.%). The Young’s modulus of the Alp&rticles is
estimated by nanoindentation and the overall Yosimgodulus is estimated on the basis of bowing neasents.
These results are used as input parameters fongnoved thermomechanical multiscale model of aailisolar cell.
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1 INTRODUCTION

The most critical processing step during the
manufacture of screen-printed solar cells is thandi
process. Residual stresses are formed within thelece
to mismatch of thermal expansion coefficients and
different mechanical behaviour of the materialsduse
the metallic contacts. The wafer bows and forms a
convex or concave body upon cooling, which
mechanically loads the cell and may cause fragfijre

As the thickness of silicon wafers is redyceell
bowing becomes a major problem during different
processing steps. It is possible to decrease bowing
reducing the amount of aluminium paste or by cheggi
the paste chemistry and firing conditions. Howeteere
is a limit below which screen-printed aluminium fgas
will lead to a non-uniform back surface field layer
influencing the electrical properties of the cell-4].
Nowadays it is very important to find a compromise
between electrical properties, strength and cobthe
solar cell. To achieve this, it is necessary toehabetter
understanding of microstructure, stress developraadt
mechanical properties of the cell.

In this paper an investigation is reported tbé
microstructure and mechanical properties of the
aluminium at the rear side of the solar cell, amdtie
effect of the paste composition on bowing. On thsi®
of this knowledge it should be possible to better
determine mechanical limits of the solar cell, witte
aim of reducing yield losses during cell and module
manufacture.

2 EXPERIMENTAL CONDITIONS

Silicon wafers of a constant thickness (209 were
sliced off a single multicrystalline silicon blocka our
study only wafers from the middle of the block
contributed to the results. A standard industriell ¢
process was used in this research. The screenngriot
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the rear was performed with a conventional screerigy
and a 165 mesh screen. &amine the influence of the
composition of the aluminiunpaste on bowing, three
different commercially available aluminum pastesrave
used (pastes A, B and C).

Measurements of the curvature were done by an
optical method, using a Quick Vision Mitutoyo syste
Five neighboring cells were prepared for each typAl
paste. Measurements were performed over the fuljtfe
of the solar cell (156 mm).

A JEOL JSM 6500F scanning electron microscope
(SEM) with energy-dispersive spectroscopy (EDS) was
used for microstructural analysis of cleaved samfitem
a conventional H-pattern solar cell. In order tentify
the Al-Si reaction layer, samples were polished and
etched in a solution of HF-HNGCH;COOH (1:3:6) for
20 seconds. Metallic polishing holders were used to
prevent any influence of the embedding resin on the
microstructure analysis. Apart from EDS, the
composition was determined by electron probe
microanalysis (EPMA), which will not be presented i
detail in this paper.

Phase identification of the as-dried andesed Al
pastes was conducted by X-ray diffraction using& D
discover diffractometer (Cu Kradiation) equipped with
an Euler cradle. A multiphase structure refinemeas
carried out by means of a full profile Rietveld hed
including refinement of the lattice parameters,nato
positions, scale factor, zero shift, background Brabg-
peak profile parameters. Starting models for the
calculation procedure were taken from the inorganic
crystal structure database (ICSD) [5].

High-resolution  computed  tomography  was
performed with a “Nanotom” system equipped with a
high-power nanofocused tube (180 kV/15 W) for a
microstructural characterization of the as fireghaihium
bulk layer, namely, concentration profile deterntio@
of glass phases in the as-fired aluminium pasteyefisas
a porosity investigation. This technique providekrae-
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dimensional spatial image of an object, distisbirng
different materials on the basis of their density.
Computed tomography 3D images were generated by
rotation of the sample over 360° with a step sife o
0.5° around an axis (perpendicular to the solat cel
surface), while taking a series of 2D pictures eAftards
these images were combined to create a 3D volwnetri
representation of the structure using a reconstmuct
algorithm.

Mercury intrusion porosimetry (MIP) was performed
on small (30x10 mm) samples to determine the pgrosi
and the pore size distribution in the Al rear féager.
This technique is based on the principle that mgrizua
non-wetting liquid and requires a force to penetrat
voids. The experiments were performed on a CE
instrument Pascal 140 (low pressure) and Pascal 440
(high pressures) in a pressure range from 0.01t&Pa
MPa.

Elastic properties of solar cell cross section faye
were characterized by a nanoindentation technigirggu
an MT5 Nanoindenter G200 instrument, capable of
continuous  stiffnress  measurements. For these
experiments, samples were embedded into an Epofix
resin for a better support during indentation. Tester
was equipped with a three-side pyramid (Berkovich)
diamond indenter with a 50 nm tip radius.

Nanoindentation results were averaged over 30
indentations, made for every sample. The Young's
modulus was evaluated according to the Oliver dmatP
approach [6].

3 RESULTS AND DISCUSSION

Fig. 1(a) shows a polished and etched SEM cross
section of a typical screen printed silicon solall ¢
microstructure consisting of 5 distinct layers:veil
silicon, back surface field (BSF), eutectic and kbul
aluminum. The bulk aluminum layer was found to have
complex porous microstructure. A closer look inke t
bulk Al layer (Fig. 1 (b)) reveals the presencepifierical
particles, surrounded by a distinct oxide layer.e Th
thickness of this oxide layer is about 150-200 which
is in good agreement with TGA experiments (not
presented here) showing (partial) oxidation of the
aluminum in the sample by a mass increase around
600 °C. Electron probe microanalysis confirmed an
increase of oxygen concentration around the particl
edges.

This oxide layer creates a shell around the patticl
which holds the particles in place, and thus ceeate
stable microstructure of the paste. It is expedted a
particle-to-particle contact is made by the oxidgel,
which might lead to only a weak bond between the
particles, negatively affecting the mechanical prtips
of the layer. EDS results showed that these spdleric
particles have a nearly eutectic Al-Si composition,
surrounded by a complex matrix of Al, Si and O (FAy
X-ray element mapping also showed the presencei of B
and Ca, which is a residue from the initial Al gast

An XRD analysis was performed on the bacdfase
of the cell in order to indentify phases presenthia Al
layer. Measurements were done for both a mechéical
removed Al layer and an as-processed layer on ftapSe
wafer. Fig. 3 shows the X-ray spectrum of the A$tpa
mechanically removed after firing.

Bulk porous A Eutectic, 2,8 pm

Silver finger Silicon, 155 pm

L

laver. 29 um

10gan W T A

Figure 1. (@) SEM micrograph of cross section of a conwet silicon solar cell (156x156 nim200 um), comprising 5 distinct

layers; b) Microstructure of bulk Al layer with A spherical particles, surrounded by a thin filhalemina.
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Figure 2. X-ray element mapping of cross section of theSAlayer, indicating the distribution of selectdereents.

Besides the expected Al and Si, three eptrases
were detected, namelyAl,O;, CaMgSiQ, and bismuth
silicon oxide. The latter two are a residue of thigial
glass frit present in the Al paste to obtain bettatering
properties of the contact layer. The presenceAlf,Oz is
in good agreement with literature results, showang
formation of amorphous alumina between 300 to 5350 °
and its further transformation intg-Al,O; at about
550°C [7].

In order to evaluate the ratio between @d &i in
the Al back surface layer a full profile Rietveld
refinement was performed, employing FullProf sofeva
As a starting model for the refinement, bulk Al a8d
structures were used; glass phases were not intlide
the refinement. The refinement provided good agezgm
between observed and calculated profilHse estimated
weight ratio between Al and Si, e.g. 83 % : 17 %oisd
to be in a good agreement with EDS/EPMA results.

A computer tomography analysis was carriatito
obtain the amount and distribution of bismuth sil&
glass and porosity. Fig. 4, (a) shows a represeataD
X-ray image of the Al layer (paste B). The yelloarts
correspond to a higher atomic number material (btem
Z=83), which absorbs more X-rays, and the grey parts
lower atomic number materials, such as aluminzai8)
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and silicon Z=14). Based on the digital 3D images of
Fig. 4(b), the fraction of bismuth glass and ofgsity in
paste B was estimated to be 3.9 vol. % and 14 %ol.
respectively. Results on the other pastes are mexsén
Table 1.

The overall open porosity of the Al layertiesated
by mercury intrusion porosimetry, was found to be
around 15%, which is in good agreement with congbute
tomography results. Mercury intrusion showed thaa a
relatively low pressure (0.06 MPa) filling of largeres
(around 50 microns) occurs. An increase in pressure
(0.5-2 MPa) revealed the filling of the remainingadl
pores, which are about 2 microns in size.

Fig. 5 shows a representative nanoindentdtiad-
displacement curve and SEM micrograph of the
nanoindented Al-Si particle. The Young's modulughef
bulk layer particles was found to be approximately
72 GPa at 1.5 mN, which agrees well with literature
results for eutectic Al-Si alloys [8]. However, shialue
is not representative for the elastic modulus efghrous
Al layer as a whole.
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Figure 3. XRD spectrum of the mechanically removed Al paster firing. Inset shows an enlarged fragmenthef XRD

pattern from B=20° to 68°.

It is known, that bowing of material lay@nscontact
with each other having different thermal expansion
coefficients (Si and Al in our case) can be repmtesk by
a bimetallic strip model, assuming bending in oahe
dimension [3].

If only elastic deformation occurs, the resulting
amount of bowingg, can be calculated using

_ 3(a, -a)(T, - T, +t)L°
42 (4+ GttlI+ 4%;)% E)éb)ﬂ %)(:A)),

where; is the thickness of the top componeptis
the thickness of the bottom componentis the thermal
coefficient of expansion (TCE) of the top component
oy is the TCE of the bottom componeift,is the firing
temperature (contact formation temperature, €7 T,
is the measuring temperature (room temperatie)s
the elastic modulus of the top component (Si wafer
Ey is the elastic modulus of the bottom component (Al
layer) andL is the length of the cell.

Using experimentally obtained bowing resaltsl the
above formula, it was possible to recalculate therall
elastic modulus of the Al contact layer, which vi@asnd
to be around 43 GPa, (as an average of three etffer
aluminum pastes). However, the bimetallic strip slod
accounts only for a two layers system, thus thaiobt
value of young’s modulus should be considered as an
average of that of the porous Al layer and of theetic
layer.

Table 1, shows the influence of the pastepmsition
on bowing and clearly demonstrates that the paste
composition has a large impact on the Young’s masiul
of the fired aluminum paste.

As can be seen, there is a correlation b=iwbe
aluminum paste composition (porosity and bismutisgl
concentration), bowing and Young’'s modulus. A more
detailed investigation on the relation between ehes
parameters is out of the scope of this paper atidowi
presented in a follow-up article.
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Figure 4. a) 2D X-ray image of the Al layer (Paste B), siraythe differences in photographic density betwdgferent
parts (yellow part: bismuth, blue: porosity, gréy:and Si). b) 3D volumetric representation of bigmglass phase (upper)
and porosity (lower) distributions.

Table

1. Correlation

between

aluminium  paste

composition, bowing and Young’'s modulus of thedire
aluminum rear side contact.

Bowing Young'’s
Paste| Porosity,| Bismuth over 9
type % glass, % | 150mm, Mcgj;!:s,
mm

A 10.9 1.8 1.4 41

14 3.9 2.6 44

C 16 4.2 1.8 46
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Based on the results presented here, a model wee m
describing the cross section of the rear face @fsthicon
solar cell with corresponding microstructure featur
(Fig. 6). The Al layer is represented as a complex
composite-like material, consisting of three main
components: 1) spherical (3 - 5 um) hypereutedtigi
particles, surrounded by a thin aluminum oxide faye
(200 nm); 2) a bismuth-silicate glass matrix (3. %o,

as an average of different Al pastes); 3) pores/(14%).

The results of microstructure, nanoindentatio
analyses and bowing measurements are used in a
thermomechanical multiscale model of a solar cEtle
model integrates the thermomechanical behaviouhef
layers at the rear of the cell, allowing bowing tbg
whole cell to be predicted [9]

Figure5. a) Loaw-displacement curve and b) SEM micrograph of reprtesiwe nanoindented -Si perticle.
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Figure 6. Model of the rear face of a silicon solar celllwiorresponding microstructure features.

CONCLUSIONS

In this work the microstructure and mechahica
properties of the aluminum on the rear face oflarszell
were investigated. It was shown that the bulk Aklahas
a complex composite-like microstructure, consistiofg
three main components: 1) spherical (3 - )
hypereutectic Al-Si particles, surrounded by a thin
aluminum oxide layer (150-200 nm); 2) a bismutlicate
glass matrix (3.3%) 3) pores (14 vol.%). The Yowsng'
modulus of the AI-Si particles, obtained by
nanoindentation, was found to be 72 GPa. However, t
overall Young's modulus of the Al rear side contact
(including bulk Al layer and eutectic layer), estited by a
bimetallic strip model and bowing measurements, was
found to be about 43 GPa. These results are usiguais
parameters for an improved thermomechanical malgsc
model of a silicon solar cell, which incorporatdse t
behavior of the various layers.
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