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1. INTRODUCTION.. W C N
: 8%
2l-alloying diffusion has been considered for long an appropriate ' Where A is the sample ar
way for automated processing of low cost silicon solar cells. Nowadays Pormula (2) has been exg
this technology has stirred new interest in preducing high efficiency - - of deposited Al and the weich
© MIS-BSF solar cells taking advantage of the low annealing temperature of thermal step.
Al, which prevents degradation of the base lifetime {1, 2). L ) -
The objective of this work is to determine the capability of Al-' T ; 3., EXPERTMENTAL
alloyed technology to form high quality hlgh ~low junct:.ons both for con- - S
ventional and bifacial BSF cells. . DSSF Solar cells were £z
For that, we have used the Double Sided Surface F:Leld (DSSF) cell. ) They were thinned to 100 = &
This cell has a BSF-like structure (n pp ) capable of being illuminated f predeposition was carried cut |
on beth sides (3), Fig. 1. When front illuminsted, the behavicur of the Aluminum was evaporated or sz
DSSF cell is similar to that of a BSF cell. The importance of the ratio : removed from it. The sarzliz %
between the minority carrier diffusion length in the base (L) and the various temperatures ranginy
base thickness (w) and the decisive influence of the effective surface : of deposited Al was kept o=tz
recombination velocity of the high-low junction (Seff)(3) have been shown % Two qualities of eviperz
already. For back illumination the effect of these three parameters L, w :  and Al-Si eutectic alley, bet
and Seff in the short-circuit current rises dramatically since most of : Research Corp. targets. Tos z
the carriers have to be effectively reflected.by the high~low junction H the annealing step was elizis
and travel across the whole bulk of the cell. ' i solution. Sheet resistances ¢
As a consequence the DSSF structure has higher sensitivity than " measured.
conventional BSF cells for studying the high~low junction. Histograms of Measurements of the phos
L vs. the Al-guality and of Seff vs. the alloying temperature are presen- . voltage were made at 25°C &=
ted and discussed. samples.
Our results are compared with experimental results reported by other The results of these mes
workers and a discussion of the potential of the Al technology to produce them have been described eisz
effective high-low junctions is included. : values of L (minority carries

- R {effective surface recocbines
Cm . comprised in certain intervel
to the lack of reproductizn l;
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2. HIGH-LOW JUNCTION FORMATION RS

Ay temperature rises during the alloying thermal cycle above the
aluminum-silicon eutectic melting point of 577°C an Al-Si liguid-phase is
formed. The deposited Al dissolves Si from the wafer to reach a liguid-
phase composition given by the phase-diagram at the alloying temperature.
In the binary-system diagram of Fig. 2, F is the Si weight percentage of
the liguid-phase at the alloying temperature. The total weight of dissolved
8i is then: p_. (F/(00-F)}) where p 1 is the weight of deposited al.

As the sample is cooled down %rom the alloying temperature the
concentration of Si in the liquid-phase decreases following the liquidus
curve of the phase-diagram. The excess Si segregates at the Si-liquid
interphase in a similar way as in a liquid-phase epitaxy. A recrystallized
8i layer, doped at the limit solubility of Al into Si at the particular
temperature, grows on top of the substrate. When the liguid phase reaches
the eutectic composition (E) no more Si segregates and the remaining liquid
solidifies. . .

The net weight of the recrystallized Si is !

;=P —— - —2— . (1)
. 100-F 100-E - : - .

The thickness of the p*-layer, Wp+, is then

S Pay F E

Where A is the sample area; and p_, is the Si specific weight.
Formula (2) has been experimentali% confirmed by measuring the weight

of deposited Al and the weight of the remaining eutectic alloy after the

thermal step. ‘ ' ‘

N .

3. EXPERIMENTAL

:'DséF Solar cells were fabricated on <100>, 5-8 Q.cm, p~type Si wafers.

'They were thinned to 100 um by means of an alcaline etchant. A Fhosphorous

predeposition was carried out at 87L3€ Juring 30 min. from a liquid source.
Aluminum was evaporated or sputtered on one face once the nT-layer was
removed from it. The sample was annealed in forming gas atmosphere at
various temperatures ranging from 650° to 825°C during 30 min. The amount
of deposited Al was kept constant at 0.3 mgr/cmz.

Two qualities of evaporated Al were used: 99% and 99.999%, Also Al
and Al-Si eutectic alloy, both 99.995% pure, were sputtered from Marerials
Research Corp. targets. The remaining Al~Si eutectic alloy formed during
the amnealing step was eliminated by ultrasonic vibration in a 5% HF
solution. Sheet resistances of the p*-layer between 100 and 500 2/ were
measured. ) . : o

Measurements of the photogenerated current (AM1) and open-circuit
voltage were made at 25°C at this stage of the process on 1 cm2 scribed
samples. ) '

The results of these measurements and a carefull interpretation of
them have been described elsewhere (4). Every sample was characterized by
values of L (minority carrier diffusion length in the base) and Seff
(effective surface recombination velocity of the high-low junction,
tomprised in certain intervals. This statistical procedure was selected due
to the 1ackiof reproductipility of the Al-alloyed rechnique. The results of
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this estimation are presented in form of histograms (Fig, 3). i wo.-ioiw

Histograms of Seff as a function of the annealing temperature are
shown on the right hand side of Fig. 3. A decrease of Seff as the alloying
temperature increases is noticeable. The smaller Seff is 300 cm/sec.
Typical values are between 1000 and 3000 cm/sec. ot

The left side of Fig. 3 displays histograms of the number of samples ..
which correspond to a certain L interval depending on the type of Al. The
99.999% Al statistically shows a better diffusion length than the 99% Al.
About the sputtered material, the Al-Si, eutectic alloy seems to be
superior than single Al. The comparison between the 99,999% evaporated Al
and the sputtered Al indicates undoubtly the higher performance of the.
first. The hlghest observed dlffu51on length is 180 ym. Typlcal values are
between 80 and 126 um. . S . .

v' T

4. DISCUSSIOI\ I T - . LT

There are two reasons that explain the behaviour of Seff with the
annealing temperature. First, the limit solubility of Al into Si increases
as the annealing temperature increases. And second, for a given weight of
deposited Al a tnicker p'-layer results at higher temperatures (see eq. 3).
These two effects colaborate to reduce the Seff of the high-low 3unct10n.
We have modeled this structure through the high- ~low junctlon model (5)
diffusion length of 10 um is assumed from reference (6).

Heavy doping effects are included from the experimental work of
Slotboom and de Graaff (7). Reasonable agreement with the experiments was
obtained when the recombination velocity of the exterior surface is between
103 to © em/sec, This is shown by the two lines superlmposed at the
histograms.

In general the model correctly predicts the lower limit of seff,
However there is a number of samples which show higher Seff than the
theoretical expectations. This can be interpreted by considering that the
preferential dissolution of Si along particular crystallographic directions
produces a greater effective high-low junction are; than the cell area. Also
a diffusion length of 10 ym in the p*—layer could be perhaps an optimistic
estimation.

In the case of BSF solar cells there is an infinitely recombining
contact at the outer surface. To be an effective high-low junction the
pt-layer should be at least thicker than the minority carrier diffusion
length. According to eg. 3 deposited Al layers should be 5 to 20 times
thicker than the p*-layer. This fact explains the well known conclusion
that screen printing deposition methods are better than evaporation (8).

Selected experimental results reported in the literature are displayed
on Table I. Thin evaporated Al layers lead to ineffective high-low
junctions in comparison with thick film depositions. The best results of
Frisson et al. (9) have been obtained by firing a 25 Um thick layer of an
Al paste deposited by screen printing (10).

The short diffusion lengths reported in this work are probably due to
heavy impurities like Fe, Cu or Zn which are present in important amounts
in the evaporated or sputtered Al material. These are very fast diffusing
impurities and in 30 minutes establish a nearly constant impurity
concentration all along the bulk of the semiconductor, almost independently
of the annealing temperature. This statement has been confirmed by reducing
the annealing time down to 40 seconds with slow (5 min) pull, in and out,
from the furnace. Since the recrystallization of the Si takes place during
the cooling of the sample,this technique gnly affects the rapid diffusion
of metallic impurities. Results on a 1 cm® 250 ym thick sample alloyed at
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Fig. 2. Al-Si Phase diagram.

Reference Struc:

Mandelkorn et al. {13)  BSF

Tarr et al. {2) MIS-Bt
Frisson et al. {9} BSF
Gay (8) BSF

This work DSSF

Table I: Experimental reported :

normalized at Isc = 30
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" Reference

Structure Al dep. method Ta (“C) Vo (aV)
Mandelkorn et al. (13} BSF evaporation 850 580
Tarr et a1, (2)  MIS-BSF  paste o Tlwo ste
Frisson et aif {9) ‘ BSF powder - 780 f‘ : k‘ 5}1 -
6ay (8) I " opste  7ses se9
This wark T essF evaporation Cwms sm.

Table I: Experimental reported results on Al-alloyed BSF solar cells, V_ data dre

nomalized at I, = 30 mA and T = 25°C.
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825°C {99.999% Al) are I = 26,8 mA, I = 7,6 mA (no AR coating}); -

=575 mV and V__ =533 ny, measured"™t AM] and 25°C. The estimated
vafue of Seff is 308 cn/sec and L is 3Q0 um, consxderahly longer than ;n
the 30 min. annealing experiment.

We explaln in this way the behaviour of VOC and Isc reported by Gay
with increasing annealing time (8), He noticed as well a degradation on
the ‘performance of the solar cell when the annealing time was too short
{8, 11). We explain this observation indicating that the thermal inertia’
of holder and samples provokes the real annealing temperature to be lower
than expected. As previously discussed, this fact could produce a higher-
Seff. - .

There is an important reason to expect better diffusion lengths in
the base cf the cell when an Al-Si alloy is used rather than pure Al. The
preferential dissclution of Si along particular crystallographic directions

. in the lattice produces deep spikes into the base. Roberts and wWilkinson
(12) found that the mean depth ot these spikes can be reduced to one half
by using Al-Si eutectic alloy instead of single Al. Although cur experi-
ments could be affected by the real purity of the targets it is reasonable
to affirm that an Al-8i alloy with a composition given by the liguidus
curve of the binary system at the annealing temperature (F) would drasti~
cally reduce the number and depth of these spikes. This would enhance the
minority carrier diffusion length 1n the base. - -

5. CONCLUSIONS. - e : A .

The conclusions of this work are five recommendations for BSF solar
cell processing: a) deposit a heavy layer of Al, b) alloy at a temperature
higher hut close to 800°C,'¢) alloy during 1 minute, d) use pure pastes
and e} Al=-S5i pastes -with the comp651tlon of the liquid phase at the T
alloying temperature.
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