JOURNAL OF NANO- AND ELECTRONIC PHYSICS
Vol. 6 No 4, 04005(7pp) (2014)

MYPHAJI HAHO- TA EJIEKTPOHHOI ®I3UKH
Tom 6 Ne 4, 04005(7cc) (2014)

Improvement of Front Side Contact by Light Induced Plating of ¢-Si Solar Cell

S. Maityl*, S. Dey?, C.T. Bhunia?, H. Saha?

1 Electronics and Communication Engineering, National Institute of Technology, 791112 Arunachal Pradesh, India
2 Center of Excellence for Green Technology and Sensor Systems, IIEST, India -711103

(Received 08 July 2014, revised manuscript received 27 November 2014; published online 29 November 2014)

Screen printing technique using silver paste is one of the established industrial processes for manufac-
turing solar cell. But due to some limitation of this process conductivity of contact decreases. Light Induced
Plating (LIP) of ¢-Si solar cell is a critical process generally leading to decrease in series resistance of front
side contact, increase in fill factor and efficiency associated with marginal reduction in short circuit cur-
rent (Jsc). In this paper experimental results showing the decrease in series resistance but increase in
short circuit current (Jsc) by using LIP process is reported. The LIP experiments are carried out using two
different methods i.e. with and without bias. Even the unintentional deposition of silver nano particles on
the front surface of the solar cell during LIP process is clearly shown.
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1. INTRODUCTION

Firing step is playing an important role to achieve
proper ohmic contacts in screen printing technique.
Several factor arises during the screen printing tech-
nique, for example grid shading (~ 0.5 % loss), conduc-
tivity (~ 0.2 % loss), contact resistance (~ 0.2 % loss) etc
which causes in reduction of solar cell efficiency [1].
Efficiency reduction is mainly due to inability to meet
the requirement of narrower and thicker grid lines.
During the annealing process conducting paste can be
spread aside, thus its limits the aspect ratio at very low
level [2]. The series resistance of Si solar cell varies
because of gridline resistance, sheet resistance of the
emitter and contact resistance between front emitter &
electrode [6]. Sintering of Ag fingers produce a micro
pores in plate, which reduces overall conductivity [5].
Till date many solutions have been reported in the lit-
erature to overcome the issues arising due to firing
technique. Hilali and et al. have reported [7] that for
better metal contact annealing has been done under
forming gas atmosphere to enhance the fill-factor. Au-
thors in [8] gave more as the need of oxygen for better
adhesion of contact at the time of firing. The quality of
the front side electrode for Si-solar cell is very im-
portant factor in regards to its performance. Photo lith-
ographically designed front contact shows 0.5 % more
efficient as compared to screen printing technology [9].
Because of its complexity and higher cost, this is not
preferable for industry purpose. Therefore screen print-
ing technique of silver paste emerges as the most cost
effective and simple process for solar cell in large scale
level. Some of the factors like grid shading, front sur-
face recombination, density defect, etc cause poor con-
ductivity leading to lower efficiency of solar cell [1].
Since the aspect ratio of screen printing silver reduces
the efficiency by 0.5 %, therefore it needs to improve
the aspect ratio of screen printed silver along with con-
ductivity improvement for solar cell efficiency. Next
generation screen printing applications rely on double
printed contact lines (two layer metallization scheme)
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for achieving high aspect ratio and selective emitter
technologies such as laser-doping [3]-[4],[10]-11] which
reduce the electrical contact resistance. Electroless
plating of Ni and Cu has also been successfully demon-
strated in commercial production [12]. However, this
technique involves high maintenance cost and times
consuming process which limits its success [13-14].
Light induced plating (LIP) of silver has come out as an
attractive method to improve the conductivity of the
front side metallization [10-15]. The LIP technique was
introduced in 1975 and it’s quite different as it uses the
solar cell ability to generate the photo current to drive
the electrochemical deposition of the metal. After firing
process, three current paths are formed between the
bulk silver and the emitter [16]. Hence, the current
movement is very high due to its lower resistance be-
tween them [17]. Fast plating rates, stability, lower
cost and easy maintenance has made LIP simple and
efficient. It is seen that LIP helps in improving the
overall conductivity of the front side metallization not
only by improving its thickness but also by filling up of
voids in the screen printed silver. The voids are mainly
formed when the organic solvent is removed during the
drying process. More than a few works has been carried
out by Lee et al. [18] and Bartesch et al. [13, 14] to es-
timate the efficiency gain by reducing optical shadow-
ing losses.

In this paper, we mainly focused on the effect of LIP
on the solar cell characteristics along with fill factor
(FF) improvement and plasmonic effect related with
LIP. In the proposed work, role of surface conditions
and series resistance of front side contact after LIP has
been examined. The unintentional deposition of silver
nanoparticles on the surface of solar cell during LIP
may lead to make changes in the Jsc of solar cell which
could be caused by the plasma ionic effect [20].

2. EXPERIMENTAL

A suitable silver solution for proposed LIP experi-
ment is preferred as this solution has cathode current
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efficiency of 100 %. Three samples solution are taken
by mixing different ratios of Potassium Argentum Cya-
nide (PAC) i.e. 5gm, 12.5 gm and 15 gm in 1000 ml de
ionized (DI) water respectively. In light induced plating
(LIP) experimental setup Silver (Ag) plate as anode and
solar cell as cathode is chosen. In order to obtain the
experimental result without bias p-side of solar cell is
connected with anode (Ag-plate) and for bias setup
(shown in fig. 1) an external supply that is constant
current source of 5 mA is used respectively. Solar cell is
placed horizontally at the bottom of the beaker and
backside is protected by using poly tetrafluoro ethylene
(PTFE) grid slab. The anode plate is placed around the
solar cell in order to achieve maximum light intensity
of 1000 W/m?2.

Electrolyte

Solar cell (Cathode)

Fig. 1 — Simple representation of LIP at bias condition

The standard reaction in electrolyte state described
bellow [4].

K[Ag(CN)2]—> AgCN +KCN
AgCN — Ag" +CN~

Silver ion takes one electron from front printed con-
tact and make Ag particle get deposited on front side
contact. Also negative cyanide ion (CN-) moves to anode
plate (silver plate) having positive silver ions (Ag*) which
reacts to give AgCN again The resulted AgCN reacts
with KCN once again to yield PAC which maintaining
the concentration of electrolyte solution constant.

Ag*+CN™ - AgCN
AgCN +KCN — K[Ag(CN), ]

The I-V characteristic of the cell before and after
LIP is measured using BENTHAM PVE300 Photovolta-
ic Device Characterisation System. From the I-V char-
acteristics the solar cell parameters like current densi-
ty (Jse), open circuit voltage (Voe), fill factor (FF), series
resistance (Rs) and shunt resistance (Rsn) have been
extracted using suitable software. The reflectance and
External Quantum Efficiency (EQE) of each of the cells
are also measured using BENTHAM PVE300 Photovol-
taic Device Characterisation System. The possible dep-
osition of silver nanoparticles on the surface of solar
cell is investigated using Sigma series FESEM model
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from Zeiss. A new designed external bias set up of low
cost circuital arrangement is shown in fig. 2. All the
dotted line in fig. 2 shows the field line assumption
inside the solution.

Supply
l ariable vesistance
5 volts
—
out N s IN out
12 volts GND —
ADJ
ACto DC LM7805 Rv

converter

Fig. 2 — LIP circuit setup and inter electrolyte model

3. RESULT AND DISCUSSIONS

After hydrofluoric acid dipping it is seen that the fill
factor (FF) increases gradually (shown in figure 3)
where as the series resistance remains unchanged. But
FF start decreasing if the solar cell is dipped HF solu-
tion for a time period 50 sec and more. This occurs due
to lift off of the glass frit of front side contact. LIP ex-
periment is carried out using different light intensities
and different concentration of electrolyte solutions.
Figure 4 and 5 shows that the series resistance of front
side contact is decreasing with respect to time but it
decreases rapidly for higher light intensity and higher
concentration of solution within a limit otherwise opti-
cal shading occurs. During firing the solvent of silver
paste used in screen printing process (SPP) evaporate
making unwanted pores on the front side contacts
which increases the series resistance therefore decreas-
es the solar cell efficiency(as shown in fig. 6(a)). But
after LIP process the pores get filled with silver parti-
cles as shown in fig. 6(b) reducing the series resistance
and increasing the solar cell efficiency.
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Fig. 3 — Change of fill factor depending on HF deeping

Considering 1 length finger lo is the void present in the
finger (shown model 1). Now electric field £ =v /[, here
v is the applied potential and dv (where — dv = IdR) is
potential drop at lo.
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Fig. 4 — Series resistance change with light intensity
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Fig. 5 — Series resistance change with concentration of solution

Fig. 6 — Microscopic view of solar cell contact (a) Microphot
graph of finger before LIP (100X) (b) Microphotograph of fin-
ger after LIP (100X)
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o o+ d
Model 1 - By taking single cut at contact

Now after taking lo, electric field can written as
E=vo/l-1lo. We know J=0F and [=cA, E= cAvo/ [ —
lo, from it is obtained v, = I(l—lo)/(AO') .

If the void portion is reduced to the second model
then the generated resistance is written as

I-4 Lh  _
wt Pw-by

zﬁ[ﬂ+l_oj
t\ w w-b

Where p is the resistivity d / 2 is the separation be-
tween the void bar and contact edge.

R=p

II=wp =
:’im:”‘/l

lo

Model 2 - Reduced size of the cut

|” mmm
11—

—>
Lo
Model 3 - Distributed throughout the finger

Again n and m no of rows and columns are introduced
to show the accurate result (shown model 3).

(mn)(nw,)t
VvV = 07 =
grid lwt

mn(lw,) = Viw

lyw,

R=pl_ml° ml,

wt p(w—nwo)t -

zﬁ{l—mlum_lo}:
(

t wt w—nw,
_pl-ml, (w—nwy)+mlgw B
t w(w —nwy)
p

= —)(lw —-mlyw —nlw, + nmw,l, + mlow)
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As mnlw, = Viw
P
R= m[!(w—nw0)+‘flm} =

o w-nw,)+Vm|=
wt(w—nwo)[( ) +V ]

e e L=
wt w —nw, w —nw,

Again by considering the voids are spherical and
they are distributed haphazardly (shown model 4) on
the contact then it can be modelled by GEMA approach

‘/air Ouir — %, + (1 _ Vair) O metal — Oe =0
- -20
Ouir — O O metal e

If Viir = 0 then oe = Gmetal and
Vair = 1 then oe = ouir

If cuir > 0

v (1}(1—%,)@:0

air
2 Ometal ~ 20—@

O metal ~— O + l —-V. Ometal ~Oe + l
O petal — 20, \ 2 o 20, 2

metal e

o-metal - Ue = Vair (SO-metaZ)
O¢ = Opetal (1 - 3Vair)

1 1 1
R=p—=z——

A O-metal (1 - 3Vair) ' Z

L L";tal (1-3V,,)A

R air

Model 4 - Spherical voids distribution

Again this model derived in different approach and
analysis as bar of length L having some pores found
during the time of firing is considered (as shown in fig-
ure 9). W1 and W2 is the width of the bar without con-
sidering the pore area. So, from the fig.7,
W=W1+ W2+ AL where AL is the diameter of the
pore. Considering the pores distributed at X and Y axis
randomly or for arbitrary distribution of pores a model
equation can be derived as

Reff — é 1+L
|44 1-ALJt

p = resistivity of bar; ¢ = height of bar; f, = void frac-
tion.
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L —length of bar, W— with of the bar, ¢ — thickness
of the bar, AL — diameter of pore

L
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Fig. 7- Model of finger with pore

Using the resultant model equation a MATLAB
analysis is carried out by taking different values of pore
diameter, void fraction, finger thickness and finger
width. Finally on the basis of MATLAB analysis differ-
ent graph are obtained between series resistance and
different finger parameters as shown in fig. 8 to 11.
From fig. 8 and 9 it can be seen that, the series re-
sistance increases as the pore diameter and void frac-
tion increases. As shown in fig. 10 and 11 due to in-
crease finger thickness and width series resistance de-
creases.
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Fig. 8 — Series resistance changes with pore diameter
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Fig. 9 - Series resistance vs void fraction
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3.1 LIP at with Bias Condition

From table 1 it can be seen that there is a signifi-
cant increase of Jsc (21.3 mA/cm2 to 26.06 mA/cm2)
while series resistance decreases (1.56 Q to 1.47 Q).
However FF has decreased from 0.43 to 0.40 possibly
due to reduction of Rsh from 26.7 Q to 16.43 Q. But
from the spectral characteristic, it is noticed that there
is a reasonable increases of EQE in the wavelength
500 nm to 900 nm. The behaviour of the spectral reflec-
tance curves in figure 12 indicates that there may be a
chance of unintentional deposition of different size na-
noparticle all over the silicon solar cell surface which
leads to plasmonic effect. This may be one of the possi-
ble reasons of increased Jsc and hence solar cell effi-
ciency, although there is a small decrease of fill factor.
On the other hand in the case of cell 2 Js has reduced
significantly. The increase and decrease of Jsc can be

28 4
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‘ = = «Céll | before LIP
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Fig. 12 — Reflectance of cells before and after LIP (with bias)
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Fig. 14 - EQE of cells before and after LIP with bias

understood from External Quantum Efficiency characteristics
of the cell as shown in the figure 13 and 14. This is may be due
the increase of coverage of silver nano particle over the entire
solar cell surface during LIP with a longer time 10 mins.

3.2 LIP at without Applied Bias Condition

In LIP without using external bias, a significant in-
crease in Jsc (Figure 17) and reduction of reflectance
(fig. 15)which may be one of the cause of efficiency im-
provement. Table 1 show that LIP without bias for
10 mins (Cell5) yield the best performance with respect
to increase in Jsc and efficiency. From the spectral
characteristic, it is noticed that there is a reasonable
increase in EQE [Fig. 16] in entire region of light wave
length from 300 nm to 1100 nm because of the increas-
ing value of Jsc as shown in the illuminated IV charac-
teristic curve (figure 17). So it can be concluded that if
time of deposition is greater than 5 min and less than
15mins during LIP without bias is the optimized LIP
parameters which got in experimental study.

FE-SEM image is taken using Sigma series of zesis,
(shown in figure 19 ) showing the different size of silver
nano particles deposited on bare surface of the solar
cell. Solar cell without anti reflection coating is taken
for LIP experimental study. As a result plasma ionic
effect is introduced which improves the efficiency of
solar cell by improving some parameters Jsc, EQE,
IQE, and reflectance. But figure 18 shows nucleation of
Ag particles due to longer time deposition which cause
optical shading.
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Fig. 19 — Deposited nanoparticles after LIP

4. CONCLUSION

For industrial application LIP is an established pro-
cess for improving the Rs of the front contacts and re-
ducing the shading loss in c¢-Si solar cell fabrication
after screen printing technique. LIP is effective for un-
intentional improvement of contact resistance. In this
paper experimental results are obtained by using two
different chemical techniques concentrating not only on
FF but also Js. Increase in Jsc and corresponding in-
crease in efficiency without any significant change in
FF is being reported. The unintentional deposition of
silver nanoparticle on the surface of c¢-Si solar cell dur-
ing LIP leads to a plasmonic effect which is an evidence
showing reduction in the reflectance and increase of
EQE of solar cell.
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Table 1 — Different solar cell parameters at LIP with bias and without bias condition

567 WITH BIAS
wt/m?2
Sample |LIP Jsc Area |Voc |Isc |Vm Im Pm Rs Rsh FF n
no. time (mA/ |(cm?) |(Volt) [((mA) [(Volt) [(mA) (mWatt) |(Ohm) [(Ohm) (%)
Min) |cm?)
Cell 1B 5 5 8.25 [0.58 176 [0.340 [129.20 43.92 1.56 26.70 10.43 9.38
Cell 1A 0.58 (215 ]0.320 |155.70 49.89 1.47 16.43 (0.40 10.66
Cell 2B 10 |5 |9.9 0.58 [278 10.310 [165.50 51.29 1.54 4.58 0.32 9.19
Cell 2A 0.57 [226 ]0.310 [158.70 49.21 1.48 15.39 [0.38 8.95
Cell 3B 15 5 8 0.57 |208 ]0.320 [140.60 44.98 1.58 14.76 [0.37 9.67
Cell 3A 0.57 (183 ]0.330 [134.00 44.23 1.52 20.51 ]0.42 9.66
WITH OUT BIAS
Cell 4B 5 With- [8.1 [0.58 [217 ]0.320 |142.80 |45.69 1.66 13.24 [0.36 9.87
out
bias
Cell 4A 0.58 |[237 10.310 |147.17 45.62 1.72 8.62 0.33 9.88
Cell 5B 10 With- [5.2 [0.57 [148 (0.340 |111.10 |37.78 1.75 48.27 0.45 12.87
out
bias
Cell 5A 0.58 (164 ]0.340 (126.90 43.16 1.59 38.28 10.45 14.52
Cell 6B 15 With- |6 0.58 (138 ]0.360 (109.40 39.41 1.63 31.34 |0.49 11.53
out
bias
Cell 6A 0.56 (158 ]0.350 [112.40 39.34 1.71 20.48 10.43 11.6
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