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ABSTRACT: Advanced metallization techniques for crystalline silicon solar cells have the potential to increase the
cell efficiency importantly with only slight alterations of the production process. Compared to the standard process
(screen-printing of silver pastes), different two-step processes (seed and plate, as described in [1]) offer both
flexibility and reduced shadowing loss at comparable or improved series resistance. Typically, the seed layer applied
in a first step is optimized only to make a contact to the solar cell and does not give sufficient lateral conductivity.
This is remedied in the second step (plating), which is in many cases realized by light-induced plating. Most of the
investigations dealing with this process so far have been carried out on screen-printed seed layers. However, the most
improvement is achieved in combination with new seeding technologies, such as aerosol jetting [2] or nickel plating
[3], which are used to produce ever narrower seed layers. The plating conditions are very different on such seed
layers, e.g. in terms of current density and surface morphology, which both have an important influence on the
deposited metal layer. In order to get satisfactory plating results, it is necessary to investigate the deposition onto
such substrates.
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INTRODUCTION

Improving the front side metallization of silicon solar
cells offers an important opportunity for their further
optimization, as the metallization has a direct influence
on the series resistance (via contact resistivity and line
resistivity). Increasing cell areas make that demand even
more pronounced.
Two-step processes for the front side metallization of
solar cells provide an interesting alternative to the
conventional one-step screen-printing process. In a first
step, a so called seed layer is applied onto the wafer. In
the second step, the so called growth-step, the seed layer
is reinforced by means of an electrochemical deposition
of a highly conductive metal (e.g. silver, copper). The
main advantage of a two-step process is the possibility to
optimize each of the layers separately according to its
requirements (low contact resistivity for seed layer, high
aspect ratio and conductivity for conducting layer). Also,
advanced printing and structuring techniques allow the
application of very narrow seed layers and consequently
contacts, which reduce the shadowing loss.
An elegant realization of the second step is achieved
through the light-induced plating (LIP) process [4]. It
utilizes the photovoltaic effect of the solar cell for the
metal deposition on the front side contact. The cell is
partially or completely immersed into the electrolytic
plating bath and irradiated at the front side, which leads
to a very homogeneous current distribution over the front
side. Only the rear side of the cell has to be contacted and
connected to an anode, with a protective potential
ΔERS-AUX applied in between. This is done to avoid metal
loss at the rear side if fully immersed, and to adjust the
potential of the front side grid (Fig. 1). This simplifies
the process considerably [5].
Current and potential at the workpiece (in our case the
front side) are usually adjusted directly to control
electrochemical processes. This is different for the LIP
setup, where they can neither be measured nor controlled
directly. Only the current and voltage in the outer circuit
between rear side and anode are accessible, representing
processes between these two electrodes. However, the

front side is of a greater interest, as the deposition that
occurs there defines the properties of the resulting solar
cell contacts (e.g. specific conductivity, aspect ratio). A
direct current measurement at the front side interferes
with the process. Especially for new seed layer systems,
the conditions of the deposition need to be evaluated and
controlled carefully. The investigations presented here
show the influence of the above mentioned parameters.
We also show a possibility to characterize process
systems, which enables a better understanding and
control of the front side deposition process.

Figure 1: Principle of light induced plating (LIP).
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EXPERIMENTAL

For the plating experiments, solar cell test structures
were designed specifically. We used monocrystalline
156x156 mm² preprocessed substrates from a typical
industrial production to guarantee reproducible substrate
properties. These substrates had already received random
pyramid texture, an emitter diffusion (50 Ohm/sq),
plasma edge isolation and a PECVD SiNx ARC. We
applied a full rear side metallization with a standard
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aluminium-paste screen-printing process. The front side
metallization was applied either with a standard screenprinting process or with an aerosol-jetting process [2].
The printing pattern was chosen to fabricate 50x50 mm²
cells with two busbars of 1 mm width at the cell edges, in
order to facilitate resistance measurements. The resulting
front
side
metallization
was
characterized
comprehensively before the plating step, in order to
evaluate the total metal-surface contact area of the solar
cell grid. The cell structures were separated with a dicing
saw (Disco). Where edges and/or surfaces of these cells
needed to be protected against processes, it was done
with Zuelch OSTROLUX® protective resist, which is
stable against the chemicals of the electrolyte.

synchronised channel, all electrodes were additionally
operated as WE against a reference (Hg/Hg2SO4/K2SO4
sat., Radiometer Analytical) as REF alternately, with a
platinum sheet as CE.
For current density experiments, the cells were weighed
with a laboratory balance (Sartorius) before plating, then
the rear side was coated with resist. A small rim of the
rear side was left uncovered for contacting of the cells.
During the experiment, this uncovered rim was left out of
the electrolyte. The edges of the cells were also covered
with resist to rule out shunting effects. The resist was
dried overnight, and the cells were weighed again
afterwards. They were then plated in the manual plating
setup described above. Light intensity and rear side
potential were adjusted with the current/voltage sources.
Thus, also the current density was altered. The plating
time was chosen for each set of parameters to give
comparable deposition masses.
After plating, the cells were rinsed with deionised water,
dried and weighed. The resist was stripped off with
acetone; the cells were dried and weighed again. If the
difference of weight gain between the two measurements
was too high, the experiment was repeated with a new
cell. The plated surface was estimated using the substrate
properties known from the evaluation, and the mean
current density was calculated as described below.
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Figure 2: Schematic picture of the experimental setup.
All experiments were carried out in an experimental
setup as schematically shown in Fig. 2. In a container,
solar cells or other substrates like disc electrodes can be
immersed into an electrolyte and set to defined potentials
versus counter or reference electrodes with a
multipotentiostat. For illumination of the solar cells, the
container features a window at one side. Different light
sources can be used for irradiation, among these LED
arrays. The current source used for the light is controlled
with a function generator. The electrolyte is circulated
through the setup by a pump through a filter (1µm), the
flow can be adjusted with a choke valve and monitored
by a flowmeter. It is being led back into the container
through a distribution pipe, allowing an adjustment of the
direction of flow. The temperature of the electrolyte is
automatically controlled by a heating. The used
electrolyte was a commercially available non-cyanidic
silver solution. Temperature and electrolyte properties
were kept constant between all experiments and
according to the manufacturer’s specifications. Potentials
and currents were applied and measured using a VSPmultipotentiostat (Bio- Logic).
For the potential measurements, the edge of one screenprinted cell was protected with resist, in order to prevent
shunting through metal growth over the edge. This cell
was put into a standard process setup, using one channel
of the potentiostat to apply a potential between rear side
(working electrode, WE) and auxiliary anode (counter
and reference electrode, CE and REF). On a second,

CURRENT DENSITY DETERMINATION

In order to measure the current density at the front
side grid, we developed a new method we will briefly
describe here. As the front side grid is connected to the
rest of the system only via the electrolyte, there is no
connector such as a cable where the current could be
measured directly. One way to determine the mean
current density is to measure the weight gain of the cell
over the process. From the weight gain, the charge and
consequently the current can be calculated with
Faraday’s law

Q=

m*z*F
M
I=

Q
t

(1)

(2)

where m is the weight gain over the process, z is the
number of transferred electrons per deposited metal
atom, F is the Faraday constant and M is the molar
weight of the deposited metal [6]. With the metal surface
area, which is determined from calculations and image
analysis, one can then calculate the mean current density.

j=

I
A

(3)

However, this method gives the current density at the
front side grid only if the rear side is kept out of the
electrolyte. Otherwise, processes occur simultaneously at
both sides of the cell, leading to weight changes that can
no longer be attributed to the corresponding electrodes.
This can be remedied by spatially dividing the rear side
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and the front side. Two solar cells are introduced into the
electrolyte as shown in Fig. 3, with one cell featuring
only an open front side which is irradiated, the other cell
featuring an open rear side. By connecting the rear sides
of both cells, the potential of the open rear side becomes
the same as of the irradiated cell, mirroring the original
process. The weight change of each electrode can be
measured separately in this setup, and the current density
can be calculated as mentioned.

Figure 4: Absolute potential of the front side grid
against the NHE for a range of light intensities and
protective potentials.

Figure 3: Setup to measure the current density at each
electrode separately.
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DETERMINATION OF THE ABSOLUTE
ELECTRODE POTENTIALS

As the electrode potential influences the deposition
most importantly, we used our setup comprising the
multipotentiostat described above to determine the
absolute potentials at all electrodes (rear side, front side
and auxiliary electrode) for a wide range if relevant
process parameter settings (light intensity Plight and
ΔERS-AUX). The potential of the front side grid is the most
important for the process, as the deposition quality there
is essential for the properties of the resulting metal
contact. As can be seen in Fig. 4, the potential applied at
the rear side has the biggest influence on the front side
potential. Especially for sufficient light intensities, the
front side potential follows the applied ΔERS-AUX linearly.
It is interesting to note that the front side potential for
high negative rear side potentials (as e.g. -1 V in Fig. 4)
follows the light intensity in logarithmic function (EFS
~log (Plight)), as the solar cell voltage dominates this
domain.
With the knowledge of the absolute electrode
potentials in the process, an investigation of the
deposition behaviour for different potentials can help to
determine an optimal operating point. As can be seen in
the cyclic voltammogram shown in Fig. 5, the electrolyte
allows metal deposition for a wide range of potentials
(marked by the red box), but the rate and probably the
deposition mode are very different.

Figure 5: Cyclic voltammogram of the used electrolyte with a
silver disc electrodeas WE, a platinum sheet as CE and a
Hg/Hg2SO4/K2SO4 sat. electrode as REF, at 100 mV s-1 sweep
rate. The cathodic branch (marked by the red box) shows silver
deposition at very different rates for potentials lower than
200mV vs NHE.
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EXPERIMENTS WITH DIFFERENT CURRENT
DENSITIES ON DIFFERENT SUBSTRATES

In order to evaluate the relation between current
density and contact properties, a series of experiments
was performed on the cells described above. The focus of
the experiments was on the influence of the deposition
rate on different seed layers to the contact properties.
Cells with screen-printed and aerosol-printed seed layers
were used. These seed layers exhibit very different
properties that are expected to influence the plating
result. The aerosol printed lines are very narrow (about
40 µm) and shallow (about 1 µm). The random pyramid
surface of the cell is not completely covered, and also
defines the morphology of the seed layer (Fig 6).
Pyramid tips may act as spots of high field density and
thus preferred deposition in the process, while the
deposition speed in the pyramid valleys is limited [6].
Furthermore, the metal area was determined to be lower
than for screen-printed contacts. At comparable plating
conditions, the current density should be accordingly
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higher (see equation 3). This should also influence the
plating result.
5.1 Considerations regarding the metal area and its
influence on the current density
The geometrical area of the contacts (the part of the
cell covered by metal) is easily determined, by simply
multiplying the mean width of the contacts with their
length and number. The true metal contact area, however,
can be very different, at least for the aerosol seed layer.
Fig. 6 shows that not the whole geometrical area is
covered by metal. Furthermore, the random pyramid
morphology has a surface area which is larger than the
geometrical area by a factor of about 1.7 (Fig. 7 a) + b)).
For the determination of the true metal area, lightand confocal microscope images of a great number of
contacts were taken. These were processed and filtered
with an imaging software, giving the width, height and in
case of aerosol-printing the uncovered fraction. For
screen-printed contacts, the metal area was calculated
with the measured geometrical data:
:
A = nBB * ( wBB * l BB ) + nF * ( wF * l F * 1.03) (4)
where n is the number, l is the length and w is the width
of busbars or fingers. The factor 1.03 gives the difference
between a flat surface and the assumed shape of segment
of a circle for the screen-printed contacts. The
morphology of the random pyramid texture is covered by
the thick film metallization.
The initial area of the aerosol-printed contacts was
calculated as the geometrical area of the pyramids under
the metal, subtracting the uncovered fraction (about 10%,
Fig. 6, giving the factor 0.9 in eq. (5)):

A = ( n BB * ( wBB * l BB ) + n F * ( wF * l F ) *1.73 * 0.9 (5)
The fine structure of the surface is a lot smaller than
the features of the contacts in both cases, and was not
taken into account.
The width of the aerosol-printed fingers (approx.
35µm) is only a third of the width of a screen-printed
contact (approx. 115 µm). Thus, in spite of the factor of
1.7 for the influence of the texture, the initial area of the
screen-printed contacts was found to be higher by a
factor of 1.1 compared to the aerosol-printed contacts.
Hence, the initial current density should be lower by
approximately the same factor (see eq. 3), as the current
does not differ much (Fig. 7 b) and d)).
The area of the aerosol printed seed layer is increased
greatly as the surface of the random pyramids is a lot
larger than the geometrical (flat) area. However, as the
valleys are filled with metal during the plating step, the
area will first decrease, and the current density will
increase (Fig. 7 b) and c)). For a well working process
(meaning deposition onto the complete seed layer and not
only the pyramid tips) the highest current density occurs
when the valleys are completely filled. The metal area is
then close to the geometrical area of the contacts. For
screen printed seed layers, the features of the substrate
are covered by the paste, so the area is not greatly altered
during the process (Fig. 7 d) and e)).

Figure 6: SEM-images of an aerosol (above) and screen
printed (below) seed layer.

Figure 7: Visualization of the initial and maximal
current density on aerosol-printed seed layers. The
arrows stand for the incident current (always the same
number, meaning equal deposition rates), the distance
between the arrows shows the current density (great
difference for aerosol-printed lines, low difference for
screen-printed seed layer).
The difference between the area of the two layers
(and again the current density) at this maximum point is
by a factor of 1.9. This factor was calculated with the
width of the filled aerosol-printed contacts (40µm),
leaving out the factor of 1.7 (because the texture is filled)
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and the uncovered fraction (because it was assumed the
seed layer had been closed by plated silver). Both the
initial and the maximum factor are lowered because of
the influence of the 1mm wide busbars (see eq. (5)).
These account for a huge part of the area. A calculation
considering only the fingers results in factors of 2.4 for
the initial and 4.1 for the maximum current density. The
local current density at the fingers (which is difficult to
determine) is believed to be higher in this order of
magnitude. However, as the busbars were present in the
experiment and deposition occurred there, they are
included in the calculation, as we can only determine the
mean current density. Future test structures will be
designed to avoid this problem. An assumed 156 x 156
mm2 cell with an industrial standard grid (3 BB of 1.5mm
width, 70 fingers) yields values close to those of our test
structures (initially a factor of 1.2 and a maximum factor
of 2.1).

5.2 Experimental results
The experimental conditions were chosen identical
for both seed layer groups. The rear side potential was
altered to influence the potential of the front side grid
(see Fig. 4), and thus to alter the deposition rate and
current density. Rear-side potentials of -0.2V, -0.4V, 0.6V and -0.8V were applied at two different irradiation
intensities. The plating time was lowered for higher
deposition rates in order to plate comparable metal
masses onto all cells. At the same plating conditions,
different current densities were found on the different
seed layers as expected. The resulting contacts were
characterized comprehensively in terms of geometrical
and electrical properties. Most important, the resistance
through the finger from busbar to busbar was measured
with the four point probe method. After the fingers were
separated with a dicing saw, the resistance (and
conductivity) of the single fingers could be measured.
Confocal microscope images were used to calculate the
cross sectional area of the resulting contacts, and so the
specific conductivity could be determined.
Figure 8 a) shows the specific conductivity (lateral
conductivity divided by cross sectional area) of the
contacts produced in this experiment. The found values
are in very good agreement with the expected behaviour.
For higher deposition rates (lower rear side potential and
higher light intensity, Fig. 8 c)), the specific conductivity
is lowest. For the screen-printed contacts, there is an
improvement of the contacts performance also for high
deposition rates. Especially for -0.6V rear side potential,
the current density was found to be quite moderate
compared to the aerosol-printed contacts (Fig. 8 b)).
Thus, the impact of the faster deposition rate is lower for
the screen printed contacts. This also shows in SEM
images, which show a better quality and denser metal
layer for these contacts. For high deposition rates, a
columnar growth emanating from the pyramid tips can be
speculated for aerosol printed contacts. These show the
best results for slow deposition rates (Fig. 9).
For a more exact determination of the absolute
current density, the estimation of the metal area will be
further improved.

Figure 8: a) Specific conductivity of the resulting contacts
depending on the process conditions b) Mean current density
during the deposition. Maximal and initial values shown for
aerosol printed seed layers c) Deposition rate d) Aspect ratio
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DISCUSSION

The results obtained in our experiments show the
need to better understand and characterize process
systems for the LIP process if the technology is to be
introduced for the improvement of silicon solar cells.
Especially new seed layer systems were shown to be
sensitive to high deposition rates. Process systems need
to be designed to meet these requirements. A good mass
transport to the electrode surface or customized potential
settings to the electrodes are needed to receive good
results acceptable deposition rates for industrial
application. We are currently working on solutions to
these challenges.
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SUMMARY

A two-step front side metallization with light-induced
plating as second step is an interesting possibility for
solar cell improvement. In order to get satisfactory
results, process understanding and development are
necessary. We developed a means of measuring the mean
current density at the front side grid. Together with
potential measurements, this means a characterization of
the two most important deposition parameters.
Furthermore, we showed that different seed layer
systems require different plating conditions. The
technology is most effective if new techniques to create
fine seed layers are used. Compared to the usually used
screen printed seed layers, they exhibit some features that
are challenging for the subsequent LIP process.
Parameters such as the metal area and the morphology of
the substrate may influence the deposition greatly at a
given rate. Thus, the process conditions need to be
adjusted according to the requirements for each seed
layer. The narrower the seed layer is, the more careful
the deposition should be, especially on rough substrates
not covered by thick film metallization.
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