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For higher-efficiency solar cell structures, such as the Passivated Emitter Rear Contact (PERC) cells, to be fabricated in a
manufacturing environment, potentially low-cost techniques such as inkjet printing and metal plating are desirable. A common
problem that is experienced when fabricating PERC cells is low fill factors due to high series resistance. This paper identifies and
attempts to quantify sources of series resistance in inkjet-patterned PERC cells that employ electroless or light-induced nickel-
plating techniques followed by copper light-induced plating. Photoluminescence imaging is used to determine locations of series
resistance losses in these inkjet-patterned and plated PERC cells.

1. Introduction

As the photovoltaics industry becomes more mature, manu-
facturers must find new ways of staying competitive. Devel-
oping cost-effective ways of fabricating higher-efficiency cell
structures that have to date only been realized in a laboratory
environment is an option that is being considered by many.
An obvious cell structure to attempt to commercialise is the
Passivated Emitter Rear Contact (PERC) cell [1, 2].

New patterning methods such as inkjet printing and
laser doping [3–5] enable the patterning of dielectric layers
for metal contacting and therefore eliminate the need to
use techniques such as photolithography which enabled the
earlier laboratory implementations of these cells. Metal plat-
ing, which has been successfully used for the manufacture
of photovoltaic devices in industry [6], is compatible with
these patterning methods and consequently presents as a
commercially viable metallization method. In addition to
enabling the use of less expensive metals like Ni and Cu,
metal plating is a self-aligning process thus eliminating the
need for the photolithographic lift-off steps which were used

in conjunction with evaporated Ti-Pd-Ag metal contacts. A
further advance that is desirable to make PERC cells com-
mercially viable is to reduce the number of high temperature
steps [7, 8].

This paper contains an analysis of the series resistance
losses of PERC cells that have been fabricated using inkjet
printing (IJP) for the patterning steps and self-aligned Ni
and Cu plating for the metallization. The fabricated PERC
cells were analyzed using photoluminescence (PL) imaging,
current-voltage (IV) measurements, and microscopy. Trans-
mission line model (TLM) test structures were fabricated
to characterize the metal-silicon interface and estimate the
contact resistance associated with both the front and rear
metal contacts. The findings of this work show that a decrease
in fill factor due to high series resistive losses is a problem
with electrolessly plated PERC cells. This is consistent with
the findings of other researchers who have seen fill factor
losses in their electrolessly plated PERC cells that were
formed using laser-fired rear contacts [9]. It was found
here that spurious Ni plating on the rear point contacts
forms during electroless Ni plating, and this contributes
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significantly to the high series resistance and resulting low
fill factors of final devices. Poorly adhered front contacts
were also an issue with inkjet-printed and electrolessly plated
PERC cells. It is shown that use of appropriate plating
techniques, such as bias-assisted light induced plating, can
help reduce these resistive effects.

2. Experimental Procedure

2.1. Cell and Test Structure Fabrication. Cells and test struc-
tures were fabricated on planar, 0.5Ω·cm, p-type, 200 μm
thick, FZ Si wafers. The processing sequence used for the
cells is outlined in Table 1. The emitter sheet resistance
after processing was ∼120Ω/�. Nickel contacts were formed
using both electroless plating and bias-assisted LIP. In the
latter process, a bias voltage of 0.6 V was applied to the rear Al
surface of the devices (this setup can be seen in Figure 1(a)).
All Cu plating was performed using noncontact LIP without
an applied bias (see Figure 1(b)).

The dimensions of the completed cells are detailed
in Table 2. The TLM test structures underwent the same
thermal processing as the fabricated cells. The only difference
in the fabrication sequence was the inkjet patterning. Instead
of forming openings for front finger grids and rear point
contacts, TLM contact pads were patterned using the indirect
inkjet patterning method [5] for the (front) Ni and (rear) Al
contact resistance test structures. For the rear measurements,
TLM contact pads of Al were evaporated through a mask
which was aligned to the inkjet-patterned openings in the
rear SiO2 dielectric layer.

2.2. Analysis. The series resistance of the final IJP PERC cells
was estimated from comparing the light-IV measurements
with the Suns-Voc measurements [10]. Photoluminescence
(PL) imaging was used to record a spatially resolved image
of the voltage across the cells. Two types of PL imaging were
used: open-circuit PL and Rs-PL [11, 12]. The contributing
components of the series resistance were identified, and
each component was calculated using actual dimensions and
resistances measured from test structures. Scanning electron
microscope (SEM), focused ion beam (FIB), and optical
microscopy were used to inspect the quality of the metal
contacts and to help determine the underlying causes of the
high series resistance problems experienced by IJP PERC
cells.

3. Results and Discussion

3.1. Contact Resistance Results. The TLM measurements for
the front Ni contacts depended on the plating technique
used, with the average specific contact resistivity being 0.07±
0.04Ω·cm2 and 0.09 ± 0.02Ω·cm2 for electroless Ni and
bias-assisted LIP Ni contacts, respectively. There were some
variations between individual test structures using the same
Ni-plating technique, particularly with the electroless Ni-
plated cells. Specific contact resistivities as low as 3.5 ×
10−5 Ω·cm2 have been reported previously for Ni/Cu-plated
fingers [19]. The discrepancy between the resistivity values

could be due to the difficulty experienced in achieving good
adhesion between the Ni and Si.

The specific contact resistivity for the Al-Si rear contact
TLM test structures was measured to be 0.004±0.003Ω·cm2

and 0.028 ± 0.010Ω·cm2, before and after electroless Ni
plating, respectively. The value before electroless Ni plating
is higher but on the same order of magnitude as previously
reported values of 0.0015Ω·cm2 for Al on 0.5Ω·cm p-type
Si [18, 20, 21]. The increase in specific contact resistivity
after electroless plating was due to spurious Ni plating at the
Al-Si rear contacts [18]. Figure 2 shows an FIB image of Ni
plated around a rear point contact on an IJP PERC cell that
underwent electroless Ni plating. Nickel plates preferentially
on the rear surface at regions where the Al is rough or
contains a higher Si content than the surrounding Al [18].
In some areas, the Ni displaces the Al through galvanic
displacement, coming into direct contact with the Si (see
Figure 3). This plated Ni contributes to the metal Si contact
and causes increased contact resistance due to the fact that
Ni has a higher barrier height on p-type Si than Al [20].

The spurious rear-side Ni plating was only observed
with cells and test structures which underwent electroless Ni
plating. In bias-assisted LIP, the rear surface was protected
from undesired plating by the bias voltage, and so rear-side
plating was avoided. The absence of Ni on the rear contacts
means that the Al-Si contact resistance measured from the
test TLMs can be used as the contact resistance for rear
contacts formed using BA-LIP.

3.2. Light IV Results. The cells were tested under stan-
dard conditions using an Adventest DC Voltage Current
Source/Monitor, a temperature-controlled copper block, and
a halogen lamp light source calibrated to one-sun using a
calibrated reference cell. Suns-Voc measurements were done
using a flash tester, and the series resistance was estimated
from comparing the light IV data to the Suns-Voc data. The
open-circuit voltage (Voc), fill factor (FF), series resistance
(Rs), and shunt resistance (Rsh) data for the cells plated using
electroless Ni and BA-LIP Ni are listed in Table 3. The series
resistance of the electroless Ni-plated cell was higher than
that measured in the BA-LIP Ni-plated cell. The FFs of both
cells are remarkably low. Shunting was an issue particularly
for the BA-LIP sample, and the series resistance was high for
both cells. The shunting in the BA-LIP batch of samples was
due to inadequate resist coating on the front surface of the
cell during the rear contact patterning step. Pinholes formed,
creating holes through the dielectric and emitter which were
subsequently plated with metal.

3.3. Photoluminescence Results. Photoluminescence imaging
gives a spatially resolved image of locations of high and low
voltages within a cell or wafer. When the cell is at open
circuit, there is no lateral current flow, so areas of low voltage
represent areas of high recombination. The PL intensity
is directly proportional to the exponential of the voltage
according to (1) [22]:

IPL,i = Ci exp
(
eUi

kT

)
, (1)
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Figure 1: Experimental setup for (a) bias-assisted LIP; (b) noncontact LIP.

Table 1: Processing sequence for IJP PERC cells.

Step Process Conditions

(1) Damage etch/texture 20 min etch in 30% NaOH at 80◦C

(2) Oxidation Dry oxidation, 1030◦C for 4 hr with 1% TCA in O2

(3) Strip front oxide Mask rear; strip SiO2 with buffered HF

(4) Emitter diffusion + oxidation
Diffusion: P solid source, 850◦C, 15 min
Oxidation: 1100◦C, 5 hr, 1% TCA in O2, 15 min anneal in N2

(5) IJP the front contacts Indirect IJP method [5]

(6) Groove diffusion + drive-in
Diffusion: P solid source, 940◦C, 90 min
Drive-in: 1000◦C, 3 hr, N2

(7) IJP the rear contacts Indirect IJP method [5]

(8) Evaporate rear Al + sinter 1-2 μm Al, sinter at 400◦C, 30 min in forming gas

(9) Ni plate + anneal Various plating methods; anneal at 400◦C, 10 min in forming gas

(10) Cu light-induced plate Cu electroplating solution, 5 min under high-intensity fluorescent light

(11) Edge isolation Cut with a 1064 nm Nd : YAG laser from the rear; cut 1/2 way thru wafer then snapped

Ni plating was done in one of two ways: (i) electroless Ni using Transene EN solution [9], 80◦C for 3 min; or (ii) BA-LIP Ni, 25–30◦C for 30 s under high-
intensity fluorescent light. The BA-LIP Ni consisted of Watt’s solution in the ratios 10 g Ni2SO4, 20 g NiCl2, 4 g boric acid in 100 mL deionized water [13].
The electroplating solution for the Cu plating used 12 g CuSO4, 11 mL H2SO4, and 50 mL deionized water.

Table 2: Dimensions for cell design and analysis.

Parameter Value Variability

Cell area 8 cm2 ±0.15 cm2

Finger width 90 μm ±10 μm

Finger height 5 μm ±2 μm

Finger length 28 mm ±0.5 mm

Finger spacing 1.2 mm ±10 μm

Rear contact diameter 100 μm ±10 μm

Rear contact spacing 1.5 mm ±10 μm

where IPL,i is the PL intensity at a specific location i, Ui is the
voltage at that location, and Ci is a local calibration constant.
With an open circuit PL image, the calibration constant
can be calculated using the Voc obtained from the light IV
measurement along with the average PL signal from the PL
image [22]. This then allows the voltage at any particular
point in the image to be calculated from the PL signal.

Figure 4(a) shows an open-circuit PL image of an inkjet-
patterned PERC cell that had its front metal contacts formed
using electroless Ni plating followed by LIP Cu plating. The
rear point contacts can be clearly seen in this image. At open
circuit, with no current extraction occurring, locations of

Figure 2: Focused ion beam (FIB) image of the rear of a test cell.
Unwanted Ni plating can be seen around a rear point contact on an
IJP PERC cell plated using electroless Ni [18].

low voltage must be due to either shunts or high recombi-
nation (low lifetime). Some shunts are apparent, as larger
dark spots in a few locations on the wafer, but the regular
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Table 3: Cell performance from light IV data.

Ni-plating method Voc (mV) Fill factor Series resistance (Ω·cm2) Shunt resistance (kΩ·cm2)

Electroless Ni 646 0.61 4.1 42.7

Bias-assisted LIP Ni 617 0.59 1.5 0.10

Ni

Al

Si

Figure 3: Focused ion beam (FIB) cross-section image of the rear
contact of a test cell. Unwanted electroless Ni plating at the rear
point contact has displaced some of the Al, contacting the Si surface
and increasing the contact resistance [18].

rear contact design is also seen as a regular, shadowy pattern
across the entire wafer. These contact locations are necessar-
ily identified as locations of high recombination as a result.

Figure 4(b) shows the series resistance PL image of an
electroless Ni-plated cell. In this image, bright areas indicate
regions of high series resistance. Prominent features are the
bright areas on the left and right edges of the cell, as well as
the two darker regions spreading out from the busbar, again
to the left and right sides of the cell. The bright regions on the
very edges are regions of high series resistance caused by the
edge cleave being too far away from the front contact grid.
This can be easily corrected with more careful processing.
The dark regions spreading out from the busbar indicate
that the series resistance in these areas increases as you move
away from the busbar—the resistance is limited by the line
resistance of the fingers. In the centre, the whole area is
orange (high resistance—about 6Ω·cm2) which is likely due
to poor contact between the Ni and the Si, creating a high
resistance everywhere. The average series resistance of this
cell measured from the PL image data is 5.25Ω·cm2.

Figure 5(a) shows the open-circuit PL image for a cell
fabricated using BA-LIP Ni and LIP Cu. The rear point con-
tacts are no longer visible, indicating that the recombination
at the contacts is less than it was for the electrolessly Ni-
plated cells.

Figure 5(b) shows the series resistance PL image of the
same BA-LIP Ni-plated cell. Due to both the decreased
resistive losses at both the front and rear contacts, it was
expected that the total Rs of bias-assisted LIP Ni cells would
be less than the electroless Ni-plated cells, and this is in fact

the case. There are fewer bright regions on this sample, with
an average series resistance of 2.9Ω·cm2 being measured
using this method (IV measurements indicate 1.48Ω·cm2—
the discrepancy between the measurements may be due to
the low shunt resistance affecting the Rs calculation from the
IV data). Some high resistance is again seen at the edge of
the cell, due to the edge cleave again being too distant from
the front contact grid. One finger peeled off the front, and
this region of slightly higher series resistance is highlighted
by the blue circle, but in general this image shows a much
more uniform resistance across the surface of the cell. This
means that the contact between the Ni and Si that is formed
through BA-LIP Ni plating is more uniformly good across
the surface of the wafer.

3.4. Breakdown Analysis of Series Resistance. Figure 6 depicts
the sources of series resistance in a PERC cell. The lateral
resistance through the emitter (1), line resistance through the
fingers (3), resistance through the base (4), and spreading
resistance at the rear contacts (5) are all functions of the
material properties and geometry, and as such can be
estimated from theory. The contact resistances, at (2) and
(6), require measurements to be performed, as the actual
resistance at contact locations is often very different to the
theoretically expected resistance [23].

Table 4 summarizes the total estimated series resistance
contribution based on the theoretical and experimental
calculations, as well as the associated power loss from
each type of series resistance. The percent power loss was
calculated using (2). Effective resistances must be calculated
in order to use this equation as, for example, not the full
current generated flows through the full sheet resistance.
Details on how to calculate the individual effective resistances
are provided in the appendix:

%Ploss = Ploss

Pgen
= I2

MPReff

IMPVMP
= IMPReff

VMP
. (2)

As a percentage of total power loss, the rear point contacts
are a major contributor to the overall series resistance on
the electroless Ni-plated cells. For the cells Ni plated using
BA-LIP, the calculated total resistance was within 1% of that
estimated from the Rs-PL measurements. The value used for
the rear contact resistance was that measured for an Al-Si
contact after Ni plating; however, the FIB images show that
there is also spurious Cu present at the rear contacts. As the
calculated expected resistance is close to that measured, it
is assumed that the spurious Cu did not have a significant
impact on the series resistance of the finished devices.

For the cells where the Ni plating was achieved using
electroless plating, the calculated total resistance is far greater
than the resistance estimated from the IV measurements.
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Figure 4: (a) Open-circuit PL image of a PERC cell made using EN and LIP Cu. The brighter the area, the higher the voltage in that location.
The arrows highlight the locations of some of the rear point contacts, red circles are locations of shunts; (b) series resistance PL image of the
same cell, bias voltage is −300 mV.
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Figure 5: (a) Open-circuit PL image of a PERC cell fabricated using BA-LIP Ni and LIP Cu plating. The edges of the cell have been isolated
with a laser. Red circles are shunt locations. Blue circle location of a peeled finger; (b) series resistance PL image of the same cell using a bias
voltage of −300 mV.
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Figure 6: Locations of series resistance contributors in a PERC solar
cell. S denotes the spacing between the front fingers, and D the
spacing between the rear contact points. The length of the fingers
is denoted by L (after [23]).

A worst-case scenario was used for the base contact resis-
tance, as the variability in the contact resistance measure-
ments can be great depending on how bad the spurious Ni
on the rear is. Despite using the worst-case experimental
values for ρc, the true value could be as low as 0.049Ω·cm2

contribution, resulting in a percent power loss of 2.5%.

The variation across the electroless plated Ni cells is thought
to be due to the variation in the severity of the excess Ni
plating that occurs from cell to cell.

Focused ion beam (FIB) was used to examine the test cell
contacts in order to track down a cause of the high resistance
in the cells plated using BA-LIP. The rear contacts exhibited
some unwanted plating once again, but this time from the
LIP Cu. Figure 7 shows a cross-section of a rear contact from
a cell plated using bias-assisted LIP.

Light-induced plating is an equivalent technique to
electroplating, with the plating voltage being supplied by the
cell itself. As such, it was expected that Cu plating would
only occur on the front surface. Cu plated to the rear,
though, again in the locations around the rear point contacts.
This is thought to be caused by local areas of relatively
different voltage. At the rear surface, the Al is oxidizing due
to electrons being drained to the front of the cell and driving
the reduction of Cu at the front surface. However, the first
Al to oxidize will be the Al that is in direct contact with
the Si surface. The electrons will be taken from there first,
and a voltage potential will form between the Al in contact
with the Si and the Al that is floating on the dielectric. The
reduction of hydrogen at cathodic sites on the rear surface
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Table 4: Sources of series resistance.

Resistance source
Electroless Ni Bias-Assisted LIP Ni

Rs (Ω·cm2) Ploss(%) Rs (Ω·cm2) Ploss (%)

Lateral resistance through the emitter 0.152 0.6 0.152 0.6

Line resistance along the fingers∗ 0.112 0.4 0.112 0.4

Resistance through the base∗ 0.072 0.3 0.072 0.3

Spreading resistance∗∗ 0.560 2.2 0.560 2.2

Front contact resistance 0.090 4.6 0.107 5.5

Rear contact resistance∗∗∗ 0.028 28.7 0.004 4.1

Total 4.9 36.7 2.7 13.0

Total measured R from IV 4.1 1.48

Total measured R from Rs-PL 5.3 2.9
∗

[14, 15].
∗∗[16, 17].
∗∗∗From [18].

Figure 7: Focused ion beam (FIB) image of the rear of a BA-LIP Ni
with LIP Cu test cell. Unwanted Cu plating can be seen at the edges
of the rear point contacts.

can result in the formation of bubbles which can cause
pitting and variations in surface potential [24]. Bias-assisted
LIP of Cu where the rear surface is not in contact with the
plating solution should address these issues. A number of
commercial tool manufacturers are now developing BA-LIP
tools which keep the Al rear surfaces of cells dry [25].

4. Summary and Future Research

In order to achieve higher-efficiency solar cells at lower
cost, new fabrication methods such as inkjet patterning and
metal plating may need to be considered. This research has
identified and quantified the major series resistance losses
inherent in the IJP PERC cell. The rear contact resistance of
the Al-Si contacts is higher than expected for cells that were
Ni plated using both electroless plating and BA-LIP. This
results in higher series resistance and lower fill factors being
achieved than is desirable. The specific contact resistivity of
the these rear contacts in the electroless Ni-plated cells was
an order of magnitude greater than for the cell plated using

BA-LIP due to spurious plating of Ni in the regions of the
rear contacts.

Future work should focus on methods of achieving low
resistance contacts on the rear of the cell. Bias-assisted LIP
tools which maintain the rear surface dry will be required
to ensure that plated metals do not interfere the electrical
properties of the rear contacts. In addition to the rear
contact resistance, the rear spreading resistance also needs
to be reduced. Ideally this would be achieved by spacing
the contacts closer together; however, unless the contact
regions are heavily doped to minimize the minority carrier
concentration at the surface, the recombination in the device
will be increased resulting in a lower device voltage. Future
work can also focus on how to form doped rear contact
regions, either through laser-fired contacts [2], laser doping
[1, 3], or local Al BSFs formed by firing Al through openings
in a rear passivation layer.

Appendix

The locations where series resistance occurs in the cell are
shown in Figure 5. In this section, the calculations done for
determining each portion of the series resistance are shown.

(A) Lateral Resistance through the Emitter. When calculating
the series resistance as a result of the current flowing through
the emitter, it is important to note that not all the current
will see the full resistance; the current generated close to the
contact fingers will have less distance to travel through the
emitter and experience less resistance than current generated
midway between two fingers. A proper summation of the
current must be done in order to obtain the effective
resistance contribution from the emitter. From [14, 15], the
following equation can be used to determine the resistance
contribution from the emitter:

Reff = 1
3
S/2
L

ρ

t
, (A.1)

where S is the finger spacing, L is the length of the fingers,
and ρ/t is the sheet resistance of the emitter. With an
emitter sheet resistance of ∼120Ω/sq, the effective resistance
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contribution of the emitter is calculated to be 0.019Ω. As
the dimensions on all the test cells are the same, this is the
expected contribution on all the wafers.

(B) Line Resistance along the Fingers. As with the emitter, not
all the current flows through the full length of the fingers; the
current generated close to the busbar will have less distance
to travel through the metal than the current generated on the
far side of the cell. As such, the geometry of the problem is
the same, and the same equation that was used to calculate
the effective series resistance for the emitter can be used for
the fingers. In this case,

Reff = 1
3
L

W

ρ

t
, (A.2)

where L is again the length of the fingers, W is the width of
the fingers, ρ is the specific resistivity of the Cu, and t is the
thickness of the Cu. From the dimensions and the resistivity
of Cu being 16.78 nΩ·m, the effective resistance from the
front fingers works out to be 0.014Ω.

(C) Resistance through the Base. The resistance contribution
from the base can be calculated from:

Rb = ρbD, (A.3)

where ρb is the resistivity of the base and D is the spacing
between the rear contacts [16]. From the geometry and a
base resistivity of 0.5Ω·cm, the resistance through the base
material is 0.075Ω·cm2, and a total resistance contribution
of 9.4 mΩ.

(D) Spreading Resistance at the Rear Contacts. The spreading
resistance at the base point contacts can be calculated from
the geometry and the material properties of Si from:

Rsp = D2 ρb
2dc

, (A.4)

where ρb is the resistivity of the base, D is the spacing of the
rear contacts, and dc is the diameter of the rear contact [15,
16]. From the geometry and a base resistivity of 0.5Ω·cm,
the spreading resistance at the rear contacts works out to be
0.56Ω·cm2, and a total resistance of 0.07Ω.

(E) Contact Resistance. Contact resistance between the metal
contacts and the Si was determined from TLM test structures,
the details of which were given in Sections 3.1 and 3.4.
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