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Introduction

The possibility of obtaining high effi-
ciencies is a major strength of wafer sili-
con PV. Increasing solar cell efficiency will
reduce the costs per watt and can be
achieved with highly efficient back-con-
tacted cells. We describe the development
of a high-efficiency, back-junction, back-
contacted cell, also known as an interdig-
itated back-contacted (IBC) cell that can
be processed using low-cost, industrial
methods. In Figure 1(a), we show a cross
section of an n-type IBC cell. For compar-
ison, a standard p-type cell is shown in
Figure 1(b). The main structural differ-
ences are the location of the emitter and
its contact, which is on the rear for the
IBC cell instead of the front for the stan-
dard cell.

High efficiencies can be achieved on
IBC cells, using n-type monocrystalline
(Cz) material. This is because of the high
quality of n-type Cz,[1,2] and because all
current collecting contacts are located at
the rear, eliminating all front shading
losses (see Figure 1(a)).[3-5] However,
most industrial crystalline silicon solar
cells are based on the “standard” H-pat-
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tern concept with contacts on both sides
and using p-type material (see Figure
1(b)),[6] because of the relatively low cost
of processing and the material availabili-
ty. Still, the highest efficiencies are
reached in the industry by the compa-
nies SunPower and Sanyo, which are
using n-type Cz material for their IBC or
heterojunction solar cells, respectively,
with efficiencies far above the 20 percent
target.[3]

Since 2009, Siliken and ECN have been
working in collaboration to develop a sim-
plified process flow for IBC cells on n-type
Cz monocrystalline silicon wafers to
reduce the processing costs. In parallel,
Siliken has been building a pilot produc-
tion line to explore both mainstream and
alternative cost-effective processing
approaches that can be scaled to produc-
tion while reaching stabilized efficiencies
beyond 20 percent.[7] The challenge in
this low-cost approach is that the IBC cell
fabrication entails high-resolution pat-
terning and alignment of regions for both
n- and p-type diffusions and contacts, as
well as excellent passivation for different
doping types on the same surface.
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In this work, we show that efficiencies
of >19 percent can be achieved by fabricat-
ing IBC cells using currently well-estab-
lished manufacturing process technologies
alone, such as wet-chemical processing,
tube furnace diffusions, plasma-enhanced
chemical vapor deposition (PECVD) and

screen printing for both metallization and
diffusion patterning. The best cell results
are presented and the primary loss factors
analyzed using both characterization tech-
niques and simulations. The results show
that >21 percent efficiencies are possible if
the fill factor (FF) is increased. A next step
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Figure 1 — (a): Schematic of an IBC cell, indicating the n*-Front Surface Field (FSF), n*-Back Surface
Field (BSF), p* -emitter, contacts and passivating layers. The definition of pitch and gap are also
included. All contacts are located at the rear. For comparison, a standard p-type cell is shown in
Figure 1(b) with an n*-emitter and contacts on the front and aluminum BSF and contacts on the rear.

www.futurepv.com



Back-Contacted Cells for Pilot Line Processing With >19% Efficiency

would be to implement the new fabrication
strategies and processing steps into the
pilot production line to improve and opti-
mize the cell concept further.

Solar Cell and Process Description

In Figure 2, a schematic 3D picture of
the IBC device is shown, with the trans-
port paths of the majority (electrons) and
minority (holes) charge carriers. On the
front side of IBC cells, the phosphorous-
doped front surface field (FSF) not only
serves to reduce recombination at the
front surface, but also to improve the lat-
eral transport of the majority carriers.[5]
The latter is important when the contact
pitch on the rear becomes large or when
the resistivity of the material (Re,2,3) is

high. On the rear of the IBC cell, the boron
emitter and phosphorous BSF are separat-
ed by a non-doped gap. To reduce series
resistance losses, the IBC cell design
requires high patterning resolution to
minimize lateral transport losses in the
base. Furthermore, the device structure
needs excellent surface passivation on
both front and rear sides. Traditionally,
high-quality silicon oxides have been
used for this purpose, which benefit from
a low-interface-state density. Finally, as
the minority carriers need to travel to the
emitter contacts on the rear of the cell via
Rh,1,2, the cells are very sensitive to wafer
quality.

In Figure 3, the process flow used to
fabricate the IBC cells at ECN is shown. To
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Figure 2 - Schematic 3D architecture of the device with a superimposed circuit model showing resis-
tor corresponding to each contribution to the series resistance along the electron and hole paths. The
created electrons will flow via the FSF (Re,1) and base (Re,2,3) toward the BSF (Re,4) and BSF contacts
(Re,5,6), while the holes created will travel directly through the base (Rh,1,2) before they are collected
at the emitter (Rh,3) by the emitter contacts (Rh4,5).[13]
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enable an optimal light trapping, the front
surface of the cells is textured (random
pyramids), while the rear surface is pol-
ished. This is followed by the FSF diffu-
sion, masking, diffusion and patterning of
the emitter and BSF at the rear surface,
passivation of both the front and back
surfaces of the cell, and finally metalliza-
tion with screen printing and firing. All
patterning and metallization steps were
executed using low-cost screen-printing
methods. The contacts were formed dur-
ing one firing step in an in-line belt fur-
nace in which the metal contacts were
etched through the passivating dielectric
layers.

Solar Cell Process Optimization
Several optimization experiments
were performed on the IBC structure, rear
passivation and FSF  formation.
Experimental results show a decreasing
FF for larger pitch due to increased series
resistance. The pitch did not influence
Voc and Jge, but higher J.. values were
found for larger emitter fractions and
thus a larger current collecting area. The
best cells were those with smallest pitch
and largest emitter fraction, which is in
line with simulations of IBC cells.[7]
Several dielectric layers have been tested
for their passivation on the rear surface
of the IBC cells.[8] In this paper, IBC cells
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Figure 3 - Process flow used for fabricating >19 percent interdigitated back-contact solar cells at ECN.
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using SiO,+SiNx:H[9] for the rear-surface
passivation will be presented. A good FSF
has to combine a low phosphorous sur-
face doping to reduce the front-surface
recombination, with a deeper diffused
area to assist carrier conduction and
reduce the electron series resistance
Re,1.[10] Several tests were performed to
optimize the phosphorous profile. Very
low emitter recombination currents (Jpe =
20 - 44 fA/cm’) were achieved for an FSF
with phosphorous surface doping below
1*10* cm®.

Best Cell Results

The overall experimental results show
that several factors play an important role
in obtaining high efficiency including
high emitter fraction, small pitch and
high material quality. Figure 4 shows both

(a) internal quantum efficiency (IQE); and
(b) IV data, as well as a summary of meas-
ured parameters corresponding to a best
cell of 19.1 percent efficiency. For this cell,
the emitter fraction was 80 percent, the
pitch was 2 mm and a SiO,+SiNx:H stack
was used to passivate the emitter, base
and BSF on the rear side.

The IQE results are very good; reaching
unity in a broad wavelength range, with
characteristic drops in the blue response
mainly due to absorption of light in the
SiN, layer, and in the red close to the
band gap limit. High current collection is
shown by a Jg. value as high as 41.6
mA/cm’. Spectral mismatch measure-
ments later confirmed a mismatch cor-
rection of only 0.3 percent, verifying a Jq
of 41.5 mA/cm’. The values for V,. are
lower than expected from the simula-
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Figure 4 - (a) IQE; (b) IV and Table of Measured Parameters Corresponding to the Best IBC
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tions; the value of 641 mV may be limited
due to recombination losses at the con-
tacts, or non-optimal passivation.
Alternative advanced passivation
schemes for both the contact area and for
the emitter-BSF-gap structure may fur-
ther improve the V...

The FF for the IBC cells were quite low;
all remained below 72 percent. Flash
measurements under open-circuit condi-
tions showed pseudo fill factors (PFF) of
above 81 percent. This indicates the pri-
mary losses in FF are not caused by
shunting of the cells.

Further Improvements
on the IBC Cells

As shown in Figure 2, series resistance
is present in many forms within the cell,
including the emitter and BSF contact
resistance; the emitter and BSF internal
resistance; the base resistance perpendi-
cular and parallel to the plane; as well as
the series resistance through the FSF.
From simulations as well as experiments,
the pitch is found to be one of the major
factors influencing the series resistance,
and thus the FF as well as efficiency. Both
will increase for smaller pitches. Besides
this, other factors such as cell and contact
(busbar) design may influence the FF. This
will be further tested in new experiments.

Figure 5 presents the light-beam-
induced current (LBIC) maps of one of the
IBC cells. The LBIC is done at a wavelength
of 976 nm, thus giving a measure of the
IQE response of the rear of the cell. The
highest IQE is seen in the region of the
emitter (blue), the lowest in the BSF
(orange/red), with intermediate values in
the gap (green). This indicates that the
passivation of the BSF and probably also

below the BSF contact lines still needs to
be improved, which will enable higher
values for Jo. and V..[11]

Furthermore, both the experimental
and simulation results indicate that
reducing the size of the BSF and gap, and
the size of the contact area, will help to
increase the efficiency of the cell.

Obtaining a higher FF - close to 80 per-
cent — while maintaining the same values
for J;. and V., should give efficiencies of
over 21 percent. This could be achieved by
decreasing the pitch and improving the
contact design. Improvement of the BSF
area passivation will enable higher values
for V., and efficiencies close to 22 per-
cent should be within reach.

Industrialization of the IBC Cell

Currently, the process described is
being transferred to Siliken’s high-effi-
ciency pilot production line. The facility
consists of an ISO-7 clean room and cus-
tom-designed batch tools with minimum
throughputs exceeding 200 wafers/hour.
The facility is designed to evaluate cost-
effective production routes for >20 per-
cent efficiency IBC cells, as well as other
high- efficiency concepts such as laser-
doped selective emitter (LDSE), passivated
emitter rear contact (PERC) and hetero-
junction intrinsic-layer (HIT) concepts. In
addition to the process technologies used
for the fabrication of the IBC cells
described in this article, the pilot line fea-
tures alternative thin film deposition and
patterning approaches, such as sputter
deposition (PVD) and reactive-gas etching
(dry-etching).

Sputtering technology is a well-proven
deposition technology in PV manufactur-
ing and has been demonstrated for both
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passivation and even high-throughput
metallization.[12] The custom PVD tool
allows for multiple-material stacks based
on both metals and oxides, as well as
advanced in situ thermal processing. This
tool will be used to explore both advanced
passivation and metallization schemes for
IBC solar cells. Dry etching also has a his-
tory in PV manufacturing, particularly for
batch edge-isolation. The custom-
designed tool at the line uses inductively
coupled plasma technology for enhanced
etch rates and homogeneity, and it will be
used for both advanced texturing and pat-
tern transfer applied to IBC cell processing.

Conclusions

The results show that 19.1 percent effi-
ciency IBC cells have been successfully
fabricated using low-cost fabrication tech-
niques such as screen printing for pat-

terning to create the p-n fingers and met-
alization. In general, the results show
higher efficiencies for larger emitter frac-
tion and smaller pitch, with best results in
this study obtained for a large emitter
fraction of 80 percent and a small pitch of
2 mm. The cell was passivated with
Si0,+SiNx:H for the emitter, BSF and gap,
and excellent Jg. values of 41.6 mA/cm?
have been achieved. The IQE values are
close to unity in a broad wavelength
range. The high PFF indicate that the cells
are not shunted, and if the fill factor can
be increased to 80 percent, efficiencies of
>21 percent can be achieved.
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