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ABSTRACT: Back-contact back-junction silicon solar cells feature high conversion efficiency and have since their
introduction been of interest for the photovoltaic community. The interdigitated back-contact design reduces shading
losses during illumination but is more complex compared to conventional cell concepts, hampering the industrial
integration. This issue has been addressed in research conducted by Fraunhofer ISE and Merck KGaA with the
introduction of a screen-printable boron-dopant paste. It allows for cost-reduction in established process routes and
enables novel co-diffusion processes with a huge potential. The use of screen-printing avoids high investment costs
and makes use of a widely adopted technology. The boron emitter formed during a POCI5:0,:N, co-diffusion process
has been characterized by secondary ion mass spectroscopy (SIMS) and quasi-steady state photo conductance
(QSSPC). Besides that, a proof-of-principle cell batch has been fabricated based on reference work, with a mean

efficiency of 20.9 % over 9 cells (aperture size 4 cm?).
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1 MOTIVATION AND STATE OF THE ART

A concept of interdigitated back-contact (IBC) silicon
solar cells was developed by Schwartz and Lammert [1]
for concentrator applications. The inherent advantage of
the cell architecture is a metal-free front side, which
reduces shading losses during illumination. Their
prototypes reached an energy conversion efficiency of
17.0 % at 50 suns illumination intensity.

The idea was picked up by other researchers, notably
the group of Swanson at Stanford, who shifted the focus
to one-sun applications. Since the early 2000’s IBC solar
cells have been fabricated with active areas exceeding
90 cm2. The concept was commercialized under the name
Maxeon [2] as a product of the 1985 founded SunPower
cooperation. While their early adoption provided them
with a lead for many years, contributions to the
progression of IBC cells have lately also been made by a
number of other companies. Panasonic managed to build
todays record holding silicon solar cell with an IBC
architecture and the use of silicon heterojunctions.
Panasonic’s IBC cell features an conversion efficiency of
25.6 % [3] on 143.7 cm2 SunPower’s latest generation of
Maxeon cells utilize passivated contacts, to achieve a
mean efficiency of 25.2 % on 153.5 cm?, while a number
of fabrication details remain confidential [4]. Trina Solar
in cooperation with the Australian National University
build an IBC solar cell with 24.4 % conversion efficiency
based on classical diffusion processes on 4 cm? [5] and
recently announced the transformation to 243.36 cm?
sized wafers with a resulting efficiency of 23.5 % [6].

The research at Fraunhofer ISE has covered basic
research of the cell concept [7, 8], advanced designs [9]
and alternative fabrication routes [10] in clean-room
environment, as well as industrial integration within the
photovoltaic technology evaluation center (PV-TEC
[11]). A recent cooperation with Merck has shown the
feasibility of inkjet-printed boron-inks [12].

The key issue with industrial integration has often
been identified in the increased production costs, as the
interdigitated rear-side design is more complex than the
industry-dominating Al-BSF design. Following the vast
majority of published lab scale fabrication routes,
commercialization of IBC solar cells would require an
expansion of existing production lines with new
equipment, which — besides investment cost — often leads

to higher fabrication costs and questionable scaling
capabilities. In contrast, the introduction of a process
sequence based on established equipment in existing
production lines would be an adequate method to bypass
these restrictions.

Earlier work by Woehl [13] and Kimmerle [14]
explored the use of screen-printed Al-paste, as used in
standard processes. Keding [15] investigated the
utilization of plasma enhanced chemical vapor deposition
(PECVD) for phosphorus- and boron-doped silicate glass
coatings (PSG/BSG), as PECVD is already established
for the deposition of passivation layers and anti-reflection
coatings (ARC). This work will focus once more on the
integration of screen-printing (SP) into an industrial
feasible process route, by introducing a novel boron-rich
paste, to innovate the fabrication of the rear side pattern.

Table I: Results of former work at Fraunhofer PV-TEC.

Woehl [13] Keding [16]

Al-paste PECVD
A (cm?) 16.65 4.0

Voo  (MV) 647 663
Jsc (mA/cm?) 394 40.8
FF (%) 78.4 78.0
n (%) 20.0 211

A key element, being able to further reduce the
fabrication costs, is the introduction of a co-diffusion
module, as described by Keding and Rothhardt [17]. The
necessary prerequisites and the experimental setup to
investigate the feasibility of this approach are described
in the following.

2 EXPERIMENTAL SETUP

All experiments were performed under semi-
industrial conditions in the PV-TEC on Czochralski (Cz)
grown large-size (243 cm?) silicon wafers featuring an n-
type base doping (resistivity 3 Qcm) if not stated
otherwise.

2.1 Co-diffusion
The so-called co-diffusion process reduces the
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number of necessary process steps as exemplarily shown
in Fig. 1. As dopants are simultaneously driven into the
material from different sources, the number of cost-
intensive high-temperature steps is minimized (compare
left to middle column). In general, this also benefits the
wafer quality as less handling and chemical treatment is
involved. Additionally, co-gettering has been shown to be
advantageous compared to a single diffusion species [18].
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Figure 1: Schematic process routes.

Orange (dashed) highlighted boxes refer to high-
temperature steps. Green (dotted) highlighted boxes
include the use of screen-printed boron-paste. The co-
diffusion based on PECVD (middle column) offers a vast
reduction in process complexity [15]. This paper
describes an alteration in process step 3, where boron-
paste substitutes BSG. A further reduction is shown in
the right column if all PSG layers are substituted by a
single POCI; diffusion process.

To enable this approach, the used sources must not
interfere with each other. It has been shown that certain
PECVD or APCVD layers can be used with each other
(solid diffusion sources [15]) or in combination with a
precursor atmosphere [19-21], like gaseous mixtures
consisting of phosphorus oxychloride, oxygen, and
nitrogen (POCI3:0;:N,).

Ultimately, the use of a screen-printed doping source
may enable further reduction of process complexity and
cost (compare middle and right column), with the
metallization possibly also screen-printed.  SCost
calculations [22] are currently under investigation to
evaluate this process in detail, but have already indicated
that this should be competitive to both-sides contacted
passivated emitter and rear (PERC) concepts.

2.1 Boron-paste investigation

For first investigations concerning the designated
novel boron-paste, full area and structured samples were
prepared. The application was performed with an
industrial screen-printer on large-size wafers. The
samples were then treated in an industrial diffusion
furnace with a POCI;:0,:N, atmosphere, resulting in the
simultaneous formation of highly doped n- and p-type
structures from thermally grown PSG and boron-paste,
respectively.

The printing results were analyzed with an optical
microscope. The resulting doping structures were
visualized with infrared absorption imaging (Sheet-
Resistance Imaging [23]), after removal of boron-paste
and PSG layers.

The boron doping profile was measured with
secondary ion mass spectroscopy (SIMS).
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Figure 2: Schematic diffusion process.

A simplified time-temperature diagram is given to
illustrate the used diffusion process. The timeframes I-1V
refer to different set-temperatures and may in general
feature different gas flows to e.g. enable the growth of
PSG layers from a POCl3:0,:N, atmosphere.

2.2 Passivation quality

To evaluate the effectiveness of surface passivation,
symmetrical lifetime samples were fabricated in the same
process. Here both sides were covered with screen-
printed boron-paste before diffusion. After diffusion,
paste removal and cleaning, the samples were coated with
atomic layer deposited AlIO, (ALD AIO, [24]) and
PECVD deposited ARC SiN, on both sides.
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Figure 3: Schematic sample structure.

Arrows and markers give geometrical dimensions used in
the text. Colors refer to differently doped or coated
layers, as indicated. The front side texture is sketched by
random pyramids. All dimensions are not to scale.

The samples were measured with Quasi-steady state
photo conductance (QSSPC) on a Sinton WCT-120 setup
[25]. The dark saturation current density J, was evaluated
at high-injection (see details below), according to
Kimmerle et al. [26].

2.3 Proof-of-principle cell batch

A first batch of (2 x 2) cm? solar cells was fabricated
on (15.6 x 15.6) cm? wafers. The front and rear side were
covered with PECVD deposited PSG, adjusted for front-
and back-surface field (FSF/BSF) formation. The rear
side was patterned with a mask-and-etch process
involving an inkjet-patterning process module as
described by Keding et al. [27].

Instead of a PECVD BSG layer a full-area screen-
printed boron-paste layer was added on the rear side.
Samples were treated in the same diffusion furnace as
above.

After diffusion, dopant layer removal and cleaning,
the rear side was passivated with a stack consisting of
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ALD AIO, and ARC SiN,, while the front side was
passivated with a SiriO,N,/ARC SiN, stack [28]. This is
the same setup as used in previous work [15], to
emphasize the comparability of boron-paste performance
to PECVD BSG.

The rear side’s passivation stack and the physical
vapor deposited (PVD) Al layer utilized as electrode
material was patterned according to the inkjet-pattering
process module, as well. Finished solar cells were then
tested with an in-house solar simulator and compared
with a measurement at the photovoltaic calibration
laboratory at Fraunhofer ISE (CalLab) [29].

3 RESULTS

The above described experiments were conducted
during fabrication of the proof-of-principle cell batch in
order to minimize deviations between test samples and
solar cells. If not otherwise stated, measurements were
conducted in-house on regularly tested and calibrated
equipment.

3.1 Sheet-Resistance Imaging

Sheet resistance imaging as introduced by
Isenberg et al. allows for spatial analysis of doping
structures [30]. The infrared absorption images revealed a
distinct contrast between screen-printed regions and
prior-to-diffusion bare surface of several hundred counts.
The dimensions correlate well with the optically
accessible features of the print. The signal was more
blurred in a given region compared to a PECVD layer,
but measurements were dominated by artifacts in this
regard.

3.2 Secondary lon Mass Spectroscopy

The element sensitive SIMS measurements revealed
boron and phosphorus concentrations after POCI;:0,:N,
diffusion in a boron-paste covered region after a standard
cleaning procedure, as given in Fig. 4. The measurements
were performed by CiS GmbH [31].
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Figure 4: SIMS measurement.

The SIMS signal is calculated for boron and phosphorus
species from two measurements on the same sample
structure and plotted against the calculated sputter depth.
Active boron solubility according to [32]. Details on
interpretation are given in the text.

The measured surface concentration of boron exceeds
its solubility level in silicon, hinting at remaining
precipitates referred to as boron-rich layer [20]. Depth
and the resulting sheet resistance of the dopings are
comparable to those diffused from BSG, enabling a
substitution in this aspect. Boron was never

overcompensated by phosphorus, as its concentration is
at least two orders of magnitude lower. The used paste
can therefore be deemed as a sufficient diffusion barrier
during POCI; diffusion (see Sec. 4).

To avoid the formation of a recombination active
boron-rich layer at the surface, the cleaning and the
diffusion process have been adjusted in the following.

3.3 Quasi-Steady State Photo conductance
The extracted Jo-values are depicted in Fig. 5.
Measurements were performed at different sample
positions on multiple wafers. Resulting mean, median and
standard deviation values are given by the enclosing box.
As a comparison, the mean values of BSG and PSG
diffusion are given, as used in the reference process. The
BSG and PSG (BSF) regions were passivated alike, while
the PSG (FSF) was passivated with SiriO,N, and ARC
SiN,, to reproduce the passivation scheme of the solar cell
(see Sec 2.3).
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Figure 5: QSSPC measurement results.

The high-injection linear fit results from multiple wafers
and different sample positions are given and statistically
analyzed. Reference values are given on the right. Details
on interpretation are given in the text. (Samples were
measured at room temperature, Np=1.3 x 10" cm?,
n=9.2 x10°cm™, An = 1.8-2.0 x 10'® cm™®).

The resulting values are between 65.2 fA/lcm? and
86.5 fA/cm? for the standard process. With additional
oxidation during cooling (cf. Fig.2, frame 1V), an
enhancement can be achieved in the mean as well as in the
standard deviation, i.e. giving a more homogenous process.
Its mean value is comparable with the BSG reference,
fueling the interchangeability. The given PSG values have
been used in numerical simulations (see Sec. 4.1).

3.4 1-V Characteristics

The fabricated cells achieve the same performance
level as the reference process [16] within error margins,
as could be expected from the emitter characterization.
The validity of the average value has been verified by a
measurement at Fraunhofer ISE CallLab, perfectly
agreeing within the given statistical and systematical
errors. These results demonstrate the feasibility of screen-
printed boron-rich paste on solar cell level using
industrial equipment.

The ideal fill factor FF, according to Green [33]
could be calculated to 83.9 %, while the pseudo fill factor
pFF as measured with a Sinton sunsVoc setup was
82.3 %, for the CalLab confirmed cell. The difference
pFF-FF, related to the series resistance, is 3.8 %, and is
thus greater than the difference FFy-pFF of 1.6 %,
related to leakage currents.
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Table II: IV characteristics of proof-of-principle cell
batch (one-sun condition)

Solar cells were fabricated using screen-printed boron-
paste and co-diffusion (see Sec.2.3). The cells were
measured with a busbar shading aperture, resulting in an
active area of 4 cm? [4].

Average FhG ISE

(9 cells) CalLab
Voc (MV) 656 *3 654 £2
Jsc (MA/cm?) 41.0 +0.2 40.0 0.8
FF (%) 77.6 £0.5 789 0.5
n (%) 20.9 #0.3 20.7 0.4

Accordingly, the structure is currently rather limited
by series resistance than leakage current, which
resembles earlier results from the reference process. The
series resistance could be decreased by e.g. adjusting the
architecture. Leakage currents might be further limited by
adjusting the pattern of the passivation stack,
manipulating the expansion of the space charge region at
silicon’s near-surface, or both [19].

4 NEXT STEPS

As shown in the previous paragraph the screen-
printed boron-rich paste can be used in the fabrication of
IBC solar cells, substituting a cost-intensive PECVD
deposition step. Furthermore, the paste has been shown to
act as a diffusion barrier during a POCI5:0,:N, involving
diffusion process, enabling an even narrower process
route (cf. Fig. 1), which is the focus of future work.

A simulation of the current preliminary
characteristics of the demonstrated cell vehicle shows the
influence of the chosen geometry and concludes the
investigations at this point.

4.1 Simulation results

Numerical simulations were performed with the
freely available QUOKKA 2 [34]. Non-ideal material
properties like bulk contaminants were mostly neglected,
to focus on the process potential. FSF and BSF regions
were modelled according to the reference work, the
emitter was adjusted with the measured sheet-resistance
and dark saturation current density. Recombination at
contacted regions was simulated by EDNA 2 [35] and the
profile shown in Fig.4. The surface recombination
velocity at the interface metal/silicon was assumed to be
107 cmfs.

A sweep of geometry parameters was performed,
keeping the width of the BSF region constant, i.e. varying
pitch and emitter width and therefore the emitter
coverage. Additionally, the metal finger resistance was
adjusted according to a geometrical relation.

A relative improvement in conversion efficiency of
about 1%, was achieved within simulation, clearly
dominated by the fill factor FF. A similar improvement
could also be achieved by replacing the front surface
diffusion by a POCI5:0,:N, process as demonstrated by
Tanvir et al. [36], according to the simulations.

The development of the simplified process outlined
above (see Fig. 1) is expected to yield both: a cheaper
fabrication sequence and increased device performance,
as understanding of the specific requirements of screen-
printed boron-paste grows.

4.2 Challenges for co-diffusion

The challenge in focus of future experiments will be
the formation of p- and n-type doping structures with
high resolution and edge sharpness, via co-diffusion.
Screen-printed boron-paste will be combined with a
POCI; based diffusion process, in order to fully exploit
the huge cost saving potential (see Fig. 1, right column).
The involved diffusion sources may not interfere with
each other, while also providing sufficient emitter and
BSF diffusions to be contacted with screen-printed
metallization. Furthermore, the front side diffusion is, in
general, different from the rear side BSF, which has in
other work been addressed by etch-back experiments
[37].

5 SUMMARY

A novel screen-printed boron-doping paste has been
shown to enable an industrially feasible process route
involving a co-diffusion module in order to fabricate
highly-efficient IBC solar cells. In first experiments the
fundamental prerequisites of the intended boron-rich
paste were investigated and the usability was
demonstrated on solar cell level, yielding devices with an
average efficiency of 20.9 %. Upcoming experiments will
focus on the compatibility of boron-paste and other
diffusion sources.

The authors would like to thank S.W. Glunz for
fruitful discussion, E. Schaffer for -V measurements, the
whole PV-TEC team at Fraunhofer ISE and the
development teams at Merck.
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