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Abstract. Within this work, we present key results of the transnational European research project “Bussard”.
The aim of this project is the development and evaluation of various innovative approaches for highly efficient
cell concepts such as tunnel oxide passivating contact (TOPCon) solar cells considering the whole process chain
including front-end, back-end and module processing. We present atomic layer deposition (ALD) as a high-
throughput alternative for the deposition of Al,O3 passivation layers on the front side of TOPCon solar cells
enabling a substantial reduction of the emitter saturation current density down to jo = 13 fA /cm?. In the field of
metallization, we evaluate and demonstrate three innovative approaches for the fine-line metallization of
TOPCon solar cells. In this study we focus on multi-nozzle parallel dispensing, a technology that was developed
as an alternative to standard screen-printing metallization and is used for the metallization of TOPCon solar
cells for the first time. By optimizing the fabrication process at Fraunhofer ISE, we realize TOPCon solar cells
(156.75mm x 156.75mm) with a champion conversion efficiency of up to . =24.2% (independently
confirmed by Fraunhofer ISE CalLab PVCells). Finally, we present a comprehensive evaluation of the
innovative Tape Solution interconnection concept for TOPCon cells and modules. We demonstrate the
feasibility on small-scale and full-format modules and analyze the I~V results as well as cell-to-module (CTM)
loss analysis using the simulation tool SmartCalc®. The results are compared to TOPCon modules
interconnected via SmartWire Connection Technology (SWCT) and electrically conductive adhesive (ECA).

Keywords: TOPCon / atomic layer deposition / dispensing / tape solution / electric conductive adhesive /

SmartWire
1 Introduction

High-efficiency solar cell concepts with carrier-selective
contacts (often also denoted as “passivating contacts”)
[1,2] have gained a substantial market share in industrial
PV production throughout the last years [3]. A very
successful approach is the so-called TOPCon (tunnel
oxide passivating contacts) solar cell concept [4] which
already gained a substantial market share in the global PV
market and is expected to gradually replace the currently
still dominant passivated emitter and rear contact
(PERC) solar cell [3]. TOPCon enables high conversion
efficiencies due to poly-Si/SiOx passivating contacts and

* e-mail: andreas.lorenz@Qise.fraunhofer.de

can be implemented with manageable effort in existing
industrial PERC production lines [1]. At present,
industrial n-type TOPCon cells achieve champion effi-
ciencies of up to 26.7% [5]. Within the joint research
project “Bussard” (Cofund ERA-NET Action, Grant
Agreement N° 786483) we evaluate several innovative
approaches for the passivation, metallization and inter-
connection of high efficiency cell concepts aiming at a
comprehensive optimization throughout the whole process
chain. The main focus of this work is the development and
evaluation of alternative and industrially applicable
approaches with focus on productivity, sustainability
(silver reduction) and reduced cell-to-module losses.
With focus on frontend processing of TOPCon solar
cells, we consider an industrially applicable passivation of
the p' boron emitter using ALD deposition of the Al,O3
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Fig. 1. Schematic view of the parallel dispensing process: A printhead with a nozzle plate containing small parallel nozzle openings
directly applies the contacts onto the surface of laterally transported solar cell (A). Image of an industrial multi-nozzle parallel
dispensing printhead (with courtesy of Highline Technology GmbH). Scanning electron microscopy (SEM) cross-section view of a

dispensed fine line contact for front side metallization.

passivation layer. This approach is comprehensively
evaluated and compared to the plasma-enhanced chemical
vapor deposition (PECVD) reference process [6]. Current-
ly, depositing a Al,O3 passivation layer on the rear side is
the industrial standard for backside passivation of p-type
PERC solar cells, whereas for industrial TOPCon solar
cells, it is being used as a passivation layer for the front p -
doped emitter. Al,Os layers generally allow very low
surface recombination on p-doped silicon surfaces, both at
(100) and (111) crystal planes. Since the layers also allow
for very good passivation for higher doping level in the
range of 10" to 10" cm ™ [7,8], Al,O4 is very well suitable
to passivate boron-doped emitters on textured surfaces.
The ALD process can be a promising technique for textured
surfaces to meet high demands on passivation quality
without a limitation regarding throughput. The developed
system will enable a throughput of 1000 wafers per hour for
an ALD processing tube (5000 wafers per hour per system)
with an excellent passivation quality emitter saturation
current density well below 20 fA /cm?.

Nowadays, the industrial fine-line front and rear side
metallization for silicon solar cells is predominantly realized
using flatbed screen-printing (FSP) technology [9]. While
FSP is a robust, well-established technique, it also faces
several drawbacks — mainly a potential limitation of
throughput, costly consumables (high precision screens)
and a non-efficient use of the silver paste due to partly
insufficient finger geometry (e.g., mesh marks, or spreading)
[10]. To meet these challenges, three competing innovative
approaches for the front and rear side metallization of
TOPCon solar cells are evaluated in “Bussard” and compared
to FSP: FlexTrail printing [11], indirect gravure printing [12]
and parallel dispensing [13,14]. Using FlexTrail and indirect
gravure printing, promising results have been achieved and
published previously: FlexTrail enables fine-line printing of
13 pm wide metal contacts, which are 6 pm in height [11].
Indirect gravure printing results in greater feature sizes but
very low cycle times of 0.9s per cell are achieved with a
potential towards 0.5s per cell and even below [12]. Within
this work, the focus is set on parallel dispensing (Fig. 1) asa
highly promising and industrially well applicable alternative
for the fine line metallization of TOPCon solar cells.

Starting in 2010, the dispensing technology was
developed as an alternative to screen-printing
metallization at Fraunhofer ISE [15]. Initially developed

as a single-needle process on a laboratory scale, this
approach was further developed in several steps towards an
industry-scale system with a parallelized print head [13,16]
and commercialized by the Fraunhofer ISE spin-off
Highline Technology GmbH [17]. Parallel dispensing
enables a parallel, contactless application of finest, linear
electrodes with a printing velocity of more than 700 mm/s
[14,18]. The dispensing finger geometry enables a signifi-
cant reduction of shading losses compared to screen-
printing (due to narrower fingers and improved optics in
the module). Due to the uniform contact finger geometry,
the applied amount of silver paste is used more efficiently
for lateral current conduction [14,19,20]. Previous work
demonstrated an efficiency increase of An=0.26%,; at a
reduced silver paste laydown of — 50%;. compared to FSP
on silicon heterojunction solar cells (SHJ) using low-
temperature silver pastes [20]. Another major advantage is
the usability of commercial metallization pastes without
substantial adaption which makes it easy to implement the
process with existing materials. Several very demanding
technological challenges on the way to an industrially
reliable application were successfully overcome: ensuring
high process stability (no breakage of the ultra-fine,
parallel dispensed paste threads over tens of thousands
of cycles) [14], reproducibility for the finest parallel
dispensed contacts at high process speeds, ensuring a
reliable start-stop mechanism at the beginning and end of
the cell [21], reducing the contact finger width to less than
20 pm [17,21] and finally an easy implementation of the
system into flatbed screen-printing modules of existing
PV production lines through a “plug & play” system [21].
The successful application of parallel dispensing for
various cell concepts such as passivated emitter and rear
contact (PERC) [17], silicon heterojunction solar cells
(SHJ) [14] and CIGS modules [20] has been demonstrated
with substantial advantages over flatbed screen-printing
metallization. Within this work, the application of
parallel dispensing for the metallization of TOPCon
solar cells is explored and demonstrated for the first time.
The application of this technique for TOPCon is
particularly challenging due to specific characteristics
of the TOPCon metallization pastes i.e., due to
comparatively large aluminium (Al) and glass frit
particles which could lead to clogging of the fine nozzle
openings.
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Fig. 2. Interconnection concepts considered within this work: (A) Tape Solution concept: Adhesive stripes with embedded Cu wires
coated with a low-temperature solder alloy are applied on the front and rear solar cells to interconnect the strings (Source: Sticky Solar
Power AB); (B) ECA interconnection: ribbons are glued to the cell surface via temperature activating electrically conductive adhesive;
(C) Smart Wire Connection Technology: Interconnection via multiple wires coated with low-temperature solder alloy and fixed on a
single polymer sheet. Analogically to Tape Solution, final interconnection takes place during lamination, where solder alloy melts.

With focus on interconnection and module fabrication,
we evaluate the Tape Solution approach [22,23] of Sticky
Solar Power. Tape Solution utilizes parallel adhesive tapes
with incorporated flat wires to interconnect the cells to
strings. During the production process, the tape with
interconnectors is placed on front and rear sides of the cells,
applying moderate pressure at room temperature. After
stringing, polymer tapes keep the interconnectors in place
for module layup. Final electrical interconnection of the
solar cells takes place during module lamination, where the
low-temperature solder coating of the flat wires melts and
creates the bond with cell metallization. Tape Solution
offers several benefits compared to conventional soldering
— namely the prevention of lead usage, reduced silver
consumption due to relaxed busbar metallization require-
ment, potentially lower production costs due to room
temperature stringing and a general simplification of the
interconnection process. In comparison to the conventional
soldering, where SnPb/SnPbAg solder is utilized on busbar
metallization, typically consisting of pads connected with a
redundancy line, Tape Solution approach requires no
busbar metallization whatsoever. Thus, a significant silver
consumption reduction can be achieved. Furthermore,
since the soldering step is carried out during lamination at
significantly lower temperatures than conventional solder-
ing (<160°C), it is particularly beneficial for temperature-
sensitive cell concepts like silicon heterojunction (SHJ) or
perovskite-based tandem solar cells [24].

Conventional soldering of busbarless cells is very
challenging due to the absent busbar metallization, where
solder could form mechanically and electrically stable
joints. Additionally, the metallization pastes used for
TOPCon cells often contain Aluminium, which may pose
challenges when soldered [25]. Within this work, we
evaluate the compatibility of the Tape Solution approach
with busbarless TOPCon cells and compare the results to
established technologies for such cells — namely Smart
Wire connection technology (SWCT) [26] and electrically
conductive adhesive (ECA) [27-29] (Fig. 2). The perfor-
mance of the fabricated modules is evaluated through -V
measurement. A cell-to-module analysis using the

Fraunhofer ISE simulation tool SmartCalc® [30] provides
a deep insight regarding electric, geometric and optical
characteristics of the interconnection and module compo-
nents as well as potential loss factors.

It is the aim of this work to evaluate and demonstrate
the feasibility of Tape Solution innovative approach for
high-efficiency busbarless TOPCon cells as well as compare
Tape Solution, ECA and SWCT between one another.

2 Materials and methods

2.1 Evaluation of atomic layer deposition for the
passivation of TOPCon solar cells

One important aim of the project “Bussard” is the
evaluation and implementation of ALD as an alternative
method for the deposition of the front side p " boron emitter
Al,O3 passivation layer. To realize this process at
Fraunhofer ISE, an existing five-deck Tempress tube
furnace is modified to enable ALD deposition of Al,O4
layers on TOPCon solar cells. The development of the
atomic layer deposition process starts with the control of
layer growth. Using ALD, the growth of the layer is limited
at each cycle, meaning that there is no continuous growth
rate but one growth per cycle (GPC). Each material is
characterized by a specific layer thickness per cycle. For
Al,O3 it is about 0.13nm per combined cycle of Al
precursor and oxidation. In contrast to CVD (chemical
vapor deposition) methods, the gas precursors are injected
at different times into the chamber and react sequentially
on the wafer surface. The very large volume of the chamber
used for this project poses a challenge to the ALD process,
as the gas can be trapped between cycles. Controlling layer
homogeneity and GPC makes it possible to assess whether
the CVD part of the growth process is limited. The growth
per cycle, the homogeneity of the layer thickness and the
refractive index can be determined by ellipsometry. In a
first experiment, a set of parameters for deposition and
outgassing of the layer is evaluated, as well as different
approaches for integration into the solar cell process. In a
second experiment, the parameter space for the deposition
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Fig. 3. Experimental design of the cell batch — comparison of dispensing and screen-printing on TOPCon solar cells.

and necessary outgassing of the layer is expanded in a
thermal step, with the aim of further reducing recombina-
tion at the surface.

2.2 Fabrication of TOPCon solar cells with ALD
passivation

The newly implemented ALD deposition process is used to
fabricate industrial TOPCon solar cells. The solar cells are
made from commercially available n-doped silicon wafers
with an edge length of 156.75 mm and starting thickness of
180 pm. In the final solar cell, the emitter (sheet resistance
118 Ohm/sq., depth 1.2 pm, maximum concentration 1 *
10" em™®) is located on the front side. The TOPCon
passivation layer is formed by chemical vapor deposition at
low pressure (LPCVD) onto an in-situ thermally grown
SiO, tunnel oxide layer. The n-type doping of the layer
takes place in-situ during deposition. Within the experi-
ment, two variants are processed: TOPCon solar cells with
ALD Al,03 layer deposition and PECVD layer deposition
as a reference. Within the ALD groups, it is further
investigated how the results differ when the samples are
placed alone in a slot of the quartz boat during ALD
deposition (single slot) or two samples in a slot, with the
non-coated back side facing inwards (back-to-back, btb).
Since the Al,Oj3 layer is only required on the front of the
solar cell, this effectively enables a doubling of the
throughput of the system (1200 instead of 600 wafers
per run).

2.3 Evaluation of parallel dispensing for the fine-line
metallization of TOPCon solar cells

Within  “Bussard”, three innovative metallization
approaches for TOPCon cells are considered and compared
to standard screen-printing. Within this work, we focus on
parallel dispensing which from these three is closest to an
industrial large-scale implementation. An experiment is set
up to evaluate the performance of the dispensing process
compared to standard FSP metallization (Fig. 3). Pre-
fabricated TOPCon solar cell precursors with an edge
length of 156.75mm are manufactured in-house at
Fraunhofer ISE with the established reference process

featuring single slot ALD Al,O3 deposition, using M2 sized
n-type Si wafers. After deposition of the front and rear
passivation layers by means of PECVD, the wafers are
distributed into six groups.

Within the experiment, two variants of solar cells are
fabricated: variant 1 (three groups with three peak set
firing temperatures) with parallel-dispensed front side
metallization and variant 2 (three groups with three peak
set firing temperatures) with screen-printed front side
metallization as a reference (see Fig. 3). The rear side
metallization of all groups is realized with FSP using a
commercially available Ag paste. A busbarless grid layout
with 196 fingers (nominal finger width w,=24pum) is
selected for the rear side. The front side is metallized with a
busbarless grid which is different for dispensing (150
fingers, nozzle opening d,, =22 um) and FSP (121 fingers;
nominal finger width w, =24 pm). For the screen-printing
process, a fine line screen with 520 wires/inch, a wire
thickness of 11 pm and a mesh angle of 22.5° (520 x 0.011 x
22.5°) is used. Due to the specific requirements for the
dispensing process it is not possible to use exactly the same
paste for the front-side metallization. The screen-printing
process (Groups 4-6) is carried out using a commercially
available silver paste for TOPCon. For the parallel
dispensing process, a commercially available Ag paste is
used which has been identified as suitable for dispensing in
previous tests. To prepare the paste for the dispensing
process and avoid clogging of the small nozzle openings, the
paste is pre-filtered using cascadic nylon filters with pore
sizes of 20 pm and 11 pwm. The dispensing process itself is
carried out using the laboratory print head “Gecko” [31]
equipped with 15 parallel nozzles with an average diameter
of d, =22 pm. Process pressure and speed vary depending
on the stability of the printing process and the paste level in
the reservoir between 3.0 and 4.3 bar setting pressure and
300-450 mm/s printhead velocity. The distance between
nozzle and substrate is 300 pm. All cells are dried in an
inline oven at a temperature of T=200 °C for ¢= 1 min.
Subsequently, a firing variation with peak set temperatures
T, =770°C, T5 =790 °C and T3 =810 °C is applied for both
variants (resulting in 3 groups per metallization tech-
nique). Prior to the current-voltage (I- V) characterization
on the cell tester, the cells are treated with the LECO
(Laser Enhanced Contact Optimization) process [32]. The
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Fig. 4. Emitter saturation current density jo. for three different
Al,O3 layer thicknesses.

finger geometry of the dispensed and screen-printed front
side metallization is analyzed using an Olympus LEXT
laser-scanning confocal microscope and the image analysis
software “Dash” [33] which has been developed at
Fraunhofer ISE.

2.4 Microscopic analysis of Tape Solution
interconnection

Focusing on the interconnection and module fabrication
using TOPCon solar cells, we evaluate the interconnection
properties of the Tape Solution approach on TOPCon solar
cells using optical microscopy on cross-section samples.

2.5 Analysis and comparison of full-format modules
with Tape Solution and ECA interconnection

In a further step, full-format modules with all Tape
Solution and ECA interconnection technologies are
produced using screen-printed busbarless TOPCon cells
fabricated at Fraunhofer ISE as described in Section 2.2.
The strings for the Tape Solution interconnection are
manufactured utilizing the Tape Solution stringer and sent
to Fraunhofer ISE afterwards for layup, lamination and
characterization. ECA-based interconnection is performed
on the Team Technik TT1600ECA stringer using a
continuous ECA print layout and laterally conductive
adhesive to enable a sufficient electron transport in the
absence of a busbar without major resistance losses.
Module production and characterization is realized at
Fraunhofer ISE.

2.6 Cell-to-module loss analysis

To estimate the potential and the primary dissipation
factors on module level, Tape Solution, ECA and
additionally SWCT interconnection technologies are
compared with a simulation application using the
SmartCalc tool [30] developed at Fraunhofer ISE. As
I-Vinput parameters for the cell, the measured I~V results
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Fig. 5. Emitter saturation current density jo. for the non-
contacted, passivated solar cell front for two different deposition
methods of the Al,O3 layer.

of fabricated TOPCon cells with busbarless layout and
screen-printed metallization from the previous experi-
ments are used.

3 Results and discussion

3.1 Evaluation of atomic layer deposition for the
passivation of TOPCon solar cells

Using the ALD process developed in “BUSSARD”, we
achieve a deposition rate of 0.13nm per cycle and a
refractive index of 1.64, both of which are typical values for
Al;03. The thickness homogeneity variation is less than
2.5% on the wafer and about 2.3% on the boat which is
more than acceptable for our needs. First results reveal
the formation of bubbles as a result of gas bubbles at the
interface between the Si layers within the passivation
layer after the contact firing process. These bubbles lead to
optical and passive failure of the coated layer.

Figure 4 plots the emitter saturation current density joo
for three Al,Oj3 layer thicknesses. In the case of thick Al,O3
layers (6nm), bubble formation is observed after firing
while in the case of low Al,O3 layer thickness (2nm) jy,
increases. Small j, . values are obtained at an Al,O3 layer
thickness of 4 nm, while no bubble formation is observed.
Thus, it is the preferred option for further processing.

Figure 5 shows the emitter saturation current density
joe Of the implemented ALD deposition process and the
PECVD (plasma enhanced chemical vapor deposition)
reference process determined after SiN, surface layer
deposition and firing step activation. The results clearly
show the advantages of the ALD approach with a reduction
in emitter saturation current density from about
joc,PECVD =23 fA/Cm2 (PECVD) to joc,ALD =13 fA/Cm2
(ALD) which corresponds to a reduction of more than 40%.
This is particularly relevant for the cell performance as the
majority of recombination losses typically occurs on the
front side, where the passivated surface accounts for about
94-95% of the total area, and thus a significant reduction of
joe Will result in a large increase in V..
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optimization (LECO). The area of the solar cells is 244 cm>.

3.2 Fabrication of TOPCon solar cells with ALD
passivation

TOPCon solar cells with ALD front-side passivation are
fabricated using the developed process as presented in the
previous section. The I~V results are shown in Figure 6.
Even with at this early stage of development, the ALD
process shows a significant increase in efficiency compared
to the PECVD reference process. This results from an
increase in the open circuit voltage V. and the fill factor
FF. The increase in efficiency is in the order of 0.2 to
0.3%a1s which corresponds to a gain of roughly 1%,.. The
highest efficiencies are achieved when the samples are
positioned in a single-slot configuration for the ALD
process. It is known from literature that Al,Os3 layers
deposited on TOPCon layers can improve hydrogenation
during thermal activation, which could be a reason for the
increased V. compared to btb positioning [34]. Another
possible explanation is a reduced contact formation due to
the Al,O3 layer on the back, thus reducing metallization
related recombination. A btb configuration of the samples
is generally beneficial with regard to throughput, and the
shown benefit here for single slot placement of the wafers
and thus an Al,O3 layer on the rear side could also be
achieved for btb loading and adaption of the process
parameters during rear SiN, layer deposition.

In a further follow-up experiment, improved process
parameters are used to fabricate TOPCon solar cells.
These solar cells are metallized using state-of-the-art
metallization screens and pastes. Within this experiment,
the efficiency of the solar cells could be increased even

further, to 23.5%. The improved parameters for ALD
Al,O5 (single slot placement of wafers) and outgassing are
once again confirmed. Furthermore, the basic process for
solar cell production is further optimized, including the
partial improvements for the solar cell front side
passivation. This results in a new internal solar cell
record for large-area TOPCon solar cells (M2 format) with
screen-printed contacting of 1., = 24.2% (champion cell,
result confirmed by Fraunhofer ISE CalLab PV Cells) —
see Table 1.

At the time of the experiment, our lab was able to
process wafer up to M4 size. Currently, Fraunhofer ISE is
upgrading all tools and processes to the larger M10 size,
which is the dominating format at this point, and we expect
this process to be finished by end of 2024. The overall
findings described in this paper should be independent from
the actual wafer size. As far as overall efficiency levels are
concerned, compared to average production efficiencies in
industry, we trail about 1% efficiency absolute, and we
work on reducing this gap by process optimizations.

3.3 Fine-line metallization of TOPCon solar cells using
parallel dispensing

The TOPCon solar cells with dispensed and screen-printed
front side metallization are successfully metallized, proc-
essed and analyzed regarding I~V results and finger
geometry. Both variants obtain the best results at a
medium peak set firing temperature of T, =790 °C. The
I-V parameters of the finalized TOPCon cells are shown in
Table 2 and Figure 7.
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Table 1. -V measurement of the champion TOPCon solar cell fabricated at Fraunhofer ISE, confirmed by Fraunhofer

ISE CalLab PV Cells.

Voc [mV]

jsc [mA . Cm72]

FF %] n [%] Area [cm?]

Champion Cell 714.4 41.4

81.7 24.2 244.5

Table 2. Comparison of I~V data for the two champion groups with highest conversion efficiency metallized with

parallel dispensing and screen-printing.

Front side metallization # fingers Voc [mV] jsc [mA -em™? FF %] n [%]
Screen-printing (Group 5) 121 708.84+0.6 40.81+0.04 80.5+0.1 23.30+0.04
Dispensing (Group 2) 150 707.440.5 40.784+0.04 80.6+0.3 23.2440.09
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Fig. 7. I-Vresults of all experimental groups using dispensing and flatbed screen-printing for the front side metallization. The varying
number of contact fingers in the front side grid layout for dispensing and screen-printing has to be considered when comparing the two

variants.

The champion dispensing group obtains an average
conversion efficiency of npis=(23.24+0.09)% while the
screen-printed pendant achieves an average efficiency of
nrsp = (23.30 £ 0.04)%. The best cells of both technologies
obtain a similar efficiency of 1,,,« = 23.35%. Regarding the
fill factor FF, an average FFps = 80.6 +0.3% (dispensing)
and FFrsp =80.5+0.1% (screen-printing) is obtained. It is

further obvious that the deviation of the results is
significantly higher for the dispensing groups compared
to the screen-printed reference groups. It is likely that this
effect is caused by the instability of the utilized “Gecko”
dispensing setup with a laboratory print head, which leads
to several finger interruptions on individual cells. The
potential for dispensing is shown by analyzing a cell with
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Fig. 8. Shading finger width wyof the experimental groups. It is
clearly visible that the dispensing groups 1-3 obtained smaller
finger widths.

100% print quality for dispensing. This cell achieves a
maximum FF of FFpig max = 80.93% which corresponds to
a gain of 0.28%.;,s compared to the highest FF of the SD
reference cells. This individual result underlines the
advantage of the very uniform finger geometry of parallel
dispensed contacts.

Looking at the results achieved for Voc and j., it must
be taken into account that both variants (dispensing and
screen-printing) were metallized with a different number of
fingers and set finger widths as well as different pastes
(see experimental section). Despite the higher amount of
contact fingers for group 1-3, short-circuit current
density jsc does not differ significantly for both pastes
and technologies (jsc pis = (40.75 4 0.07) mA /cm? and Jsc,
rsp = (40.81+£0.04) mA /em?). The smaller average finger
width of the dispensed contacts roughly compensates for
the higher number of fingers, so that the total metallized
areaisinasimilar range. Considering the open circuit voltage
Voo, slightly lower level is obtained for the dispensing groups
1-3 compared to the screen-printing reference (group 4-6).
It is assumed that the cause of this deviation is a varying
degree of metallization-related recombination jymer Of
paste A and B after contact firing.

Figures 8, 9 and Table 3 show the results of the finger
geometry analysis. The optical characterization of the
contact finger geometry reveals a substantially narrower
mean shading finger width wgpig=23.5£1.9 um for the
dispensed front side grids compared to the screen-printed
grid (wepsp=26.4+1.1 pm). However, the dispensed
contact fingers show major deviations, which are likely
caused by printing parameter adjustments during printing.
The need for these parameter adjustments lies in a non-
optimal combination of paste properties, nozzle diameter
and pre-filtration for the addressed process. It is likely that
substantially smaller contact fingers can be obtained when
applying a stable dispensing process (i.e., with an industrial
dispensing printhead using optimal parameters). The
potential of an optimized, reproducible dispensing process

22
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Fig. 9. Finger height h; of the experimental groups. Both
variants (dispensing and screen-printing) obtained comparable
results.

can be estimated by considering the smallest measured
finger width (to wepigmin = 19 pm) compared to screen-
printing (wepsp min = 25 pm).

Theresults of this experiment demonstrate the feasibility
of parallel dispensing for the front side metallization of
TOPCon solar cells for the first time and prove the
competitiveness with an industrial screen-printing process.
It should be considered that the obtained results are limited
in terms of stability and reproducibility due to the utilized
laboratory setup. Furthermore, the number of front-side
contacts selected for the dispensing process is not optimized.
Thus, it is very likely that parallel dispensing will achieve
substantially higher conversion efficiencies if both aspects
would be optimized towards cell performance. Nevertheless,
achieving comparable results to FSP with this setup
underlines the potential of the dispensing process for the
front-side metallization of TOPCon solar cells.

3.4 Microscopic analysis of Tape Solution
interconnection

Figure 10 shows a microscopic image of the cross-
section of a Tape Solution interconnection on a TOPCon
solar cell. The width of the tape is the same for the
front and back, although the connector widths differ greatly —
0.5mm x 0.25mm at the front and 1.5mm x 0.2mm at
the back. On the front side, where the connectors are
significantly narrower, the interaction surface between the
tape and the cell is larger which is likely to contribute
to a better adhesion.

3.5 Full-format module integration with Tape Solution
and ECA interconnection

Using TOPCon solar cells manufactured at Fraunhofer
ISE, full format TOPCon modules with Tape Solution and
ECA interconnection technologies were fabricated
(Fig. 11). The Al,O3 layer was formed by ALD, placing
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Table 3. Evaluation of the geometry data of dispensed and screen-printed metal contacts on the front of TOPCon solar

cells. Mean values and standard deviations are presented.

Variation Avg. finger width Avg. finger height Avg. cross-section area
Wi [pm] hy [pm] Ay [pm?]

Screen-printing 26.5+1.1 13.1+0.6 197+ 10

Dispensing 23.4+1.9 13.5+0.9 210+ 24

e S
L

N8 ribbon front. -

cell

* ribbon rear

Fig. 10. Cross-section view of a cell with Tape solution interconnection. The width of the ribbon connector differs substantially on the
front and rear side which might be an explanation for the difference of F,

the wafers single-slot. The results of the I~V measurement
after lamination shows differences between the intercon-
nection approaches (Fig. 12). The full-format module with
ECA interconnection demonstrates the peak power of
Pypp =340.0 W, corresponding to the experimental cell-
to-module change (CTM) of 4+2.1%. The gain in Pypp is
most likely to be attributed to the use of structured
interconnectors that promote Igc increase by redirecting
the incoming light within the module instead of reflecting it
[28]. The module with Tape Solution interconnection shows
a peak power of Pyipp = 332.9 W, which corresponds to 0%
CTM losses after module production. This demonstrates
the general suitability of the Tape Solution interconnection
technology for busbarless TOPCon cells.

Closer look in the experimental cell-to-module values
reveal, that both technologies result in Igc gain (+2.8% and
+4.0% for Tape Solution and ECA, respectively). The
+2.8% Is¢ gain for Tape Solution is most likely attributed
to the optical properties of the interconnector carrying
polymer tapes, whereas +4.0% is due to the light-capturing
structure at the surface of the ribbons utilized for the ECA
interconnection. As for the fill factor, Tape Solution and
ECA show FFloss of —3.2% and —1.9%, respectively. Both
approaches used 5 busbars on identically metallized cells,
which means that the generated current travels the same
distance through the fingers with identical electrical
characteristics (line resistance Rpng) causing same
resistivity effect. The joint resistivity and, as a result,
series resistance must however be higher for Tape Solution
than ECA module, judging from the FF loss difference.

3.6 Results of the cell-to-module loss analysis

Figure 13 shows the results of the simulated cell-to-module
analysis for the three considered interconnection technolo-
gies carried out with the SmartCalc™ tool developed at
Fraunhofer ISE. -V characteristics of the busbarless
TOPCon cells produced at Fraunhofer ISE and utilized for
the fabrication of the full-format modules were used as a
key input. Other inputs included geometric, optical and
electrical characteristics of the module components (cell,
interconnectors, encapsulation polymer, rear side foil and
front glass) as well as their interplay. The most significant
differences between the interconnection technologies are
identified in interconnection shading (Fig. 13, factor k7),
coupling of cell and encapsulant (Fig. 13, factor k8) and
interconnector coupling (Fig. 13, factor k10). The 1 mm
wide connectors in ECA cause the most shading from
the photoactive cell surface. Factor k8 shows how the
short-circuit current (Isc) of the cell changes after
interconnection and encapsulation (without considering
the glass). Here, ECA and Tape Solution have significantly
higher values than SWCT due to structured ribbons and
optical properties of the ribbon bearing polymer tape,
respectively. Factor k10 takes the effective width of the
connector into account which in this case underlines SWCT
due to the advantageous round wires.

Comparing the results of the simulation with the -V
characteristics of the full-format modules it is clear, that
the simulation overestimates the losses connected with cell
interconnection and module integration. According to the
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_ Tape Solution

(b)

Fig. 11. Full-format modules with (a) Tape Solution and (b) ECA-interconnected busbarless TOPCon cells, produced at Fraunhofer

ISE. Modules feature “butterfly” design with 120 half-cells each.
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Fig. 12. Experimental cell-to-module change in I~V parameters
after the fabrication of the full-format modules with Ise-produced
busbarless TOPCon cells.

simulation, Tape Solution module with busbarless
TOPCon cells would result in 324.1 W (against real-life
332.9W) and ECA module has the potential of reaching
330.1 W (while in fact measuring 340.0 W). Such discrep-
ancy is most likely due to assumptions regarding the optical
properties (reflectance and transmission) of the encapsula-
tion polymer used.

4 Conclusion

Within this work, we developed and investigated several
innovative approaches for the industrial fabrication of
high-efficiency TOPCon solar cells and modules. With
respect to the frontend processing of TOPCon solar cells,
we implemented an atomic layer deposition (ALD) process
as an alternative to the PECVD deposition reference
process. We investigated the feasibility and performance of
ALD as an alternative method for the Al,O5 passivation of
the front p~ boron emitter. We identified an Al,O5 layer
thickness of 4nm as being optimal for a low emitter
saturation current density on the one hand and a
homogeneous deposition (no blistering) on the other hand.
Using a corresponding process, we demonstrated a
substantially lower emitter saturation current density of
Joe,ALD = 13 fA/cm2 for the ALD-deposited Al,O3 com-
pared to the PECVD-deposited passivation layer with j,.,
pEcvD = 23 fA/ cm?. Thus, it is shown that the ALD process
has substantial benefits with respect to the performance of
the passivation layer as well as the throughput rate of the
process. Using an optimized process sequence, TOPCon
solar cells with ALD passivation have been fabricated and
achieved a champion efficiency of 1., = 24.2% (confirmed
by Fraunhofer ISE CalLab PV Cells). In the field of fine-
line metallization of TOPCon solar cells, three innovative
approaches (FlexTrail, dispensing and indirect gravure
printing) have been evaluated. Within this work, we
focused on multi-nozzle parallel dispensing which has been
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Fig. 13. Cell-to-module analysis for Tape Solution, SWCT and ECA interconnection technologies performed with SmartCalc® tool
in combination with busbarless TOPCon cells fabricated at Fraunhofer ISE in this work.

applied for the first time for TOPCon solar cells. The group
of TOPCon cells with dispensed front side contacts and
optimal firing conditions obtained a similar average
conversion efficiency as reference cells with screen-printed
metallization. The champion efficiency of solar cells
metallized with both technologies is exactly on the same
level. Considering that a laboratory printhead has been
used which does not provide the same quality and stability
as an industrial printhead it is likely that parallel
dispensing has the potential to obtain substantially better
results compared to screen-printing. Previous work has
also shown that dispensing is able to reduce the silver
consumption on the front side compared to screen-printing
while allowing also even higher conversion efficiencies.
Focusing on interconnection and module fabrication, the
innovative Tape Solution approach has been evaluated

and compared to established interconnection technologies
(Smart Wire Connection Technology and electrically
conductive adhesive). Full-format modules have been
fabricated and compared. Here, a module with ECA
interconnection obtained the champion power result with
Pypp=340.0 W while the module with Tape Solution
demonstrated the Pypp of 332.9W. An additional
simulation of the theoretical cell-to-module loss factors
with SmartCalc® underlined the potential of Tape
Solution as a suitable interconnection approach alongside
SWCT and ECA for the fabrication of modules with
busbarless TOPCon cells. Further optimization of Tape
Solution approach should include incorporation of larger
amounts of interconnectors to lower series resistance losses
and the reduction of the wire dimensions to minimize cell
shading. In summary, we successfully demonstrated several
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innovative approaches for the front side passivation,
metallization and interconnection of industrial TOPCon
solar cells which have the potential to substantially
increase the performance on cell and module level and in
parallel reduce the production costs (e.g., less silver), the
total cost of ownership (TCO) as well as the levelized cost
of electricity (LCoE).
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