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Abstract

In this work, we present a novel fire-through contact (FTC) approach for the formation of local rear contacts
for rear surface passivated silicon solar cells. The FTC approach aims at an easy integration of rear surface
passivation into typical production lines. Besides rear surface passivation, no new technology is required as
FTC only relies on common printing equipment. In this work, different FTC contact geometries and printing
approaches are investigated using lifetime and resistance measurements. A PC1D model is implemented to
allow for a comparison of different FTC configurations on cell level. Finally, the integration of the FTC
approach into metal wrap through solar cells is presented.
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1. Introduction

Along with the strongly increasing interest in solar cells with passivated rear surface, industrially feasible
rear contacting methods gain importance. Usually, the fabrication of PERC-type cells (passivated emitter and
rear cell, [1]) requires laser processing or other structuring process steps for the creation of local rear
contacts. Currently, laser processing is the most dominant approach for industrial application, either applied
before metallisation [2-4] (i-PERC) or after contact firing [5, 6] (laser fired contacts, LFC).

In this paper we present an easily scalable technology for contacting the rear side of PERC-type cells using
solely printing technology. Analogous to the contact formation on the front side [7], local penetration of the
dielectric layer during contact firing is the key aspect of this approach. For this purpose, a fire-through paste
is printed locally on the top of the rear dielectric layer with a defined geometry. In a second step, a non-fire-
through aluminium paste is printed on top, thus interconnecting the previously applied fire-through areas.
Subsequently a high temperature process realises the contact formation.

With this novel FTC approach, one additional screen printing step substitutes local laser contact formation.
This is beneficial for retrofitting of existing industrial AI-BSF-based production lines, as the printing based
FTC method depends on a smaller number of technologies and does not require laser expertise. Compared to
previous fire-through approaches [8], an additional benefit of the FTC technology is the decoupling of
contact formation and lateral conductivity, thus providing the possibility to manipulate the paste for local
BSF formation or the contact geometry without affecting the properties of the overlying Al layer.
Furthermore, the rear contact is established during the common contact firing process, thus — in contrast to
previous approaches [9] — no high temperature process is necessary after application of the fire-through paste.

2. Experimental

2.1 Approach

The FTC approach is applicable to solar cell structures that comprise a rear surface passivation and a large-
area p-type rear contact. For the deposition of the FTC structure as well as the overlying large-area
metallisation, various technologies may be utilised. This work focuses on stencil and screen printing of the
fire-through paste and screen printed large-area Al layers. Figure 1 shows the intended process sequence for
the FTC approach integrated into a typical PERC process sequence.
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Figure 1: Process sequence for the fabrication of PERC devices with fire-through contacts (FTC).

The following sections present a detailed investigation of fire-through structures regarding contact resistance
and recombination using special test structures.

2.2 Sample preparation

To investigate the relevant properties of the fire-through contacts — contact resistance and the influence of the
fire-through process on the passivation quality — both resistance and carrier lifetime test structures (see
Figure 2 and Figure 3) are fabricated from monocrystalline p-type silicon wafers with a thickness of 200 um
and an edge length of 125 mm. The resistance samples are made of float-zone silicon (FZ-Si) with a base
resistivity of p = 1 Qcm passivated by a stack of 100 nm thermally grown SiO, and 100 nm PECVD SiN, on
the rear side. The lifetime samples are made of Czochralski-grown silicon (Cz-Si) with a base resistivity of
p = 6 Qcm and the same SiO,/SiN, passivation layer stack on both sides.

ohmic AI\ contact front di\electric
p-type Si p-type Si
rear _rear
FTC Al contact dielectric FTC Al contact dielectric
Figure 2: Resistance test structure for FTC Figure 3: Carrier lifetime test structure used for
resistance measurements. evaluation of the recombination rate at the fire-

through contacts.

A fire-through Al paste is printed on the rear side of the samples with the test layout depicted in Figure 4
using both stencil and screen printing. The design of this test structure with nine separated areas enables an
investigation of various contact geometries on a single wafer. Afterwards, a full area non-fire-through
aluminium layer is printed on top. After contact firing in an industrial belt furnace, the resistance samples are
equipped with an ohmic full-area PVD-AI contact on the front side whereas the lifetime samples are treated
with HCI/H,O, in order to fully remove the rear Al structure and thus enable a QSSPC [10] measurement.
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Figure 4: Test structure with different contact geometries (p: pitch, w: width, r: radius).

3. Results and discussion

3.1 Printing of fire-through structures

The desired fire-through areas only cover a small area fraction of the solar cell’s rear side, thus especially
stencil printing is a highly suitable technology for fast creation of well-defined FTC structures. The test
layout depicted in Figure 4 is printed with a nickel stencil as well as a reference screen printing process. The
individual contact geometries evaluated with the test structure represent different pre-optimised point- and
line-shaped structures with feature sizes in the range of typical LFC and i-PERC contacts. Figure 5 displays
an SEM cross section micrograph of dots printed with a stencil showing a high aspect ratio and sharp edges.

Printablility tests for the evaluation of a suitable fire-through paste were carried out. Figure 6 shows the
average height profile of FTC line structures measured using confocal microscopy for four different pastes.
Paste 1 is a special fire-through aluminium paste and shows the highest aspect ratio and the narrowest line
width and is therefore selected as the most suitable FTC paste. This paste also showed up to 100 times lower
contact resistance values in pretests (with typical solar cell contact firing temperatures) compared to the
pastes 2-4. Thus, only paste 1 is used for the investigations described in the following sections.
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Figure S: SEM micrograph of a stencil printed Figure 6: Height profile of stencil printed FTC
FTC Al dot after firing (structure “points 4”). line structures measured after firing (structure
The dots are covered by evaporated Al “lines 17, stencil thickness is 60 pm).
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3.2 Electrical properties

Both low recombination and low contact resistance are important properties for local rear contacts. To allow
for a comparison of different point- and line-shaped FTC structures, effective surface recombination velocity
Sefirear and total resistance Ry, of the lifetime and the resistance samples are measured respectively.

As the lifetime samples are asymmetrical (see Figure 3), the effective rear surface recombination velocity

s _ tan(Wy;) D?y? — StrontDV1
effrear tan(W}/l) Stront + D¥1

(W: wafer thickness, D: diffusion constant) is calculated using the effective lifetime 7.+ measured after wet
chemical removal of the rear Al layer and the front surface recombination velocity Sgo, = 60.3 cm/s extracted
from non-metallised, symmetrically passivated lifetime samples [11]. The parameter

is calculated assuming intrinsic carrier lifetime 1, in the bulk [12].

Figure 7 shows Sesrear for the different investigated contact geometries. Due to inhomogeneities in surface
passivation quality the values show rather strong deviations. Nevertheless, the data allows for a general
comparison of the different geometries and printing approaches. As expected, Serrear increases with
increasing FTC area fraction. Stencil printing results in slightly increased recombination at point-shaped
contacts which might originate from an increased amount of deposited paste and thus a higher fraction of
actual contact area (see section 3.4).
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Figure 7: Effective rear surface recombination velocity Ses; car and standard deviation extracted from
a measurement after wet chemical removal of the rear Al layer. The samples are made from ~200 pm
thick Cz-Si (p = 6 Qcm) with SiO,/SiN, surface passivation. “screen” indicates screen printing,
“stencil” indicates printing with a 30 pm thick Ni stencil. The desired area fraction of each FTC
structure is given in the bottom line (in %). Each point represents 2 samples.

To get a comprehensive picture of the local contacts, the resistance has to be taken into account. The total
measured resistance of the resistance samples is shown in Figure 8. All resistance samples are made from FZ-
Si with a base resistivity of p = 1 Qcm, allowing for a direct comparison of the tested contact geometries. The
values directly correspond to the expected series resistance contribution of the rear contact in the finished
device including the p-type base. Due to the small size of the actual contacts (see Figure 11) spreading
resistance is assumed to dominate the total resistance resulting in a linear dependence of the series resistance
upon base resistivity. Stencil printing yields the lowest resistance values almost for every structure. This is
attributed to an increased amount of deposited paste and the well-defined shape of the printed structures. For
both printing methods, the resistance decreases with increasing area coverage. Reference measurements

reveal an average resistance of ~1000 Qcm” for samples without fire-through structures confirming the non-
fire-through properties of the full area Al layer.
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Figure 8: Total area-weighted resistance R, and corresponding standard deviation of the resistance
samples. The samples are made from 180 pm thick FZ-Si (p = 1 Qcm). The desired area fraction of
each FTC structure is given in the bottom line (in %). Each point represents 2 samples

The previously presented data alone does not suffice for an identification of the optimum contact geometry
and printing method. The impact of both properties — series resistance contribution and effective surface
recombination velocity — on conversion efficiency has to be taken into account. Thus, a simulation of solar
cells with different rear contact properties is carried out in the next section.

3.3 Modelling of FTC-based solar cells

A PC1D model [13] of a PERC-type solar cell is implemented to allow for a rating of the investigated FTC
configurations. The following parameters are used for the simulation:

cell thickness: 150 um

e Dbase resistivity: 1.5 Qcm

o cffective bulk lifetime: 60 ps

e cmitter sheet resistance: 75 Q/sq (typical industrial doping profile)
e series resistance of front contact: 0.5 Qcm’.

The contour plot background colour in Figure 9 presents the simulated efficiencies for different rear surface
recombination velocities Ser and rear series resistances Rs,, and therefore allows for a rating of the
corresponding average values determined for the different FTC configurations (lines 1 to 3 and points 1 to 5).
The reference data for LFC are typical values for screen printed metallisation and SiO, based passivation [14]
and a pitch of 500 pm. Due to the fact that the lifetime samples used for S,y extraction have a resistivity of
~6 Qcm, all S values shown in the graph are scaled by a factor of 2 to get an estimation of the
corresponding value for a PERC device with a typical base resistivity of 1.5 Qcm [15]. Analogous, all
resistance values Ry, from the previous section are scaled by a factor of 1.5 to account for the resistivity of
p=1Qcm of the FZ-Si resistance samples assuming linear dependence of both spreading resistance and
contact resistance.
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Figure 9: Average rear series resistance contribution Rg ., (including base) plotted against average
effective rear surface recombination velocity S for the investigated FTC configurations and
corresponding efficiencies calculated with a PC1D model. Both Rg ., and S values are scaled to
account for a typical base resistivity of p = 1.5 Qcm.

Obviously, highest efficiencies require low rear contact resistance and low surface recombination velocity.
The most appropriate FTC configurations identified in the experiment are points 5, screen-printed and lines
3, stencil-printed. As the series resistance of the screen-printed structure points 5 is surprisingly low and the
standard deviation high (see Figure 8), the data of this structure is considered as being an outlier. Thus, the
stencil printed structure lines 3 is identified as being most appropriate. Compared to the LFC reference
values, the FTC samples show reasonably low S, values but rather high resistance. This is assigned to non-
optimal penetration of the rear surface passivation by the fire-through pastes (see next section). The
fabrication of suitable pastes is still in an early stage of development and therefore strong improvements of
the achievable efficiencies are expected after future optimisations of the paste composition.

3.4 Microstructure analysis of the local contacts

A microstructure analysis is carried out to improve the understanding of the contact formation and to further
investigate the penetration of the dielectric by the fire-through paste. The SEM micrograph shown in Figure
10 confirms the successful penetration of the rear dielectric and the resulting local alloying of Al into Si.
Nevertheless, the contacted areas are smaller than expected. Optical micrographs recorded after wet chemical
removal of the rear aluminium (see Figure 11) reveal significant differences between the actual contact area
and the area covered by FTC paste for both lines and points. This explains the rather high total resistance
measured at the resistance samples (see previous section). Thus, further investigation of both dielectric layer
properties and FTC paste composition seems necessary.
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3.5 Solar cell results

A preliminary solar cell batch is fabricated to evaluate the potential of the FTC approach. Bearing in mind
that the achievable efficiency is limited by a rather high contact resistance of the currently used FTC paste
composition, this first cell batch is thought of as a first proof of concept.

Small area metal wrap through passivated emitter and rear cells (MWT-PERC) are fabricated from FZ-Si
(p = 0.5 Qcm) similar to cells presented in earlier publications [16]. The thermal SiO,/SiNy rear surface
passivation equals the one used for the lifetime and resistance samples presented in the previous sections. A
small amount of cells features screen printed FTC rear contacts (similar to “points 5 as described above),
reference cells with both LFC rear contacts and full-area Al back surface field (BSF) are processed in
parallel.

The current-voltage characteristics shown in Table 1 are peak values achieved for each rear contacting
method. Since the number of equally processed cells within each group is rather small, no median values are
specified. As expected, an increased series resistance (corresponding to increased pFF - FF) limits the fill
factor FF and thus the efficiency # of the FTC device, showing that the contact formation between the rear Al
layer and the Si material needs to be improved. On the other hand, both open circuit voltage V¢ and short
circuit current density jsc of the FTC device exceed the values of the BSF reference cell and are close to the
values of the LFC approach confirming the potential of the FTC approach. Note that the properties of the
devices differ from the parameters used for the simulation in section 3.3, thus a direct comparison is not
possible.

Table 1: Current voltage characteristics of MWT solar cells with fully screen printed metallisation
fabricated from FZ-Si (p = 0.5 Qcm) for FTC, LFC and BSF rear contact approach measured with an
industrial cell tester. A reference cell measured at Fraunhofer ISE CalLab ensures accurate
calibration of the measurement. Cell dimensions are 26.5 mm x 26.5 mm x 220 pm. All cells feature p-
and n-type solder pads at the rear.

rear contact n (%) Jsc (mA/cm?) Voc (mV) FF (%) pFF - FF (%)
FTC 18.3 38.7 640 73.8 6.2
LFC 20.0 39.3 645 79.0 3.4
BSF 18.7 37.8 629 78.2 1.9
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Figure 12: Internal quantum efficiency and reflectance data of MWT solar cells with full area Al back
surface field (Al-BSF) and local fire-through contacts (FTC).

Figure 12 shows the internal quantum efficiency and reflectance for a cell with an FTC rear contact structure
in comparison to a full area Al back surface field (Al-BSF). The data clearly confirms the improved rear
surface passivation and light trapping of the FTC device.

4. Conclusion and outlook

A novel rear contacting method based solely on printing technology is introduced. This so called fire-through
contact (FTC) approach is regarded as an ideal solution for retrofitting of already existing production lines to
implement local rear contacting of surface passivated solar cells as screen printing is known as robust
technology being widely used in solar cell manufacturing. Besides the creation of the surface passivation
layer, no additional technology is required.

PCID modelling of PERC-type solar cells with varying Ser and Rg.. is used to rate various FTC
configurations. Screen printed dots are integrated into a small area FZ-Si MWT-PERC device. The measured
Voc of 640 mV and jsc of 38.7 mA/cm® of this FTC-MWT-PERC device is significantly above the values
achieved with a full area Al-BSF reference process confirming the feasibility of the novel rear contacting
approach. Due to the early stage of FTC paste development, the contact resistance of the fire-through
contacts is still non-optimal. Microstructure analysis revealed only partial alloying through the dielectric
within the fire-through area as a main reason for the increased contact resistance. Future optimisation of the
paste composition is expected to solve this issue.

Interesting possibilities to further decrease the recombination at the local contacts are the usage of additional
FTC paste additives to improve local BSF formation and Al alloying. The possibility of such a separate
optimisation of the paste surrounding the local contacts is a major advantage compared to other rear
contacting methods such as LFC and i-PERC.
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