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ABSTRACT

This work investigates the influence of the metallization of low-temperature Cu paste and AgCu paste on the performance of SHJ
solar cells through a comprehensive study of two techniques—screen printing (SP) and dispensing. The research successfully
applied Cu and AgCu pastes as metal contacts on SHJ solar cells, yielding promising results. Notably, cells with AgCu paste SP on
the front side and Ag paste SP on the rear side achieved a 0.13% efficiency gain over reference Ag SP bifacial cells. Moreover, cells
with AgCu paste SP on the front side and Cu paste SP on the rear side reached an efficiency of 23.6%, just 0.35% lower than the
reference cells, while saving approximately 70% of Ag paste. Cells with Cu paste SP on both sides recorded an average efficiency
of 22.4% and a maximum of 23.08%, the highest efficiency reported for cells using Cu SP on both sides (zero Ag). Cells with Cu
dispensing on the rear side also demonstrated superior performance compared to cells with Cu SP on the rear side. Along, we
assessed the finger-printed characteristics of the three pastes and the performance of SHJ solar cells under various annealing
conditions including the Cu annealing conditions (300°C for 5s). The solar cells maintained stable performance up to 280°C for
5s, with degradation observed above this temperature, and light soaking partially recovered some of the efficiency loss. A 0.2%
drop persisted under Cu annealing conditions, but light soaking reversed this effect back to the original efficiency. This work
advances SHJ solar cell technology by highlighting the potential of AgCu and Cu pastes to efficiently replace or reduce Ag paste
consumption in SHJ solar cell metallization.

1 | Introduction on both sides [4] and 27.30% for cells with an interdigitated back-
contact structure (IBC) [5, 6].

Among the silicon-based PV technologies, silicon heterojunc-

tion (SHIJ) solar cells are attracting a growing interest with a
projected market share of 25% by 2030 [1] due to their straight-
forward processes, high open-circuit voltage, high conversion
efficiency, superior passivation, high bifaciality, and low silicon
consumption [2, 3]. This technology has achieved a remarkable
record power conversion efficiency (PCE) of 27.08% for contacts

SHI solar cells are a low-temperature device that has to be pro-
cessed below 250°C [7]. Due to such temperature constraints, the
use of low-temperature Ag paste is important for metal contacts
on both cell surfaces. However, low-temperature Ag paste has
a relatively higher resistivity than the high-temperature metal-
lization pastes used for passivated emitter and rear cell (PERC)
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silicon cells. Therefore, more paste is required to achieve the
necessary finger conductivity [8]. Additionally, low-temperature
silver paste is the most expensive non-silicon component of a
silicon-based solar cell, and its increasing demand makes it a
critical factor in cost considerations [9]. Consequently, higher
Ag consumption significantly increases the cost of SHJ solar
cells [10-12].

Verlinden highlighted that silver consumption for solar cells
must be reduced to 5mg/W or less, or alternative metallization
technologies using copper (Cu) must be developed to ensure ma-
terial sustainability. At a consumption rate of 5mg/W of silver,
achieving a yearly production capacity of 3 TWp—a target set
between 2032 and 2050—would consume more than half of the
current global annual silver supply [13]. Additionally, according
to Zhang et al., to ensure sustainable multi-TW scale production
of solar PV within the next decade, long-term silver consump-
tion for solar cells must be restricted to no more than 2mg/W
[14, 15]. If the consumption of Ag is not reduced soon, it will
lead to higher costs for solar cells and hinder the sustainable de-
velopment of the PV industry [16]. Various approaches are being
explored to significantly reduce silver consumption in solar cells
[17], including:

« First, implementation of fine-line printing by screen print-
ing (SP) process and optimization of screen design [18-20].

« Second, develop alternative printing technologies such as
laser pattern transfer printing, rotary screen printing, flex
trail printing, and dispenser printing which offer low silver
consumption capacity and high aspect ratio [21-24].

« Finally, reducing or replacing Ag with Cu or AgCu is con-
sidered due to the abundance and lower cost of Cu [25-28].

Focusing on using Cu paste and/or AgCu paste as an alterna-
tive to traditional silver fingers and busbars for metallization in
SH1J solar cells offers a promising solution to address Ag scarcity
and rising cost challenges [29, 30]. Despite copper's potential to
degrade devices due to rapid diffusion into silicon, heterojunc-
tion solar cells mitigate this risk as their transparent conductive
oxides (TCO) serve as effective diffusion barriers [16, 31-33].
Recently, Cao et al. achieved a certified efficiency of 26.4% by
using the electroplating method to prepare Cu electrodes on
SHJ cells. Though the impressive photovoltaic performance of
Cu electroplating, its complex processes, costly equipment, and
environmental concerns pose significant challenges [34-36].
Alternatively, AgCu-based metallization offers a low-cost, envi-
ronmentally friendly solution, achieving an average efficiency
of 25.18% on SHJ solar cells while reducing Ag consumption by
46% compared to traditional Ag electrodes [2]. Similarly, screen-
printed Cu paste metallization, replacing most of the Ag in IBC
cells as busbars and fingers, delivers comparable performance
to IBC cells using Ag paste with an average efficiency of 23%.
Notably, no Cu diffusion was observed, even under damp-
heat and thermal stress, and Cu fingers remained resistant to
oxidation after thermal treatment up to 300°C [16], which is
beyond the 250°C process temperature of SHJ solar cells. As
a low-temperature manufactured device, SHJ solar cells face
challenges with the high-temperature annealing required for
Cu metallization, as it can degrade passivation quality, increase
recombination losses, and ultimately reduce efficiency [7, 37].

The manufacture of metal contacts for crystalline silicon solar
cells is dominated by screen printing because of its efficiency,
dependability, and affordability. Nevertheless, contactless meth-
ods such as dispenser printing provide accurate, thin, high as-
pect ratio, uniform lines, increasing productivity and lowering
paste consumption. Efficiency gains of up to 2% were reported
compared to screen-printed contacts [38]. Dispenser printing
reduces silver laydown, and stretching effects plus parallel dis-
pensing further optimize material usage [24, 39]. Despite its ad-
vantages, challenges such as nozzle clogging need to be solved.
Ongoing research is needed to address these challenges and fur-
ther develop dispenser printing technology.

In this paper, we investigate the influence of low-temperature
Cu paste and AgCu paste (with a weight percentage of ~50wt%
Ag) metallization on the performance of industrial SHJ solar
cells through a comprehensive examination of two techniques—
screen printing (SP) and dispensing. The aim is to assess the
viability of Cu and AgCu pastes as reliable and effective met-
allization materials for SHJ solar cells, particularly regarding
the stability of the SHJ solar cell at the temperatures required
for Cu paste annealing. Therefore, we metalized the front and
rear sides of the cells with Ag, AgCu, and Cu paste and com-
pared them. Additionally, finger characteristics such as width,
height, line resistance, contact resistance, and bulk resistance
were evaluated.

2 | Experiments and Methods

To investigate the application of AgCu and Cu pastes on in-
dustrial SHJ solar cells compared to reference solar cells uti-
lizing Ag paste, this study employs M2 (244.32cm?) solar cells
with a wafer thickness of approximately 135um (see Figure 1).
These solar cells feature a-Si:H (p/i/n) layers, TCO coating, and
have no metallization, serving as the starting material for the
research. Before considering the metallization of actual solar
cells on both sides, the study first examined the performance
of screen printed and dispensed fingers from the three different
pastes on one side of the wafer. Following this, a preliminary
investigation was conducted to assess the impact of various an-
nealing conditions, including those used for Cu metallization,
on the performance of industrial SHJ solar cells.

2.1 | Printed-Finger Study

Flatbed screen printing (SP) was used for printing Ag and
AgCu fingers with a knotless screen featuring a 23-um fin-
ger opening, 430 wires per inch, a wire diameter of 13 um,
and an emulsion thickness of 8 um. For the higher viscosity
Cu paste (500Pa-s vs. 250Pa-s for Ag), a 30-um finger open-
ing screen was used with 430 wires per inch, a wire diame-
ter of 13um, and an emulsion thickness of 19 um. The same
screen design was utilized for all three pastes, incorporating
96 fingers with a pitch of 1.6 mm. Additionally, single-nozzle
dispensing was employed to print Ag, AgCu, and Cu pastes.
Specific printing parameters, such as squeegee speed, snap-off
distance, and flat-bed speed, were adjusted for each paste type,
with separate dispensing parameters tailored to accommo-
date the distinct properties of each paste. This setup enabled
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FIGURE1 | The schematic structure of a bifacial SHJ solar cell used in this study with different metallization pastes (not to scale).

a comparative analysis of the printability performance of the
different pastes. After printing, the lines were dried at 150°C
for 10min for Ag and AgCu pastes and at 100°C for 2min for
Cu paste. Subsequently, the fingers were annealed at 170°C for
40min for Ag and AgCu and at 300°C for 5s for Cu as recom-
mended by the paste manufacturers. The Ag and AgCu fingers
were annealed using an oven, while the Cu fingers annealing
was done using a manual process that places the solar cells on
a hot plate.

Due to Cu's sensitivity to oxidation, especially during anneal-
ing, Cu lines were annealed under a protective cover (e.g., back-
ing paper) to prevent contact with atmospheric oxygen [26, 27].
Additionally, as we typically employ double printing for front-
side SP, the drying process is usually carried out after the first
printing before applying the second printing, or after printing
one side before moving on to print the other side. For Cu fingers,
drying is also performed prior to wrapping the cells with Cu fin-
gers in the protective cover for annealing.

Here, we aim to figure out information about the electrical
performance and geometry for the aforementioned pastes. The
investigation included examining the geometry (width, height,
and cross-section) of the metal fingers (Ag, AgCu, Cu) using a
Zeta 3D microscope and a laser scanning confocal microscope.
Following this, the line resistance was measured and calculated
using the four-probe method after annealing the samples under
the specified conditions. The contact resistivity of metals to TCO
in final SHJ solar cells was also measured via the transmission
line method (TLM), which utilizes variable distanced pads of
2mm width and 10mm length [40, 41]. Subsequently, the fingers
bulk resistance was calculated. The weight of the fingers was
measured using a precise electronic balance [42] with an accu-
racy of 0.1 mg.

2.2 | Impact of Annealing on SHJ Solar Cell's
Performance

SHI solar cell devices are manufactured below 250°C [7]. In con-
trast, the standard annealing conditions for Cu paste metalliza-
tion are 300°C for 5s. Therefore, before applying standard Cu
metallization annealing conditions to SHJ solar cells, an investi-
gation was conducted on externally Ag screen-printed SHJ solar
cells with busbars to evaluate the potential effects of different
annealing conditions, including those used for Cu metallization,

on their performance. This investigation involved using three
cells for each of the following annealing conditions:

« For 5s of annealing, temperatures of 280°C, 320°C, and
360°C were tested.

« For 300°C, durations of 5, 20, and 40s were tested.

After each annealing condition, light soaking was performed on
the cells to evaluate if any efficiency losses observed could be re-
covered. For this experiment, fast light soaking was made on the
characterized solar cells (~90s). During the process, the solar
cells were exposed to an LED-based light source with an input
intensity of 55kW/m? at about 175°C [43].

2.3 | Application of the Pastes on SHJ Solar Cells
and Characterization

After studying the finger performance of the three pastes and in-
vestigating the impact of various annealing conditions, including
the standard annealing conditions for Cu paste on industrial SHJ
solar cells, we proceeded to apply those pastes (Ag, AgCu, Cu) on
metallization-free industrial SHJ solar cells coated with TCO to
assess their influence on the performance of SHJ solar cells (see
Figure 1). These metallization-free cells were selected for their
similarity to our in-house SHJ solar cells. They were chosen to
simplify the study. In this experiment, the pastes and printing
tools for metallization were varied for both the front and rear sides.

For the front-side metallization with Ag, AgCu, and Cu
pastes, the SP fingers were done using the same screens used
for finger-printed study (in Section 2.1). For the rear-side met-
allization, only Cu and Ag were considered and compared. A
screen with a finger opening of 60 um, 350 wires per inch, a
wire diameter of 16 um, and an emulsion thickness of 9um
was used for the rear-side screen printing of all pastes. This
screen design incorporated 250 fingers with a pitch of 0.9 mm.
Additionally, single-nozzle dispensing was employed for Cu
rear-side metallization. Due to the wider finger dimensions,
this approach necessitated a modification, with only 96 fin-
gers dispensed on the rear side while maintaining a pitch of
1.6 mm. Notably, metallization on both sides of the cells was
carried out without busbars.

AgCu paste application has already been investigated in previ-
ous research [2, 23], and it is mainly used here for comparison
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with Ag and Cu. In SHIJ solar cells, front-side metallization is
more critical than rear-side metallization due to the trade-off be-
tween optical shading and electrical performance, which affects
the overall cell efficiency, short-circuit current density J, fill
factor FF, and series resistance R [44]. Therefore, this work pri-
marily focused on the front-side metallization by applying and
comparing the performance of the three pastes Ag, AgCu, and
Cu. For rear-side metallization, only Cu paste with Ag paste was

considered and compared.

After printing, the annealing of the metallized fingers (for the
different pastes) was performed as described in Section 2.1.
However, light soaking (LiSo) was not performed on these met-
allized solar cells because the Cu fingers cannot currently be ad-
equately protected from oxidation at the 175°C LS temperature.
Methods like protective wrapping are being explored to enable
LiSo for Cu cells. The electrical characteristics, including IV
parameters and electroluminescence (EL) measurements of the
solar cells were then assessed using the LOANA system from
pv-tools with a Wavelabs LED light source (Sinus 220) under
standard test conditions (STC: AM1.5 G, 25°C, 1000 W/m?). A
12-contact bar frame was used for front-side contact, which has
avoltage sense of approximately 25% between contact bars. This
means that finger line resistance is not accounted for during IV
measurement [45]. Back-side contact of the cells is performed
using a fully conductive chuck. Therefore, the effect of rear-side
line resistance is negligible. The EL measurements of the cells
were conducted with a high injection current of 8 A to capture
detailed EL images.

3 | Results and Discussion
3.1 | Analysis of the Printed Fingers

This study aims to investigate the electrical performance and ge-
ometry of fingers for all pastes. Figure 2 presents the finger pat-
terns and widths measured with a confocal microscope for the
three pastes, while Figure 3 illustrates the measured and calcu-
lated line resistance as a function of finger width. Additionally,
Table 1 presents the average data for measured finger widths,

height aspect ratio, line resistance, contact resistivity, bulk resis-
tance, and Ag weight.

Figure 2 shows the finger shapes produced by SP and dispens-
ing methods in our laboratory using Ag paste, AgCu paste,
and Cu paste. Due to limitations of the dispenser such as noz-
zle clogging, the dispensing method results in wider, yet more
homogeneous and continuous fingers compared to screen
printing, making it suitable for rear-side applications [16] and
potentially improving electrical contact performance. Using
the same screen type, AgCu SP fingers produce almost similar
average line widths compared to Ag SP, while Cu SP fingers
are wider than both Ag and AgCu SP fingers, which is due to
the use of a wider screen opening for Cu. However, the finger
geometry of Cu SP in our study is similar to the Cu fingers
reported by Teo et al. [46] and finer than those in previous
reports with Chen et al. [16].

b ¢ .
Cu (SP
a3 < u (SP)
S5F 4 \* iy
c & .
G4 AR 7
® .
25l ~ J
g AgCu (SP) \. %
Saf . .
g m Ag (SP)
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FIGURE 3 | Line resistance (LR) as function of finger width (w) of

metal fingers for Ag SP in grey, Ag dispensed in green, AgCu SP in blue,
Cu SP in purple, and Cu dispensed in red.
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e
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FIGURE2 | Microscopy images of (a) Ag SP finger, (b) AgCu SP finger, (c) Cu SP finger, and (d) Cu dispensed finger.
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TABLE1 | Electrical performance and geometry of Ag, AgCu, and Cu fingers.

Aspect Line Contact Bulk
Width Height ratio resistance resistivity resistance Agweight
Finger (W, um) (H, pm) (H/W) (Q/cm) (mQ*cm?) (10-%Q*cm) (mg)
Ag SP 46.56 14.21 0.30 1.15 5.04 3.51 35.45
Cu SP 56.18 10.22 0.18 4.24 10.28 12.62 0.00
Cu dispensed 152.98 34.51 0.22 0.90 a 1.68 0.00
AgCu SP 45.26 12.55 0.27 3.20 8.10 7.20 16.80

Note: These results are the mean values and concern only the front-side screen printed fingers and dispensed Cu fingers.

2Not measured.

Figure 3 shows the line resistance versus finger width for
various pastes and printing techniques. The legend, defined
by color, indicates the line resistance for fingers made by Ag
SP in grey, Ag dispensing in green, Cu SP in purple, Cu dis-
pensing in red, and AgCu SP in blue, plotted as a function of
their respective finger widths. A consistent pattern emerges,
indicating a decline in finger line resistance with increasing
finger width across all pastes and printing methods examined.
Additionally, both Cu dispensing and Cu SP typically exhibit
higher average line resistance compared to Ag SP when ex-
trapolating the finger width of Ag SP to have the same width as
Cu printed lines. Specifically, fingers from Cu screen printing
show approximately three times the average line resistance of
fingers from Ag SP (3.6 Q/cm compared to 1 Q/cm for a 60 um
finger width). Furthermore, AgCu fingers demonstrate higher
line resistance compared to pure Ag fingers (3.2Q/cm com-
pared to 1.8 Q/cm for a finger width of around 40um), yet
lower than that of Cu. By extrapolating the trend from Ag SP
fingers line resistance data, it reveals that Ag dispensed fin-
gers have similar line resistance to Ag SP fingers, and Cu dis-
pensing still presents higher line resistance compared to Ag
SP and dispensed fingers. Therefore, the homogeneity of dis-
pensed lines does not appear to impact significantly the line
resistance. The large distribution in Cu SP finger line resis-
tance for a constant finger width can be attributed to a slight
variation during the annealing process. While the standard
conditions are 300°C for 5s, the process still involves some
manual steps, making it challenging to ensure precise timing
for all samples. Table 1 presents the average finger line char-
acteristics for the three types of paste, including finger width,
height, aspect ratio, line resistance, contact resistivity, bulk
resistance, and Ag weight. For all the pastes, the front-side
printing fingers and Cu dispensing were considered for the
measurements of finger width, height, aspect ratio, bulk re-
sistance, Ag weight, and line resistance. In Table 1, Ag fingers
serve as the reference, and the data for the other two pastes are
compared to that of Ag fingers.

Table 1 shows that, despite using a wider opening screen for
Cu, compared to Ag and AgCu, Cu fingers exhibit higher line
resistance, contact resistivity, and bulk resistance, approxi-
mately 4.24Q/cm, 10.28 mQ*cm?, and 12.62X 10~ Qcm, re-
spectively. Evidently, the wider screen opening has resulted
in wider fingers and a lower aspect ratio. Cu-dispensed lines,
as previously noted, are currently wider but exhibit more
homogeneous line features compared to SP lines; hence, it
is used only for the rear side. These characteristics provide

lower line resistance and volume resistance for dispensed Cu
lines. Furthermore, AgCu paste fingers exhibits higher line
resistance, bulk resistance, and contact resistivity than the
pure Ag paste due to the presence of Cu and other factors such
as printability, and finger morphology, which might include
rheological behavior, aggregation, dispersion, and particle dis-
tribution, among other things. Additionally, due to the unop-
timized screen printing process on the rear side, this analysis
only considers the Ag weight from the front-side metalliza-
tion and Cu dispensing. The results show an Ag weight of
35.45mg when using pure Ag paste SP, whereas an Ag weight
of 16.80 mg is achieved with the AgCu paste SP. This reduction
of the Ag content is due to the AgCu paste containing 50% less
silver, with the remaining metal content being replaced by Cu.
In contrast, using only Cu (via screen printing or dispensing)
for metallization results in zero Ag weight.

The use of Cu and/or AgCu as an alternative to Ag in solar
cells can reduce dependency on the expensive and scarce Ag.
However, their significantly higher line resistance and bulk
resistance pose challenges for their application. AgCu paste,
which contains approximately 50% Cu particles, results in an
estimated 50% reduction in Ag consumption when applied to
SHIJ solar cells while still maintaining high efficiency in solar
cells [2].

3.2 | Solar Cell Results and Discussion

This section presents the analysis and discussion of the solar
cells IV parameters results and some electroluminescence (EL)
images. It is structured into two parts. First, it addresses the in-
vestigations on the impact of annealing conditions on the perfor-
mance of SHJ solar cells. Second, it examines the applications of
different pastes on SHJ solar cells.

Figure 4 shows the efficiency of solar cells versus the anneal-
ing conditions on solar cells. For each annealing condition,
we have the cells’ performance for before sintering (bS), after
sintering (aS), and light-soaked (LiSo). Figure 4a shows the
efficiency versus different sintering temperatures, each for
5s. Figure 4b plots efficiency against different sintering times
at 300°C.

Figure 4a indicates a gradual decrease in solar cell performance
with increasing annealing temperature, with some recovery
after light soaking, except for the 280°C annealing temperature,
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FIGURE4 | (a)Efficiency for SHJ solar cells before sintering (bS), after sintering (aS) at different temperatures (280°C, 320°C, and 360°C) for 5s
and light soaked (LiSo). (b) Efficiency for SHJ solar cells before sintering (bS), after sintering (aS) for different sintering times (5, 20, and 405s) at 300°C
and light soaked (LiSo) for different batches of SHJ solar cells with Ag fingers and busbars.

which actually resulted in an improvement in efficiency after
light soaking. Treatments at 320°C and 360°C resulted in a de-
crease in efficiency of about 0.5%,, . and 1.5%,, ., respectively.
These reductions are likely due to the partial escape of hydrogen
atoms from the passivation film, thus increasing the dangling
bond density in the amorphous layer and at the a-Si:H/c-Si inter-
face [47]. Slight efficiency improvements were observed in these
treated cells after light soaking, consistent with previous reports
[48], which are attributed to their improved open-circuit voltage
V.. and fill factor FF (see Figure Al).

Similarly, solar cells treated at different sintering times at 300°C
showed similar effects, as shown in Figure 4b. There was a
decrease in efficiency of about 0.2%,, . for a 5-s sintering time
at 300°C, the standard condition for annealing Cu pastes, but
light soaking reversed this effect back to the original efficiency.
Beyond this condition, irreversible performance degradation is
evident. IV (or photovoltaics) parameters explaining this effi-
ciency variation are provided in Figure A2.

Subsequently, we analyze the results of applying various pastes
to SHIJ solar cells with different metallization combinations.
Precisely, cells with Cu on the rear side were combined with Cu,
AgCu, and Ag on the front side. Similarly, cells with Ag on the
rear side were combined with Cu, AgCu, and Ag on the front
side. In Figure 5, the IV (or photovoltaics) parameters are or-
ganized such that the front-side metallization is shown in the
first (upper) row, and the rear-side metallization is shown in the
second (lower) row. Notably, due to the inability to achieve fine
dispensed lines with the current setup and pastes, dispensing is
used for Cu paste and only on the rear side.

Figure 5 shows the measured IV parameters of solar cells with
various front and rear side metallizations applying both screen
printing (SP) and dispensing as printing tools. The results of
some special champion cells are presented in Table 2.

In each graph, the first set of solar cells has Ag SP on the rear
side and Ag SP, AgCu SP, and Cu on the front side. The second
set has Cu SP on the rear side and Ag SP, AgCu SP, and Cu SP on
the front side. The final set has Ag SP on the front side and Cu
dispensed on the rear side. This structure was selected for the

reasons previously outlined regarding the significance of front-
side metallization.

3.2.1 | Variation of the Rear-Side Metallization

From Figure 5, we first analyze the effect of rear-side paste ap-
plication and variations, while keeping the front side constant.
As highlighted in Figure 5a, taking Ag SP on the rear side as
a reference, we observe a decrease in efficiency with Cu SP on
the rear side, regardless of the front side paste. Cells with Cu
dispensed on the rear side also show a decrease in efficiency
compared to Ag SP rear side cells, but this decrease is less
pronounced than for cells with Cu SP rear side, highlighting
the potential advantage of paste dispensing as reported in the
GECKO project [38].

Including the absolute efficiency loss of 0.2%,, . for cells with
Cu due to annealing conditions, the average efficiency of cells
with Cu SP on the rear side is 22.7%, 23.35%, and 22.4% when
combined with Ag SP, AgCu SP, and Cu SP on the front side,
respectively. In comparison, cells with Ag SP on the rear side
have an average efficiency of 23.7%, 23.9%, and 22.6% with Ag
SP, AgCu SP, and Cu SP on the front side, respectively. Cells
with Cu dispensed on the rear side and Ag SP on the front side
show an average efficiency of 22.96%,, . This corresponds to
a drop in efficiency for cells with Cu SP on the rear side com-
pared to Ag SP as follows: 1%, . (Ag SP front), 0.55%,, . (AgCu
SP front), and 0.2%,,  (Cu SP front) as indicated by grey, red,
and blue arrows, respectively. This indicates that the efficiency
drop for cells with Cu rear side is more pronounced when there
is Ag SP on the front side, then with AgCu SP on front side,
and lastly with Cu SP front. For cells with Cu dispensed on the
rear side and Ag SP on the front, the efficiency drop is about
0.74%,,. (grey dashed arrows) compared to cells with Ag SP on
the rear side.

These results highlight the impact of using Cu (both SP and
dispensed) on the front side, rear side, or both sides of SHJ
solar cells, particularly the impact of the Cu annealing condi-
tions. Compared to cells with Ag on the rear side, those with
Cu exhibit reduced efficiency, attributed to a lower fill factor
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FIGURES5 | Photovoltaics parameters showing (a) the efficiencies (1)), (b) the open-circuit voltages (V, ), (c) the short-circuit current densities (J, ),
(d) the fill factors (FF), (e) the series resistances (R), and (f) the pseudo-fill factors (pFF), of solar cells with various front and rear side metallizations
applying both screen printing (SP) and dispensing as printing tools. The parameters are organized such that the front-side metallization is shown in

the first (upper) row, and the rear-side metallization is shown in the second (lower) row.

TABLE 2 | IV-summary of some champion cells with a reduction of Ag usage.
Cells Ag reduction (%) 1 (%) J,. (mA/cm?) V,. (mV) R, (Qcm?) FF (%) pFF (%)
Ag bifacial (reference) 00 23.79 38.94 739.60 0.59 82.62 85.60
AgCu front/Ag rear 25 23.95 39.16 743.50 0.66 82.27 85.70
AgCu front/Cu rear 70 23.62 39.13 743.30 0.91 81.20 85.60
Cu bifacial 100 23.08 37.88 742.40 0.85 82.07 85.70

(FF) with an average decrease of 0.5% to 3%. This FF reduc-
tion is associated with higher R, as illustrated in Figure 5d,e.
Notably, cells with Ag SP on the front side and Cu dispensed

on the rear side show a 0.53% absolute increase in efficiency
compared to cells with Ag SP on the front side and Cu SP on
the rear side.
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3.2.2 | Variation of the Front-Side Metallization

Now, we analyze the results of paste variations on the front side
for each type of rear-side paste application (Ag and Cu). Front-
side metallization was done with Ag SP (grey), AgCu SP (red),
and Cu SP (blue). Considering the average efficiency of all the
cells with Ag SP on the rear side, we observed an increase in
efficiency of 0.2%,, . for AgCu on the front side and a decrease in
efficiency of 1.1%,,  for Cu on the front side with respect to Ag on
the front side. For cells with Cu SP on the rear side, we observed
an increase in efficiency of 0.65%,, . for AgCu on the front side
and a decrease in efficiency of 0.3%,,  for Cu on the front side
compared to Ag on the front side.

The 0.2%,, efficiency increase for the AgCu front side con-
trasts with previous results [1], which reported a 0.13%,, . de-
crease in efficiency for AgCu on the front side. This increase
in efficiency is even more pronounced (0.85%,, ) for cells with
Cu on the rear side, leading to the following observation:
Although AgCu SP exhibits higher bulk resistance and con-
tact resistivity compared to Ag SP, its application in solar cells
front side metallization results in higher efficiency due to its
resulting higher J__ and V. Notably, cells with AgCu SP on
the front side and Cu SP on the rear side show impressive per-
formance, achieving up to 23.6%,, efficiency with minimal
Ag usage. This represents only a 0.35%_, . decline in efficiency
compared to bifacial Ag cells while offering approximately
70% savings in Ag consumption due to the Cu content in the
AgCu paste.

Another important result is that despite their lower J,, FF, and
higher R (see Figure 5c-e), cells with Cu SP on both sides (zero
Ag) achieve an outstanding average efficiency of 22.4%,, and a
champion cell's efficiency of 23.08%,, .. Furthermore, cells with
one side (front or rear) Cu application with Ag at the opposite
side show as well remarkable performance. To our knowledge,
this result is the highest efficiency of a SHJ solar cell achieved
using Cu SP (without Ag) on both sides.

To provide further insights into the causes of the observed ef-
ficiency variations in the cells, Figure 5 presents further IV
parameters: Figure 5b shows the open-circuit voltage (V) of
the cell batches. It shows a similar range of V,  across all solar
cell batches, with cells having Cu dispensed on the rear side
showing slightly lower Voc. In addition, Figure 5c illustrates
the short-circuit current density (J,.) of the cell batches. This
graph shows a slightly higher J _ for cells with AgCu front
compared to cells with Ag front and much lower J__ for cells
with Cu finger on the front side. Given that the average differ-
ence in finger width is only 1 um between Ag and AgCu and
10um between Ag and Cu (see Table 1), the slightly higher
J,. of cells with AgCu front compared to cells with Ag front
can only be slightly attributed to the finer AgCu fingers, and
the lower J for cells with Cu finger on the front side can be
partly attributed to the wider fingers. Further analysis and
additional experiments are necessary and currently under-
way to fully understand the underlying mechanisms driving
this behavior. As suggested by Siraj et al., this increase might
also result from an improvement in optical reflectance [49].
Additionally, as expected, cells with a Cu-dispensed rear side
show similar J__ to those with a Cu SP rear side but exhibit

lower V, performance compared to Cu SP rear side, all having
an Ag SP front side. Therefore, the higher efficiency of cells
with Cu-dispensing rear side compared to those with Cu SP
rear side is attributed to their lower contact resistance due to
the higher metal coverage of the Cu dispensed lines on the
backside brought by the wider fingers in combination with the
more homogeneous features, thus resulting in a lower series
resistance (R and higher fill factor (FF). The fill factor (FF)
of cell batches is illustrated in Figure 5d, which shows a lower
FF compared to all the reference solar cells. In general, cells
with at least one side Cu metallization show low FF, and the
data are scattered in the same range, making direct compar-
isons challenging. Cells with AgCu SP pattern is consistent
with some previous data [2], where the AgCu front side re-
sults in slightly higher R  and lower FF compared to Ag for
cells with Ag rear side. As previously mentioned, the higher
average FF for cells with Cu dispensed on rear side compared
to cells with Cu SP on the rear is due to metallization design
and the higher metal coverage of the Cu dispensed lines on
the backside brought by the wider fingers in combination with
the more homogeneous features. This trend in FF inversely
correlates with the variation in R, which displays the opposite
pattern. In Figure 5e, the R  data show an increase from Ag
front to AgCu front, and then to Cu front for cells with Ag rear
side metallization. Similarly to FF, cells with Cu metalliza-
tion present scattered R, data. Nonetheless, the R increase is
less pronounced for cells with rear-side Cu dispensing, there-
fore displaying higher FF compared to cells with rear-side Cu
SP. Since our IV tester does not take into account the line re-
sistance effect of the fingers, the higher R observed may be
brought by the higher contact resistivity of AgCu and Cu re-
spectively, which is worsened by the larger number of fingers,
especially for both sides of Cu metallization cells (96 fingers
on the front and 250 fingers on the rear side). Additionally,
scanning electron microscopy (SEM) was used to analyze the
microstructural changes of SP Cu paste at various stages of
curing. This analysis revealed unsintered Cu nanoparticle
regions and areas where Cu nanoparticles exhibited poor
contact with each other and with ITO, even after sintering at
300°C. This is a possible reason for a higher contact resistivity
of fingers with TCO, reducing efficiency of electron transfer
during conduction, therefore contributing to an increase in
the R [46].

The pseudo-fill factor (pFF) results for all cells are plotted in
Figure 5f. The data show approximately similar average pFF
values for all cell types, except for cells with Cu dispensed on
the rear side, which exhibited a lower pFF of approximately
0.6%,,. This slight reduction of pFF and Voc observed in cells
with Cu dispensed on the rear suggests the absence of diffu-
sion of Cu. Chen et al. reported that, if significant Cu diffu-
sion into silicon had occurred, it would have led to a much
greater degradation in pFF and Voc [16]. This slight decrease
in pFF and Voc could be attributed to minor cell damage
caused by handling during the dispensing process, which in-
volves more manual steps compared to SP. Despite the differ-
ences in performance observed for all the types of cells, cells
with at least one side Cu, in particular, exhibit scattered data
for all the other IV parameters. This scattering is caused by
the inherent variability of the Cu annealing process in timing
across samples, making it more challenging to achieve stable
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performance. In addition, this scattering indicates the need
to optimize the Cu printing and annealing processes. A sum-
mary of the IV results for the champion cells is provided in
Table 2.

Figure 6 shows electroluminescence (EL) images of some SHJ
solar cells metallized with Cu SP, compared to reference cells
with Ag SP on both sides. The EL images reveal dark areas on
all Cu-metalized cells, particularly at the edges. This darken-
ing indicate potential contact issues between the Cu fingers
and the TCO, likely due to poorly sintered regions as reported
Teo et al. [46], which is especially problematic for cells with
Cu on both sides (see Figure 6d). Addressing these Cu con-
tact issues could potentially resolve the problem and improve
the efficiency in a more stable manner. However, the bent
appearance of the test line in Figure 6d results from a slight
misalignment of the current bar in the IV testing frame. This
misalignment leads to uneven current distribution during EL
imaging. These features do not reflect actual defects in the
solar cell structure.

4 | Conclusion

In this work, the influence of metallization with Cu paste and
AgCu paste on SHJ solar cells was investigated through screen
printing and dispensing, and their performance was compared
to that of the reference cells with Ag on both sides. Initially, we
compared the line resistance, finger width, aspect ratio, contact
resistivity, and bulk resistance of AgCu, Cu, and Ag pastes. This
comparison revealed that Cu exhibited higher performance met-
rics than AgCu, which in turn outperformed Ag. Investigation
of SHJ solar cells under different annealing conditions revealed
a degradation threshold at temperatures exceeding 280°C for
5s, but recovery can be achieved through light-soaking tech-
niques. This results in 0.2%,, . efficiency drop of SHJ solar cells
under Cu annealing conditions (300°C, 5s). SHJ solar cells with
screen-printed (SP) AgCu paste on the front and Ag paste on the
rear side achieved an average efficiency improvement of +0.13%
absolute compared to reference Ag SP bifacial cells. Cells with
SP AgCu on the front and SP Cu on the rear side reached an ef-
ficiency of up to 23.6% absolute, only 0.35% lower than reference
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cells, while saving approximately 70% of Ag paste. Notably,
cells with SP Cu on both sides achieved an average efficiency of
22.4% absolute and a maximum of 23.08% absolute, represent-
ing the highest performance recorded for cells with Cu SP on
both sides (zero Ag). Furthermore, Cu dispensing on the rear
side demonstrated better performance than Cu SP. To maximize
the potential of AgCu and Cu pastes, it is essential to optimize
and standardize Cu screen printing and dispensing processes,
reduce dispensed finger widths, and conduct further research
on printing processes, stability, reliability, and economic bene-
fits. The findings demonstrated that SHJ solar cells with silver-
free metallization on both sides achieved efficiencies above 23%,
indicating that the target of 2mg/W of Ag consumption per cell
is feasible with high-efficiency SHJ solar cells.
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Appendix A

Figure Al presents the photovoltaic parameters for SHJ solar cells,
including efficiency (n) in (a), open-circuit voltage (Voc) in (b), short-
circuit current density (Jsc) in (c), fill factor (FF) in (d), pseudo-fill factor
(pFF) in (e), and series resistance (Rs) in (f). The data are shown for
cells before sintering (bS), after sintering (aS) at different temperatures
(280°C, 320°C, and 360°C) for 5s, and after light soaking (LiSo). These
parameters provide insights into the efficiency variations discussed in

a)
234} . 4
2821 e \ - .
A \ \
/ \ \
230 F ol \ \ -
- | \
2281 . \ 4
-~ \ \
< Ve \
226 F ./ \ .
* “\ —_—
224} . \ .
. VA
v/
22} — 4
.
bS [as [ Liso | bs [as[Liso] bs Jas] Liso
5s | 20s | 40s
c)
380 f . ]
—
378 F e . e 4
T .
§
< 376 F e _
£
—
3
N 374F 00 0o . 4
poepies .
372} . e - 4
. -
BS |As | Liso| BS [As] Liso | Bs |As] Liso
55 | 20s 40s
e)
86.4 | ]
. - * * .
86.1 fF — - . —_ 4
.
858 | —_ 4
. .
.
855 | 4
g .o .
852 | 4
& . )
Q . —
849 | .
.
846 | 4
843} . 4
84.0 | . 4
bS | as | Liso| bs |as | Liso| bs |as] Liso
55 | 20s | 40s

the results section. The observed decrease in efficiency with increasing
sintering temperature is attributed to the corresponding declinesin V,
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Figure A2 presents the photovoltaic parameters for SHJ solar cells,
including efficiency (n) in (a), open-circuit voltage (Voc) in (b), short-
circuit current density (Jsc) in (c), fill factor (FF) in (d), pseudo-fill fac-
tor (pFF) in (e), and series resistance (Rs) in (f). The data are shown
for cells before sintering (bS), after sintering (aS) at different times (5,
20, and 40s) at 300°C and after light soaking (LiSo). These parameters
provide insights into the efficiency variations discussed in the results
section. The observed decrease in efficiency with increasing sintering
temperature is attributed to the corresponding declines in V, , J,, pFF,
and FF. Light soaking, on the other hand, aids in partially recovering

these losses, particularly by improving V, , pFF, and FF.
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FIGURE Al | Photovoltaics parameters showing in (a) the efficiencies (n), (b) the open circuit voltages (V, ), (c) the short circuit current densities
(I, (d) the fill factors (FF), (e) the pseudo-fill factors (pFF), and (f) the series resistances (R,), for SHJ solar cells before sintering (bS), after sintering
(aS) at different temperatures (280°C, 320°C, and 360°C) for 5s and light soaked (LiSo).
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