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The accelerated growth of solar photovoltaics needed to reduce global carbon
emissions requires an unsustainable amount of silver. Here, Chen et al. use an all-
organic intrinsically conductive adhesive to replace silver-based adhesives for
connecting (shingling) silicon solar cells, motivating the development of new
conductive adhesive materials for sustainable, low-cost solar photovoltaics.
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SUMMARY

Achieving a net-zero emissions economy by 2050 requires immedi-
ate and accelerated growth of solar photovoltaics within the next
decade. However, the projected silver consumption needed for
this growth is unsustainable. Here, we use poly(3,4-ethylenedioxy-
thiophene):polystyrene sulfonate (PEDOT:PSS), a conducting conju-
gated polymer, as an intrinsically conductive adhesive (ICA) to
replace silver-based electrically conductive adhesives (ECAs) as
the adhesive interconnect for shingled solar modules. Solar cells
shingled with PEDOT:PSS-based ICAs have similar photovoltaic per-
formance metrics to those shingled with commercially available sil-
ver-based ECAs, as well as similar stability when subjected to
thermal cycling. While today’s dominant busbar-based modules
require ~15.8 mg/W silver, we calculate that shingling modules
with ICAs can reduce silver consumption to ~6.3 mg/W, accelerating
our position on the silver learning curve by approximately two de-
cades. These findings suggest that the design of t-conjugated mate-
rials for ICAs could offer a realistic strategy for sustainable deploy-
ment of lower-cost, high-power solar modules.

INTRODUCTION

The most critical materials challenge for sustainably scaling up solar photovoltaics
(PVs) is currently the demand for silver.'™® As of 2023, the silver required for installing
new solar PVs accounts for ~15-19 mg W™",* which, at the scale of current PV produc-
tion, totals ~15% of the annual supply.” Coupled with the growing rate of solar PV
installation,® the Ag demand in PVs is projected to grow, as achieving the net-zero
goals set out by the International Energy Agency’ and Paris Agreement requires
continued PV installation growth of 25%-30% annually for the next decade.’”*® How-
ever, at the current rate of Ag consumption, solar PVs would require ~98% of the
annual silver supply by 2030 (Figure S1; Table S1). While research to reduce silver
consumption in solar technologies is advancing,” the scarcity of silver may inhibit
short-term growth required by making solar modules more expensive to produce.
This immediate challenge is further overshadowed by the long-term growth of solar
required for this task, with extended projections suggesting a total installed capacity
of ~60-75 TW needed by 2050." To accelerate the transition to a decarbonized elec-
trical grid, reducing the silver required for solar PV is a priority.

The current PV market is dominated by crystalline silicon, totaling >95% of the
global market.”'? These silicon solar modules are made from solar cells connected
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by soldered ribbons and wired together in a string."’ This configuration poses
several sources of inefficiency,'? three of which we highlight: (1) busbars shade
the frontside of the cell, (2) metal ribbons require gaps between cells, which
further reduces the active area of the module, and (3) ribbons are subject to
mechanical and thermal stresses that can result in substantial power losses (e.g.,
solder bond failure, damage to soldered joints)."* In contrast, shingled solar mod-
ules are composed of slightly overlapping strings of solar cells that are glued
together using an electrically conductive adhesive (ECA) in a manner resembling
rooftop shingles.'*'® Here, resistive losses remain along the finger length, but
the areal power output is typically increased in shingled modules compared to
conventional busbar designs and with better resilience to partial shading.”” On
the other hand, shingled modules can be at a cost disadvantage because more
cells are used per area in a shingled module and greater loadings of silver are
used per watt.

Specifically, the ECAs used for shingled modules are typically composed of conduc-
tive filler (e.g., silver particles) blended in an insulating adhesive polymer to
form a paste, where 70-80 wt % of silver is required to achieve conductivities
>10*S cm~"."® The use of silver in ECA compositions poses several economic and
engineering problems. First, the scarcity of silver means that the price is sensitive
to supply constraints. Likewise, high loadings of electronic filler mean that the cost
of the ECA, and thus the shingled module, is directly tied to the price of silver.
Increasing demand for silver also poses ethical and sustainability concerns, as silver
mining contributes to environmental destruction and pollution."”?° From an engi-
neering standpoint, the composition of silver-based ECAs yields a trade-off be-
tween the physical properties of the polymer matrix and the electronic filler, poten-
tially compromising either the mechanical performance of the adhesive or the
electronic performance of the silver. This trade-off can be exacerbated by external
(e.g., thermal) stresses due to the mechanical mismatch between the metal particles
and polymer matrix. Finally, from a manufacturing standpoint, silver-based ECAs can
have poor shelf lives, typically due to phase segregation (from, e.g., gravity or sol-
vent volatility) resulting in non-uniform distribution of electronic filler and thus
non-uniform conductivity and/or adhesion.

The unsustainable demand of silver creates an obstacle to the adoption of shin-
gled architectures, as employing silver-based ECAs further exacerbates this de-
mand. Recent research has been focused on reducing or removing silver filler in
ECAs,”" as well as the silver needed throughout the rest of the module.? Formula-
tions have replaced silver with, e.g., silver-copper composites, all-copper formula-
tions, or carbon nanotubes.’®?" Yiice et al. developed a cost-effective formulation
of silver paste with an extended shelf life by employing a capillary suspension.” Yu
et al. fabricated high-efficiency silicon heterojunction (SHJ) solar cells with copper
and tin oxide contacts.”® Other work has explored the use of adhesive-free inter-

?* or laser welding aluminum

connects, particularly by busbar-busbar lamination
foil between shingles.”> Oh et al. showed that shingled solar modules could be
made from cells with busbar-free electrode layouts, reducing the silver needed
for metallization by ~61%.7° Likewise, emerging research in solar cell technology
has yielded busbar-less (0BB) configurations for solder-based architectures,?’
which is expected to significantly reduce silver demand. Similarly, recent advance-
ments® in soldered module design have also applied gapless®’ or tiling®® technol-
ogy to reduce active area losses. Our approach replaces silver-based ECAs with a
conductive polymer as the shingled interconnection, removing the need for silver

filler entirely.
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m-Conjugated (semiconducting or conducting) polymers differ from conventional
polymers in chemical structure by their alternating double- and single-bond motif,
which allows for charge transport. As such, conjugated polymers can be designed
to behave as intrinsically plastic (e.g., stretchable and flexible) electronics.®’ How-
ever, comparatively little focus has been dedicated to designing m-conjugated poly-
mers to function as conductive adhesives for electronic interconnects,*” typically due
to low electrical conductivities.*® The majority of existing literature has focused on
applications for biological and implantable electronics.***> Among the most com-
mon T-conjugated materials is poly(3,4-ethylenedioxythiophene):polystyrene sulfo-
nate (PEDOT:PSS), a polyelectrolyte complex with low conductivity. However,
PEDOT:PSS can be doped with polar additives to significantly increase the bulk con-
ductivity (>2,500 S cm™") of the solid film.?** Likewise, recent advancements in poly-
mer synthesis have yielded m-conjugated polymers with high intrinsic conductivities
(e.g., poly(benzodifurandione), as described by the Huang38 and Mei®? groups).

Here, we employ PEDOT:PSS as a silver-free, intrinsically conductive adhesive (ICA)
to create an interconnect between solar cells. The fundamental hypothesis is that re-
placing the insulating epoxy matrix of a traditional ECA with an intrinsically conduc-
tive polymer allows for the reduction or removal of silver electronic filler needed to
achieve sufficient conductivity in silver-based ECAs. Even with the removal of silver
filler, we achieve similar fill factors (FFs) and overall power conversion efficiency with
shingled interconnects. Furthermore, employing a conducting polymer as the ICA
additionally opens a myriad of opportunities for tuning the electronic, mechanical,
and adhesive properties for designing next-generation electronic interconnects.

RESULTS

Formulation of silver-free conductive adhesives

In contrast to modules with soldered ribbons, shingled solar modules are glued
together with an ECA, where the electronic filler is typically silver (Figure 1A).

A high loading of silver is required to form a percolated matrix throughout the adhe-
sive and reduce the contact resistance with the substrate.'® In contrast, the conduc-
tivity of PEDOT:PSS is dependent on the morphology of the solid film.?**%*" While
silver-based ECAs transport charge by particle-to-particle contact or electron
tunneling,'® conductive pathways in PEDOT:PSS result from charge transport along
and between polymer chains.*? Here, we optimize ICA formulations by incorpo-
rating a silane-based crosslinker ((3-glycidyloxypropyl)trimethoxysilane [GOPS]), po-
lar small molecules, and multi-walled carbon nanotubes (MWCNTs) into PEDOT:PSS
(Heraeus, PH1000, 1.3 solid wt %) (Figure 1A; Note S1).

First, to control the dispense line of the adhesive for syringe deposition, we found an
appropriate viscosity to be roughly ~10 Pa-s at 3.5 solid wt % (Figures 1B and S2). Further
concentration past ~5 wt % resulted in gelling, which is possibly favorable for printing.
Concentrated PEDOT:PSS was then doped with polar additives and deposited by shear
deposition to investigate the electronic properties of the resulting films using 4-point
probe measurements (Figures 1A, 1C, S3, and S4). While adding MWCNTs increased
the conductivity of pristine PEDOT:PSS, polar dopants rendered the inclusion of elec-
tronic filler redundant. We observed that crosslinking any doped PEDOT-based film
with GOPS resulted in resistivities comparable to their non-crosslinked counterparts, in
agreement with our previous work.?® Favorable PEDOT:PSS-based formulations had re-
sistivities of ~5 X 107* Q-cm, modestly higher relative to three commercial silver-based
ECAs at ~8 x 107° Q-cm. The conductivity of PEDOT:PSS-based films remained
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Figure 1. Design and characterization of PEDOT:PSS-based conductive adhesives

(A) Comparison of silver-based electrically conductive adhesives (ECAs) to intrinsically conductive adhesives (ICAs) for shingled solar modules.
Chemical library and schematic morphology of PEDOT:PSS-based ICAs explored in this study are shown.

(B) Viscosity of PEDOT:PSS relative to solid mass in the dispersion. Inset micrographs show the dispense lines of unconcentrated PEDOT:PSS (i.e., used
as received from a commercial vendor) (left) and concentrated PEDOT:PSS (right) across the busbar (2 mm scale bar width) of a silicon solar cell.

(C) Resistivity of PEDOT:PSS and PEDOT:PSS/multi-walled carbon nanotube (MWCNT) films with additives (8 vol % dimethyl sulfoxide, DMSO; 8 vol %
ethylene glycol, EG; 5 vol % glycerol; 1 vol % (3-glycidoxypropyl)trimethoxysilane, GOPS). Three silver-based ECAs (red, orange, yellow) are shown for
comparison. Error bars are calculated by error propagation across n = 3 samples.

(D) Conductivity of PEDOT:PSS and CA-183 films relative to temperature normalized to the conductivity at 25°C, with error bars calculated by error
propagation across n = 3 samples.

relatively constant within a temperature range relevantto the typical operating conditions
of solar cells (20°C-65°C)*44 (Figure 1D).

Shingling solar cells with silver-free conductive adhesives

Shingled cells were fabricated from Sunpreme SHJ solar cells using PEDOT:PSS-
based ICAs and silver-based ECAs (Figures 2A and S5-5S7). We note that all intercon-
nected cells described here are unlaminated and unencapsulated. Lamination and
encapsulation themselves can change both the mechanical and electrical properties
of the adhesive joints.”

Cells shingled with PEDOT:PSS-based ICAs had FFs lower than but comparable to
those shingled with commercial CA-183 (Figures 2B and 2C; Tables S2-S5). The
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Figure 2. Characterization of shingled solar cells

(A) Photographs of interconnected silicon solar cells shingled with CA-183 (top left) and PEDOT:PSS-based (bottom left and right) ICAs.

(B) Representative current-voltage (I-V) curves of pristine interconnected cells.

(C) Fill factor of pristine cells shingled with PEDOT:PSS-based ICAs (n = 7-10) in comparison to a silver-based ECA (CA-183) (n = 13), where the “x"
denotes the champion device. Error bars are reported as standard deviation.

(D) Normalized fill factor of shingled cells after being subjected to 200 thermal cycles (TC-200) from —40°C to 85°C. Three samples were individually
tracked for each formulation throughout the TC-200 test, with champion samples shown here.

(E) Normalized fill factor of shingled cells after being subjected to a reverse current overload test at each 50-cycle time point. One sample was
individually tracked for each formulation.

(F) Maximum load before fracture as extracted from three-point bend tests (n = 2-4) relative to thermal cycling, with error bars reported as standard
deviation.

champion devices were very similar to the 83% FF of CA-183, with the glycerol-based
and DMSO-based ICAs achieving ~82% FF. Because of the greater variability in the
manual processing of the novel ICAs, we emphasize that these champion results exem-
plify what may be achievable by each ICA composition. The slightly lower champion
FFs can likely be attributed to an increase in resistive losses (Figure S8), as well as
the increased contact resistance for PEDOT:PSS-based ICAs (~1072 Q-cm?)*®
compared to silver-based ECAs (~1 03 Q-cm?). Likewise, crosslinked PEDOT:PSS for-
mulations typically showed slightly lower FFs than their non-crosslinked counterparts,
which can again possibly be explained by a further increase in contact resistance
(~107" Q-cm?).?® Nevertheless, champion crosslinked ICAs incorporating DMSO/
GOPS and EG/GOPS achieve >80% FF in these preliminary experiments. Overall,
across the various formulations tested, the average FF of ICA-shingled cells was
slightly lower than CA-183 (~5%). The reasonably close performance of these proof-
of-principle ICAs to CA-183 is put into context considering that PEDOT:PSS is not opti-
mized for such application, as well as the absence of years of process engineering con-
ducted for optimizing the fabrication process relative to the commercial ECA.

Accelerated degradation of silver-free conductive adhesives

Given the competitive performance of the ICAs, we moved to examine the durability
of the ICAs relative to commercial ECAs in accelerated stress tests of the material
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and in shingled cell formats. In damp heat testing at 65°C and 65% relative humidity
(RH; 1ISOS-D-3, as is used for emerging solar cell technologies*®), the introduction of
crosslinking by the addition of GOPS reduced, but did not fully mitigate, the impact
of moisture ingress on both the electrical conductivity and microstructure (e.g.,
swelling, delamination, and moisture-driven decohesion®®) (Figures S4 and S9-
S17). The degradation induced by heat and moisture is attributed to morphological
rearrangement within the PEDOT:PSS film, in good agreement with prior litera-
ture.*’~*? Given that heating at ambient humidity did not strongly affect conductivity
(Figure 1D) at typical operating temperatures for solar cells (15°C-65°C), electrical
degradation in PEDOT:PSS films appears to be primarily moisture driven.
PEDOT:PSS-based ICAs would likely benefit from edge-sealed, glass-glass PV pack-
ages that are used for thin-film PVs and are increasingly common for bifacial silicon
modules, in which exposure to moisture is excluded.”**' More detailed discussion
on moisture-induced degradation mechanisms at elevated temperature and RH is

included in the supplemental information (Note $2).%¢~47:52

We subjected cells interconnected with ICA formulations and control ECAs to accel-
erated degradation tests by thermal cycling from 85°C to —40°C following the IEC
standard test (Figures 2D and S18).° While thermal cycle tests are typically per-
formed on encapsulated strings, this initial durability test was used to investigate
the effect of temperature cycling on the adhesive itself. Encouragingly, all crosslinked
ICAs showed comparable performance to CA-183 in terms of relative FF, albeit with
more variability in PV performance (Table S2). In contrast, PEDOT:PSS/EG and
PEDOT:PSS/DMSO showed significant degradation after 50 cycles. These data sug-
gest that crosslinking preserves the electronically favorable morphology, with elec-
tronic degradation for non-crosslinked ICAs attributed to morphological rearrange-
ment. Interestingly, PEDOT:PSS/glycerol showed comparable performance to
crosslinked ICAs while also having an increased FF (Figure S18). This stability can
possibly be attributed to residual glycerol remaining in the film due to its high boiling
point (290°C, compared to 189°C for DMSO and 197°C for EG), preserving the favor-
able electronic morphology induced by secondary doping at relevant temperatures.

Electrical degradation was then incorporated into thermal aging tests by subjecting
shingled cells to reverse current overload (RCO) tests (Figures 2E; Table S6). Most
PEDOT:PSS-based ICAs still showed comparable stability under RCO loads to com-
mercial CA-183, with slightly greater degradation but remaining within 10% of their
original FFs. Strikingly, PEDOT:PSS/EG/GOPS outperformed CA-183. The acceler-
ated degradation observed was especially transparent for PEDOT:PSS/EG, which
showed a ~15% relative decrease in FF from thermal cycling but a ~55% decrease
when RCO was incorporated.

Finally, three-point bend (3PB) tests were performed on shingled cells that were sub-
jected to temperature cycling (Figures 2F and S19). We hypothesized that thermal
stresses would weaken the adhesion of PEDOT:PSS-based ICAs due to tempera-
ture-driven rearrangement of the film morphology and that this morphological reor-
ganization”” could be impeded by crosslinking. Typically, crosslinked ICAs with-
stood greater loads than their non-crosslinked counterparts, suggesting some
adhesive benefit to crosslinking. However, both non-crosslinked and crosslinked
ICAs generally showed a decrease in maximum load relative to increased thermal
degradation, while CA-183 remained relatively stable. Most striking was the differ-
ence in failure mechanisms. While cells shingled with CA-183 failed cohesively
(within a silicon cell), cells shingled with PEDOT:PSS-based ICAs failed adhesively
(within the adhesive lap joint) (Figure S19). The failure modes observed from 3PB

6 Cell Reports Physical Science 5, 101967, May 15, 2024

Cell Rerrts )
Physical Science



Please cite this article in press as: Chen et al., Silver-free intrinsically conductive adhesives for shingled solar cells, Cell Reports Physical Science
(2024), https://doi.org/10.1016/].xcrp.2024.101967

Cell Reports

Physical Science ¢? CelPress
OPEN ACCESS

>
o]
()

0.16 =40
o ‘© 2000
0.12 =30 3
5 2 < 1500
" 0.08 3 20 2
NN
0] § £ 1000
0.04 =10 @
© o
@ § 500
e 1 <
0 w0 0 o
S 09 @ 4L oL oV
S «Q’%\ OO?GP’%E:\D‘,(‘) Pf‘)%g < S “?’%‘\5 O?C%,P‘:\Qf'\&l ’&6%6{7/ ?0 (‘?6600?% \>~"\Q;b N a2 6%({1« oV
<000 & ¢ <Oo0 &0 O W O g\ et
e b e op oo N ©
D E F
3.5 20 —8
T 3 Seohesive PEDOTPSSIG0PS mE ’
© Adhesive & Failure (Cell) CA-183 — ; =
g ——CA-183 Sel s
= 2.5/ Faiure EcA) T8 Eonsz =
3 2 2 . 24
T 1} n
® 5 °
% 05 l_0%6%1'2,\)
g /¢ PEDOTPSS/GOPS of i ’Y?% OO?O\X’\% Ab"‘ ’Pﬁ'& s
0O 20 40 60 80 100 0 0.1 0.2 03 O P\ O
Shear Strain [1] Strain A ey

Figure 3. Mechanical properties of PEDOT:PSS-based and silver-based conductive adhesives

(A-C) Figure of merit for shingled interconnections (A): ratio of shear modulus (B) to shear strength (C) as calculated from the respective parameters
extracted from lap shear tests.

(D) Stress-strain curves of lap shear tests performed with silicon solar cell substrates.

(E) Stress-strain curves of ECAs investigated in this study as measured using tensile tests.

(F) Toughness of ECAs investigated in this study as extracted from stress-strain curves.

All error bars are reported as standard deviation with at least n = 3 samples.

tests suggest that the primary weakness of PEDOT:PSS-based ICAs is the adhesive
functionality.

Comparing the mechanical performance of conductive adhesives

To understand the differences in mechanical performance between PEDOT:PSS-
based and silver-based conductive adhesives, we performed lap shear and tensile
tests (Figure 3). Beaucarne previously suggested that the ratio of shear modulus
to adhesive strength (G Ter ) is an important figure of merit (FOM) for shingled in-
terconnections.'? To reduce the likelihood of mechanical failure, the shear modulus
should be minimized and adhesive strength maximized (Figure 3A). The G Tg, "
values extracted from lap shear tests differed significantly from ideal parameters,'?
stemming from an overestimation of the shear strain due to the testing method (Fig-
ure S20; Table S7). However, qualitative trends showed that PEDOT:PSS had the
highest G T4, ' values, roughly one magnitude greater than silver-based ECAs.
Crosslinking offered a modest reduction in G 14, ", but these FOMs were still not
comparable to silver-based ECAs.

As a comparison for what is achievable using polymeric materials, a commercial
polyurethane (PU) (which had the lowest calculated G 1o ) was included as a refer-
ence. The primary differences in G Tsr | values were due to the adhesive strengths,
which differed significantly in comparison to the shear moduli (Figures 3B and 3C).
This difference is relatively unsurprising, as PEDOT:PSS is used here as an ersatz
adhesive. Crosslinking with GOPS increased the cohesive strength by creating a
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crosslinked network between PSS chains, but poor adhesion at the interface re-
mained an avenue for delamination. These differences in failure mechanisms were
stark when shear tests were performed using silicon cells as substrates. Similarly
to 3PB tests, the fracture of the module occurred cohesively for CA-183, while
PEDOT:PSS/GOPS experienced mixed failure, suggesting debonding occurring
both at the PEDOT:PSS/silicon interface and within the adhesive joint (Figure 3D).

Tensile tests were performed to compare cohesive behavior and thus elucidate dif-
ferences in energy dissipation (Figures 3E and S21; Table S8). PEDOT:PSS and
PEDOT:PSS/GOPS were brittle with high tensile strengths, suggesting little flow of
the polymer chains and few energy dissipation mechanisms by plastic rearrange-
ment. However, PEDOT:PSS/GOPS had a greater toughness than all silver-based
ECAs measured (Figure 3F). Similarly, PU showed the greatest toughness of all mate-
rials yet a lower adhesive strength than all silver-based ECAs. These observations
suggest that the primary contribution to the high adhesive strength of the silver-
based ECAs is the energy dissipation at the interface (substrate/adhesive) rather
than the dissipation within the bulk material. Given the relevant electronic perfor-
mance and early durability results of the ICAs, future work to increase the adhesion
of the ICA could benefit from using the many levers of polymer design (e.g., synthetic
modification, addition of tackifiers or crosslinkers, polymer blending). Increasing the
adhesion of ICAs while maintaining the favorable electronic performance may enable
drop-in replacements for silver-based commercial conductive adhesives.

Implications of silver-free ICAs for PV scaling
We examine the broader impacts of removing silver from the adhesive interconnect
for shingled solar modules on the consumption of silver by solar PVs (Figure 4).

The two primary advantages of replacing silver-based ECAs with all-organic ICAs are
related to the scarcity and price variability of silver. High filler loadings mean that the
price of silver-based ECAs is tied directly to silver, which has fluctuated between
$300 and $1,500 kg~ since 2006.%* In contrast, polymeric materials can be manufac-
tured synthetically at large scales and thus are far cheaper due to economies of
scale.” As such, the current price of PEDOT:PSS is one-third that of silver, despite
far fewer industrial applications (Figure 4A). The annual supply of silver has remained
relatively constant (~29 kt year’1), while the demand for silver for solar PVs has been
steadily increasing (Figures 4B and S1). This trend suggests that a significantly
increased demand for silver could result in increases in the cost of silver.

To compare the silver required for scaling up solar PVs, we calculate projections of
silver consumption as demanded by busbar architectures and shingled architectures
(with silver-based or silver-free ECAs) (Figure 4C; Table S9-S11). For soldered-rib-
bon modules and modules shingled with silver-based ECAs, the silver needed to
fulfilla 75 TW transition to solar PVs by 2050 is unsustainable. Optimistic calculations
suggest that busbar modules would essentially consume the entire silver reserve,
while the silver required for conventionally shingled modules far exceeds global sup-
ply. Recycling silver from PV modules is an option but remains a challenge, as the
current supply of end-of-life modules does not make it economically viable to scale
up recycling efforts.”*>” We note that our estimations approximate that ~13 mg/W
silver is required per ECA-shingled joint for PERC cells. Work by Tune et al. suggests
there are scenarios in which this is an overestimate, predicting about ~5 mg/W silver
will be required for shingled modules®® when accounting for projected advance-
ments in ECA technologies with reduced silver content. This range is captured
with the lower bound of our estimation cone (5.19 mg/W).
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Figure 4. What is the impact of reducing silver in shingled solar modules?

(A) Comparison of bulk cost of common interconnect materials. Average prices for silver and copper were reported as the spot price of each metal in
August 2023, with the error reported as the peak and valley prices during 2023. As the price of silver-based ECAs is strongly tied to the price of silver
itself,>" the average price and error reported are estimated using a 30% markup. The price of PEDOT:PSS was reported as the bulk price as quoted by
Heraeus. The error was estimated by collecting several quotes for 1 kg PEDOT:PSS and determining the peak and valley prices (as a percentage of the
mean price).

(B) Annual supply and demand of silver relative to the demand of silver from solar PVs and price.

(C) Projected demand of silver relative to total PV capacity installed for busbar and shingled modules (both silver based and silver free). Red, orange,
and blue circles represent median estimations, with dashed lines representing high and low projections. Marked is the total global silver reserve.

(D) Comparison of silver consumption for busbar and shingled modules.

(E) Comparison of current silver consumption for silicon cell architectures (passivated emitter and rear contact, PERC); tunnel oxide passivated contact,
TOPCon; and silicon heterojunction, SHJ) using busbar and shingled interconnects.

Detailed descriptions of how error was calculated for each analysis are included in the supplemental information (Note S3).

Using silver-free ECAs (e.g., ICAs) for shingled modules significantly reduces the
amount of silver required. From work by Oh et al., we assumed that shingling cells
would allow for a 60% decrease in silver required for metallization in comparison
to conventional modules due to the removal of the busbars.?® With a current
silver consumption of ~15.8 mg W', this approximation suggests that only
~6.3 mg W' is required for current (p-type PERC) shingled modules using silver-
free ECAs (Figure 4D). Assuming that projections for the silver learning curve’
directly apply, we find that an immediate (but unrealistic) transition to modules
shingled with silver-free ECAs prevents silver usage from exceeding global supply
(Figure 4C). Calculations by Hallam et al. suggest that a silver consumption of
~5 mg W™ is achievable with progression along the learning curve by 2050.% As
such, a reduced consumption rate of ~6.3 mg W~ for modules shingled with sil-
ver-free ECAs immediately accelerates our placement on the learning curve to
>2040 (Figure 4D). Thus, development of silver-free ECAs offers an avenue for
reducing the silver usage of solar PVs. We note that this analysis conducted for
ICA-shingled modules is similar to what could be achieved for an immediate, though
unrealistic, transition to solder-based OBB designs®” if solder wires to fingers in 0BB
technology are silver-free and a similar silver-loading and shaded area in the front-
side fingers were achieved. Likewise, we note that the estimation of silver
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consumption for soldered-ribbon modules accounts for advancements in solar mod-
ule design through the range of low and high projections. Finally, our calculations
suggest that a switch from busbar modules to shingled modules could possibly
accelerate the transition from p-type PERC (which currently dominates the PV mar-
ket®) to high-efficiency n-type (particularly TOPCon and SHJ) cells due to the reduc-
tion in silver needed for metallization (Figures 4E and S22).

DISCUSSION

In this study, we employed PEDOT:PSS as an ICA for shingling solar cells for high-ef-
ficiency shingled modules. Doping concentrated solutions of PEDOT:PSS with
DMSO, EG, or glycerol increased the electrical conductivity, removing the need for
any Ag filler. To stabilize the morphology and increase the cohesive strength, we
formed a crosslinked PSS network within the deposited adhesive using GOPS. Solar
cells shingled with PEDOT:PSS-based ICAs had the same open-circuit voltage (Vo)
and short-circuit current (Is.), and achieved champion FFs of ~82%, only ~1% abso-
lute lower than cells interconnected with silver-based ECAs. Crosslinking proved to
be effective in preserving the favorable electronic morphology against thermal
cycling, with crosslinked ICAs showing comparable stability to commercial silver-
based ECAs. Interestingly, PEDOT:PSS/glycerol also showed comparable stability,
likely due to residual dopant remaining in the adhesive due to the high boiling point
of glycerol. Critically, replacing silver-based ECAs with ICAs significantly reduces the
silver demanded by the solar module.

The results indicate a new application for conjugated polymers for solar PVs and motivate
the rational design of ICAs. The primary weakness of PEDOT:PSS-based ICAs here was
the poor adhesive functionality. Simple approaches for improving both the adhesive
and cohesive behavior could involve blending with adhesive polymers (e.g., epoxies,
PUs). We expect future work to take advantage of the incredible diversity of conjugated
polymers and synthetic avenues to replace PEDOT:PSS with purpose-made polymers

with both high intrinsic conductivities***”

and excellent adhesive functionality. Such chal-
lenges are addressable by synthetic methods and rational design for (1) tuning the me-
chanical and electronic properties of conjugated polymers®**®*? and (2) tuning the
adhesive properties of non-conjugated polymers.®**> As such, this approach offers a
realistic avenue toward reducing the amount of silver required to scale up solar PVs as

needed to sustainably decarbonize the electrical grid.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Requests for further information should be directed to the lead contact of this study,
David P. Fenning (dfenning@ucsd.edu).

Materials availability
No new materials were generated for this study.

Data and code availability

Detailed descriptions and methodology describing calculations performed and data
generated during this study are available in the main text and supplemental
information.

Material selection

The primary goal of this work is to use a conducting polymer matrix as an adhesive
interconnect for shingled solar cells in order to reduce the use of silver as an
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electronic filler. We elected to use a commercially available formulation of
PEDOT:PSS (Clevios PH1000, Heraeus) because metal-free (secondary) doping
methods are well studied in literature, despite PH1000 not being designed for use
as a conductive adhesive, and the materials are widely available. To control the ad-
hesive dispense line of PEDOT:PSS, we increased the viscosity by removing water
from the dispersion using a rotary evaporator. Here, we elect to use polar small mol-
ecules (DMSO, EG, glycerol) as secondary dopants for increasing the bulk conduc-
tivity without inclusion of metal filler. Preliminary design-of-experiment investiga-
tions suggested that the ideal loadings of DMSO, EG, and glycerol were 8, 8, and
5 vol %, respectively. In order to increase the cohesive strength of the PEDOT:PSS
film, we form a crosslinked matrix within the PEDOT:PSS film using a silane cross-
linker (GOPS, 1 vol %). In addition to improving the mechanical robustness, GOPS
is also used to stabilize the PEDOT:PSS film (i.e., under continuous thermal or elec-
trical cycling) and reduce moisture ingress (e.g., swelling). To improve the dispens-
ability of the material and reduce spreading (for a consistent adhesive dispense line)
before use, water was removed from PEDOT:PSS using a rotary evaporator to
achieve viscosities of ~10 Pa-s. We also explored the use of a custom-synthesized
PEDOT:PSS copolymer (PEDOT:PSS;-b-PPEGMEA,) for the adhesive matrix
because we hypothesized that the soft, stretchable PPEGMEA block would increase
the viscoelastic adhesion of the material (Note S1).°° However, we found that
Block-6 showed significantly higher resistivities compared to PEDOT:PSS when
blended with polar additives and cast in a solid film, suggesting weaker secondary
doping effects (Note S1; Figure S23).

Electronic and mechanical characterization

Shingled solar cells were formed by gluing together Sunpreme 4-busbar silicon cells us-
ing different formulations of PEDOT:PSS. These formulations were compared to different
commercially available formulations of silver-based ECAs. Shingled cells were subjected
to thermal aging by temperature cycling from —40°C to 85°C as an accelerated degrada-
tion test. At 50-cycle intervals throughout the degradation test, the performance of shin-
gled cells was characterized using |-V measurements, RCO tests, and 3PB tests. For RCO
tests, samples were subjected to a constant current of 4, 6, 8, and 10 Afor 120 s, with an
-V curve taken immediately after each step. To isolate the effect of the ICA composition
ontheresistive losses, the series resistance was extracted from each |-V curve using a stan-
dard single-diode model. Further information describing solar cell characterization is
available in the standard data reporting for PV cells (Data S1). To further characterize
the mechanical behavior of PEDOT:PSS as an adhesive lap joint (particularly in compar-
ison to commercial ECAs), we performed tensile tests and lap joint shear tests. Finally, to
further understand the degradation behavior of PEDOT:PSS, degradation tests were per-
formed on blade-coated films (to mimic common shear deposition techniques used to
deposit polymer films for commercial processes). These PEDOT:PSS films were sub-
jected to 65% RH at 25°C, 65% RH at 65°C, and 100% RH (a water bath) at 65°C. Detailed
descriptions of the above methods are described in the supplemental experimental
procedures.

Economic analysis

Data for the economic analyses performed in this study were gathered from publicly
available databases and existing literature. Data on the supply, demand, and price
of silver were obtained from annual World Silver Survey reports published by the Sil-
ver Institute.” Data on installed solar PV capacity were obtained from Our World in
Data.® Projections for total installed solar capacity assumed a total installation of
341.5GW in 2023, a 30% growth in total capacity until 2030, and finally steady-state
growth from 2030 to 2050 (Table S1). Data used for projections of silver demand
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until 2050 were obtained from reports published by the International Energy
Agency,’ the International Technology Roadmap for Photovoltaic,® and work by Hal-
lam et al.>* Data on the pricing of PEDOT:PSS were obtained from Heraeus, and the
standard error was calculated from the price variation for PEDOT:PSS (with an
approximately equivalent solid mass concentration, ~1.3 wt %) from several ven-
dors. In order to estimate the demand and cost of silver used for shingled solar mod-
ules, approximations were made regarding the ECA/ICA thickness and adhesive
overlap,®’ silver consumption for busbar-free modules,”® silver loading and price
of conductive adhesives,” and total required solar PV capacity installed by 2050."
Detailed descriptions of the calculations performed are described in the supple-
mental information.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2024.101967.
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