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Abstract

A transparent conductive adhesive (TCA) interlayer for mechanically stacked multijunction
solar cells provides adhesive strength and electrical connection between sub-cells when
stacked. The fabrication of TCA sheets from an ethyl-vinyl acetate (EVA) matrix and silver
coated compliant conductive microspheres, similar to industry-standard EVA encapsulant
sheets, compatible with a standard lamination process was developed. Blade coating TCA
sheets using 3D printed blades and testing of vertical conduction through the interlayer with a
TCA conductivity jig allowed for reproducible measurements and low-cost fabrication. The
supplemental information provides design files to enable other researchers to produce their
own blades and testing jigs. We identified 0.5 mm as an optimal blade height for producing
lab-scale TCA sheets and 120 °C at 3 psi for 10 mins as the optimal vacuum lamination
process to minimize resistance and possible damage to samples. For TCA sheets with
coverages between 0.75% and 9%, the series resistance was approximately 0.2 Q-cm? which
should result in minimal losses for 1-sun photovoltaic applications.
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electrically interconnected through a middle layer, with the
1. Introduction addition of a third terminal, usually from the bottom cell. In
4T tandems cells, the top and bottom sub-cells are
electrically isolated from each other and current must be
transported laterally between the cells [3]. Within the context
of tandems that are mechanically stacked, the interlayer plays
a key role in maintaining adhesion between the sub-cells, and
must be sufficiently transparent as to not affect the bottom
cells efficiencies [4]. For the case of 2T and 3T tandems, the
interlayer must also provide a vertical electrical connection,
but lateral conductivity is not required [5].

Various approaches to making an interlayer have been
experimented with for mechanically stacked tandem cells.
Wafer bonding two cells of different lattices is energy
intensive and can cause cracking in one of both of the sub-
cells as a result of differential thermal expansion coefficients.

Hybrid tandem solar cells are an emerging research area
that enables efficiencies that exceed the detailed balance
limit of a single material by combining strategic band-gaps
of materials to maximize the amount of solar energy
converted/absorbed by a given area [1]. There are a variety
of growth/integration processes that can be used to create
hybrid tandems. Among these is the process of mechanical
stacking, which retains the highest efficiencies of each sub-
cell by combining independently optimized cells into a
tandem structure [2]. Tandem solar cells can have several
different terminal configurations: two-terminal (2T), three-
terminal (3T), and four-terminal (4T). 2T tandems are
electrically connected through a middle interlayer, often a
tunnel junction. Similar to 2T tandems, 3T tandems are also
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Figure 1: (a) Transparent conductive adhesive (TCA) shown within a tandem solar cell stack, as a single layer of conductive microspheres
(45-55pm in diameter) held in place with a transparent non-conductive polymer. (b) The compliant microspheres are a flexible poly(methyl
methacrylate) (PMMA) core with a silver coating (c) allowing the spheres to electrically connect smooth and textured surfaces with micron

sized surface features.

Nanoparticle and nanowire interlayers can be transparent and
conductive, but due to the size of the conductive structures
the layers are not able to span textured/uneven non-polished
surfaces efficiently, requiring thicker interlayers [6]. Direct
metal interconnection requires full grids on the backside of
the top cell and topside of bottom cell; this leads to a highly
conductive interlayer, precise alignment is required, and the
resulting shading losses are not insignificant [7]. Additional
methods such as nanoimprint and photolithography have
been used to make microstructures that are effective to
fabricate on a lab-scale but can get costly when moving to
large-scale operations.

The approach described here utilizes a transparent
conductive adhesive (TCA) fabricated from a transparent
polymer adhesive matrix and compliant conductive
microspheres. This TCA provides the necessary properties
for making vertical electrical connections for mechanically
stacked tandems (Fig 1) [8]. In Figure la, the TCA is
depicted between a generic top and bottom cell, a monolayer
of spheres is formed between the surfaces, with the
compliant spheres acting as a spacer. Additionally, the
compliancy of the spheres from the PMMA core (Fig 1b)
allows the spheres to deform under pressure, increasing the
contact area between the spheres and the surface regardless
of texture (Fig lc). We have developed a method for
fabrication of TCA “sheets,” similar to industry-standard

EVA encapsulant sheets, compatible with a standard
lamination process to join sub-cells together.

TCAs have been used in the fabrication of several tandem
devices. A 27.3% efficient 3T tandem consisting of GalnP
and Si (GalnP/s/nulBC) was reported by Schnabel et al [5],
using a TCA with 3% coverage of conductive microspheres
in an epoxy matrix deposited as a liquid and processed by hot
pressing. Similarly, VanSant et al. fabricated superstrate
configuration 3T III-V//Si devices (both GaAs/s/nulBC and
GalnP/s/nulBC) with efficiencies of 22.5% [9] using pre-cast
TCA sheets in an ethyl-vinyl acetate (EVA) matrix and 5%
loading of conductive particles in TCA and a vacuum
lamination process, as described here. Other efforts have
used the TCA to mechanically stack 2T perovskite//Si
tandems with an interlayer at 0.5wt% and resistances around
0.05 Q-cm?, and an efficiency of 19.4% [10].

Through-plane conduction, or vertical conduction through
an interlayer is essential to how the TCA functions,
connecting the two surfaces together both electrically and
mechanically. The most common measurement of resistances
is the traditional TLM approach [11]. However, this
approach is typically performed on a surface to calculate the
contact resistances and the material sheet resistance,
requiring an open surface to probe various pads at specific
spacing. With the TCA reliant on the compressive forces
between the substrates, as shown in Figure 1, traditional
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TLM measurement wouldn’t be possible in the current
configuration. Here, we describe the development of
methods for repeatable measurements of interlayer resistance
through the plane while sustaining the adhesive forces of the
polymer matrix needed to maintain electrical contact
between the surfaces.

The fabrication of commercial solar modules uses
encapsulant sheets in vacuum lamination processes to protect
and adhere the cells within an array [12]. Commercially
available transparent thermoplastic encapsulant sheets such
as EVA, TPU, PVA, etc. are used for commercial solar
module fabrication. In order to make the TCA easily adapted
to industry, we have processed the TCA into sheets similar to
commercially available encapsulants. While the sheets can be
used in a hot press as explored in previous work [8], a
vacuum lamination process lowers the probability of bubbles
remaining in the interlayer during processing, which can
cause optical losses and lower device reliability (Fig 2).
Compatibility of the solar cell materials with the
encapsulants/TCA is to be considered on a case-by-case
basis, i.e. solution processed perovskite tandems may
degrade if there is residual solvent within the TCA [13]. In
addition, the processing requirements of the materials for
temperatures, pressure, and time will need to be optimized

for each tandem stack. General guidelines around current
commercially available transparent thermoplastic
encapsulant sheets, such as EVA, wuse processing

temperatures and time of 140-160°C and 8-20 min,
respectively, similar to our optimized conditions[ 14].

In this work, we demonstrate a scalable fabrication
approach to make TCA sheets for vacuum lamination
processes and study the conductivity for the interlayer for
various methods of manufacturing and laminating the sheets.
We optimize sphere loading and processing conditions to
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Figure 2: The processing of a tandem solar cell with TCA
interlayer sheets using a vacuum lamination process. While the top
and bottom plate apply pressure, the sample is also subjected to a
vacuum that prevents bubbles from being trapped in the sample.

Vacuum

understand their effects on the conductivity of the interlayer.
In addition, we discuss testing procedures for through plane
conduction measurements.

2. Methods

TCAs were prepared by mixing conductive microspheres
with a thermoplastic polymer matrix. Figure 3 shows the
process used in this work to create a dispersion of
microspheres in EVA. In prior work, the TCA was cast from
a liquid and hot pressed, but this process limits the ability to
precisely align the top and bottom sub-cells [8]. We
developed a process to fabricate sheets of TCA which
enables improved alignment between samples and adoption

(e) TCA Sheet

Figure 3: Fabrication of TCA sheets: (a) EVA pellets dissolved in a solvent (such as toluene, chloroform, etc.), (b) the conductive
microspheres are then added to the EVA mixture, this creates (c) a liquid TCA. (d) The liquid TCA is then blade coated on PTFE-coated
fiberglass sheets, heated to remove residual solvent, then cooled so that the PTFE-coated fiberglass sheet can be removed leaving (e) the

TCA sheet.
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of a lamination process for thermal curing. Replicating the
existing EVA sheets currently used for encapsulation
processes allowed for the TCA to utilize the same equipment,
such as a vacuum laminator [8]. This process resulted in
precise alignment, fewer processing steps, and increased
conductivity of the interlayer. For this work an EVA based
TCA was used to create the TCA sheets, however other
thermoplastics can be used in substitution for the same
process depicted in Figure 3.

EVA pellets (ELVAX1000) were dissolved in Toluene in
a 1:5 v/v, as described in previous publications (Fig 3a) [8].
Silver coated PMMA conductive spheres (Cospheric
PMPMS-AG-1.53 45-53 pum) were added to this in the
desired weight to ensure the correct percent coverage of
sheets in the laminated film (Fig 3b). After mixing on a hot
plate with a magnetic stir bar the mix was referred to as the
liquid TCA (Fig 3c). This mixture had a two-week shelf-life
before the spheres agglomerate. These agglomerations do not
break apart in hot pressing or lamination thus causing an
uneven film thickness and conduction over the film.

Blade coating the liquid TCA into sheets distributes the
microspheres evenly throughout the thin film and prevents
agglomeration during storage. Blade coating blades are
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Figure 4: (a) Design of TCA test structures for measuring vertical
conduction of the TCA, utilizing the TCA sheet lamination process.
(b) Both substrates are first preheated, (c) a cut to size piece of
TCA sheet is added to substrate 1 while still being heated to soften
the TCA. (d) Then the substrates are aligned and tacked before (e)
finishing in the vacuum laminator.

available from a variety of retailers; however, a low-cost
blade can be easily 3D printed as long as the material is
compatible with the solvent. We used toluene; thus, Ultem
(Stratasys Ultem 9085) was used as a filament without a
surface coating. 3D printed blades at blade heights of 0.25,
0.5, 0.75, and 1 mm were designed and printed using a
Stratasys 3D printer (blade .stl file available for download in
SI). The verification of blade heights was completed using
feeler gauges on the final 3D parts. The liquid TCA was
blade coated by hand on PTFE-coated fiberglass sheets (Fig
3d). The film was cured on a 100 °C hot plate for 10 min,
cooled for 5 min, then peeled from the PTFE-coated
fiberglass sheet in a single motion avoiding deformation and
tearing of the thin TCA sheet (Fig 3e). The TCA sheets can
be stored in a dry, particle free environment for up to one
month.

The sample design used for testing electrical conductivity
of the TCA when laminated between two surfaces is shown
in Figure 4a, where there are 10 pixels of area 0.1 cm? in
each test structure. Substrates were 1 mm glass with a 20 nm
1ZO adhesion layer and 150 nm of silver. These substrates
were fully coated with metal, laser scribed to define the
contact pads, then cut to the desired pattern size. Using a
multimeter each pad was verified to be electrically isolated
before lamination. With this approach a variety of areas were
scribed and tested to ensure the accuracy of the
measurements across a variety of testing areas. The
overlapping areas for series resistance calculations were
determined from the finished laminated test structures by
imaging using an optical microscope.

The TCA test structures were processed with varied heat
and pressure in a vacuum laminator. The substrates were pre-
heated at 100 °C for 10-30 s on a hotplate (Fig 4a). The TCA
sheet was cut to the size of the overlapping section of the
samples and placed on the first substrate (Fig 4b). The TCA
sheet was allowed to soften on the hotplate (5 s). After
removing from heat, the second substrate was positioned
over the first substrate and pressed together lightly by hand,
bonding them together (Fig 4c). This “tacks” the two
substrates together temporarily, allowing for precise
alignment before finishing the processing in the vacuum
laminator (Fig 4d). The vacuum laminator (Bent River
SPL2828 PIN) was run with custom recipes varying the
temperature (100°C to 130°C in 10°C increments), pressure
(3 — 10 psi), and time (5-20 min) to bond the substrates
together.

Each film was characterized by the coverage of
microspheres. Images of the TCA test structures were taken
in 3-4 locations along each sample. The images were
processed through binary filters calculating the average pixel
coverage of spheres at various magnifications to calculate the
areal coverage of the spheres (additional information is SI).
This areal coverage directly correlates to the optical
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transparency of the TCA since the transparent polymer
matrix is optically clear at visible wavelengths and the
microspheres are opaque [8].

To enable highly repeatable measurements for a wide
range of coverages, processing conditions, and substrate
materials, testing jigs were designed and fabricated to
measure the electrical properties of the TCA. Using 3D
printing, laser-cut acrylic, and spring-loaded contacting pins,
each metal pad was contacted with 2 pins enable 4-point
conductivity measurements of the TCA. The design
progressed through multiple iterations that are discussed and
available for download in supplementary information. Figure
5 shows the final version of the testing jig, cut from 5 mm
thick clear acrylic with gold-plated spring-loaded pins.
Connected to the undersides of the top substrate and the
topside of the bottom substrate (Fig 5b), each pad is
connected to 2 pins for a 4-point measurement on to the
sample, eliminating the contact resistance of pin. In addition,
the shape, size, and position of the pins resulted in self-
alignment of the testing structures within the jig. Each pin is
soldered to external wires for convenient connections. Using
two test leads connected to a current source and two test
leads connected to a multimeter, the voltage of each pixel
was recorded for a given current supplied (values between
1pA-10mA). From this the resistance of the pixel over a
given area was calculated as series resistance in Q-cm?
calculated from:

Voltage

Series Resistance = Areap;
Current ( ixet)

3. Results

The height of the blade used during the blade coating
process has large effects in the final conductivity of the
interlayer since it sets the thickness of the sheet and adjusts
the ratio of spheres to EVA in the sheet (i.e. the thicker the
sheet, the more EVA is present around the spheres). If the
blade height is too high the resulting film is too thick. This
will result in the TCA not compressing enough during
processing and will not make connection between the
substrates. However, at blade heights under 0.5 mm the
resulting series resistance is constant (within error). This
finding supports the hypothesis that the spheres act as a
spacer between the surfaces resulting in the same final
interlayer thickness, equal to the sphere diameter
(Supplemental Figure S7). Therefore, conductivity for the
same percent coverages of spheres is the same. It is also of
note that TCA sheets made with blade heights < 0.25 mm
can easily tear when being removed from the PTFE-coated
fiberglass sheet, thus a blade height of 0.5 mm was chosen as
the optimal height for casting TCA sheets.

In Table 1 the series resistance of the TCA is shown after
lamination at various pressures and temperatures.
Temperature does not have a large influence on the series

ISO TOP

Figure 5: A TCA testing jig shown from different viewpoints was
laser cut from clear acrylic with 28 connecting pins that contacted
the undersides of the TCA testing structures for taking 4-point
resistance measurements of the TCA.

resistance, as all the series resistance values for varying
temperature were within the error of the testing. However,
samples laminated at 100 °C could be easily mechanically
separated after lamination. Samples processed at 120 °C
produced low-resistance connection with the highest yields,
25%, 25%, and 45% for pressures of 3 psi, 5 psi, and 10 psi,
respectively, with the decrease in yield due to cracking or
insufficient TCA sheet between the overlapping substrates
(see supplemental information for modes of failure
discussion). As expected, when samples were laminated at
very high pressure, they were more likely to crack during
processing due to the mismatched areas needed to contact
both sides, as shown by half of the samples processed at 10
psi being cracked. The glass substrates are more robust than
some solar cells components but can crack more easily
because of their mismatched areas. Cracked cells at the final
step in processing when making a tandem device is costly
and can be prevented by using processing conditions that
don’t pose a risk of damaging the samples; thus, we chose
the lowest pressure that consistently resulted in adhesion and
low resistance. The optimized conditions of 3 psi for
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Table 1: Series resistance per square centimeter for 5% coverage of microspheres within the TCA at varied temperature and pressures
during the lamination process (laminated for 10 minutes each). All resistances were measured vertically through the interlayer of TCA
with the yield of samples and notes (in red) on if the samples were damaged during the lamination process. Yield was calculated from
20 measurements. Low yield was primarily due to cracking caused by pressure applied to unsupported glass outside of the overlap area.

100°C 110°C 120°C 130°C
0.36911 Q-cm? 1.24+1 Q-cm? 0.266+0.120 Q-cm? 0.232+ 0.102 Q-cm?
3PSl (5% yield) (5% yield) (25% yield) (10% yield)
TCA Delamination Disconnected Pixels Disconnected Pixels Sample Cracking
0.138+0.026 Q-cm? 0.169+ 0.0327Q-cm? 0.197+ 0.039Q-cm? 0.646% 0.617Q-cm?
5PsI (10% yield) (20% yield) (25% yield) (25% yield)
Disconnected Pixels Sample Cracking Sample Cracking Sample Cracking
0.158+ 0.048Q-cm? 0.216% 0.033Q-cm? 0.158+ 0.021Q-cm? 0.383% 0.336Q-cm?
10PsI (45% yield) (30% yield) (45% yield) (10% yield)
Sample Cracking Sample Cracking Sample Cracking Sample Cracking

pressure and 120 °C temperature were chosen to minimize
cell losses due to cracking and ensure reliability of
conduction and processing. These conditions were used to
characterize various area coverage of spheres.

TCA sheets can be made with different concentrations of
conductive microspheres, and it has previously been
demonstrated that the coverage is directly proportional to the
transparency of the interlayer [8]. Thus, the series resistance
vertically through the interlayer normalized to area is plotted
vs. area coverage of microspheres in Figure 6. TCA sheets
between 0.75% and 9% area coverage were laminated at 120
°C and 3 psi for 10 minutes. The series resistance remains
around 0.2 Q-cm? for these coverages and processing
conditions. Coverages less than 2% had greater variability in
the series resistance, increasing the uncertainty of the values.

The desirable area coverage range for tandem solar cells is

1.2
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0.8 1
0.6
0.4

NN

0.0 4

Series Resistance [Q-cm”™ 2]
. 4

Coverage [%]

Figure 6: Series resistance per square centimeter vs coverage of
microspheres within the TCA. All resistances measured vertically
through the interlayer of TCA (laminated at 120°C, 3 psi, and 10
minutes).

less than 5% coverage, as the transparency and electrical
conduction in that range are sufficient to minimize losses in
the bottom cell due to absorption and parasitic resistance
losses of the system. TCA sheets between 2% and 5% area
coverage laminated at 120°C and 3 psi for 10 minutes is
recommended to laminate sub-cells for tandem applications.

4. Conclusions

In this work, we investigate the fabrication of TCA sheets
for the use in mechanically stacked multijunction solar cells.
The TCA sheets are similar to industry-standard EVA
encapsulant sheets, compatible with a standard lamination
process to join sub-cells together. We show that blade
coating fabrication is a scalable approach to making TCA
sheets. The supplemental information provides design files to
enable other researchers to produce their own blades and
testing jigs. We identified 0.5 mm as an optimal blade height
to produce lab-scale TCA sheets with various coverages of
spheres. An optimized vacuum lamination process of 120 °C,
3 psi, 10 min was shown to minimize resistance and damage
to samples for TCA films with coverages between 0.75% and
9%. The series resistance of these samples coverages was
approximately 0.2 Q-cm? which should result in minimal
losses for 1-sun photovoltaic applications. Using TCA sheets
of 2% to 5% coverages are recommended for tandem
applications to retain transparency and electrical conduction
between the sub-cells.
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