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Nature 2018 conductivity and are compatible with temperature-sensitive substrates. How-
ever, preliminary investigations showed that the adhesion and reliability of
these metallizations could vary dramatically with ink composition. This work
evaluates the adhesion performance of printed reactive inks on indium tin
oxide-coated SHJ cells to show that puckering phenomena originating from the
porous nature of the printed reactive inks are responsible for lowering the as-
printed adhesion strength. Adhesion performance was qualitatively determined
using 180° peel test followed by optical imaging to quantify the amount of
adhesive failure. Post-print scanning electron microscopy was used to observe
the surface morphology. Diluting the reactive ink to reduce silver ion concen-
tration decreased the observed puckering phenomenon and improved adhesion
performance. This new understanding enables a more systematic design of
reactive inks for novel photovoltaic applications.

Introduction area while minimizing shadowing effects [2]. Front-
side electrodes of most commercial photovoltaic cells
are manufactured using screen-printed silver pastes

Photovoltaic solar cells require electrical contacts on [3, 4]. These pastes consist of Ag particles in a mix-

both the front and back surfaces to facilitate current ture of SiO, particles, solvents, binders, and other

collection. Frontside electrodes typically consist of  resistive materials that modify the rheology of the
metallic grids, which are designed to minimize  paste and improve adhesion [2]. A heat treatment
power losses due to resistive losses and shadowing  step is required after screen-printing to drive off the

[1]. Often frontside grids have high-aspect ratio fin-  organic additives, to thermally sinter the silver par-

gers less than 60 um wide and greater than 30 pm  ticles together for improved electrical conductivity,
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and to establish a reliable electrical contact with the
silicon substrate [5-8].

Many emerging photovoltaic architectures show
potential for high efficiency, but contain layers that
are not compatible with traditional silver paste met-
allizations. For example, silicon heterojunction (SHJ)
cells contain hydrogenated amorphous Si passivation
layers that degrade above 200 °C [9]. Therefore, low-
cure-temperature silver pastes must be used. How-
ever, these have relatively high media resistivities
and use significantly more silver per solar cell—about
200 mg Ag/cell compared to 100 mg Ag/cell for
high-cure-temperature Ag pastes. Additionally, SHJ
cells are topped with a transparent conducting oxide
made of indium tin oxide (ITO) to improve lateral
transport of current to the front grid. Our previous
work with reactive silver inks (RSI) has demonstrated
that RSI are a promising new metallization method
for photovoltaic cells compatible to thermally sensi-
tive substrates [10]. While these results were
encouraging, internal testing showed that the adhe-
sion between the reactive silver ink metallizations
and the underlying substrate varied with small
changes in ink composition and substrate tempera-
ture during printing. Given that delamination at the
adhesion layer can be a primary failure mechanism in
photovoltaic cells [11, 12], this work aims to elucidate
the underlying mechanism for as-printed delamina-
tion at the Ag/ITO interface and demonstrate pre-
liminary reactive inks with good adhesion.

In this study, 180° peel test experiments were
performed to characterize the adhesion strength of
drop-on-demand (DOD) printed silver metallization
lines on ITO. A narrowed parameter space investi-
gation of ink concentration and number of layers is
carried out with a goal to differentiate “good” adhe-
sion from “poor” adhesion, where “good” adhesion is
defined as metallization layers showing less than 5%
area loss in a 180° tape peel test as measured from
top-down optical microscopy. A low-temperature,
self-reducing, amine-stabilized reactive silver ink was
used as the basis of this study [13]. Previous work has
shown that the porosity of this ink can be varied from
50% up to 90% by simply adjusting substrate tem-
perature, solvent heat of vaporization, and silver ion
concentration [14]. By varying the ink composition
and number of layers, this work will show that
adhesion strength varies with the porosity of the
printed RSI. For example, inks that produce highly
porous films result in decreasing adhesion strength
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with increasing number of layers. This is attributed to
an increase in puckering and delamination at the
silver/ITO interface as solvent percolates through the
porous network, becomes trapped within the silver
film, and leads to voids as solvent evaporation
increases internal pressure. Inks that produce dense
films showed reduced levels of puckering, and while
the adhesion strength initially decreases, it then
recovers as the number of layers increases. Overall,
this work shows suppressing of the puckering phe-
nomena to deposit silver lines with good adhesion to
ITO-coated substrates using DOD-printed RSI. Thus,
this work enables the formation of low-resistance,
low-cost, low-temperature metallization of photo-
voltaic cells.

Experimental section
Ag reactive ink synthesis and chemistry

A low-temperature, self-reducing silver diamine
reactive ink solution was used as the basis for the RSI
used in this study [13]. All solid chemicals were used
as received, and liquid chemicals were filtered
through a nylon filter with a manufacturer-stated
pore size of 450 nm.

Two gram of silver acetate (C;H3AgO,, anhydrous,
Alfa Aesar, 99%) was dissolved in 5.00 mL ammo-
nium hydroxide (NH,OH, VWR, 28-30 wt%, ACS
Grade) followed by 0.4 mL formic acid (HCOOH,
Sigma-Aldrich, Anhydrous, > 96%) added dropwise.
The ink was allowed to sit for 12 h in the dark under
ambient conditions and then filtered through a
450-nm nylon/polypropylene filter. The ink was then
stored at ~ 4 °C until use. The referenced RSI recipe
[13] used 2,3-butanediol as a humectant to stabilize
the droplets and make printing easier. However,
previous studies have shown that the low vapor
pressure of the 2,3-butanediol increases porosity and
decreases electrical conductivity [14]. Instead, the
base silver ink described above was diluted with
either 1:1 or 1:10 by volume with ethanol (silver ink/
ethanol). This replacement somewhat decreases ink
stability, requiring better control over applied pres-
sure and a narrower DOD printing parameter win-
dow. However, using ethanol has been shown to
reduce porosity and improve the as-printed electrical
resistivity of the RSI films [14]. The ink solution was
filtered one last time immediately prior to printing.



The chemical reactions for silver formation are
based on a modified Tollens” process. The proposed
overall reaction along with the intermediate steps for
this process is as follows [13]:

AgCH3C02 + NH4OH + CH202
— [Ag(NH3),] " [C;H;0,] — Ag (1)

The overall reaction shows the key components in
the reactive ink solution. Initially, the silver acetate
(metal salt) dissolves in the ammonium hydroxide
(complexing agent) and formic acid (reducing agent).
These three together form a stable silver diamine
complex, that is self-reducing to metallic silver under
either the application of heat or decrease in ammonia
concentration via evaporation. Equations 2 and 3
show the proposed intermediate steps in which the
silver acetate and dilute ammonium hydroxide pre-
cipitate a silver oxide intermediate that dissolves in
aqueous ammonia to form a silver diamine complex.

2AgCH,CO; + 2NH,0H — Ag,0 + 2NH,CH;CO,

+ H,0 2)
AgZO + 4NHj3; + 2NH,CH3CO, + H,O
— ZAg(NH3)2CH3C02 + 2NH,OH (3)

When formic acid is added to the solution, any
unprotected silver is reduced to form particles that
are removed by sedimentation (~ 31% by weight).
The remaining formic acid (40% by weight) neutral-
izes the ammonium hydroxide by protonating the
hydroxide to water and forming ammonium formate
(NH4CO,). The final solution that contains diamine
silver (I) cations and acetate and formate anions
constitutes the reactive ink. As the ink dries, the
ammonia evaporates, allowing the silver cations to be
reduced by the formate anions as well as acetic acid
produced in solution from uncomplexed silver that
was previously reduced.

ZAg(NH3)2CH3COZ + 2NH4C02

ZAg(NH3)2CH3COZ + 2NH4C02
— Ag + AgCH,CO,H + 5NH; + CH;CO,H + CO,
+ H,O

(5)

This combination of formate and acetate ions along
with acetic acid leads to reduction to silver and silver
acetate particles when dried at room temperature.
However, at higher temperatures, elemental silver is

the only phase that remains due to fast evaporation of
ammonia ligands and other low boiling point reac-
tants. For a more detailed explanation of all the
intermediate steps, refer Supporting Information of
Walker and Lewis” work [13].

Device fabrication and peel testing

ITO-coated substrates were fabricated by coating
2 cm x 4 cm silicon substrates with 80 nm of ITO
deposited using DC magnetron sputtering. An O,
plasma surface treatment was conducted immedi-
ately prior to RSI printing to improve the wetting of
the silver inks on the ITO surface. This improves the
continuity of the silver during DOD printing. O,
plasma treatments were performed in a Venus 25
Plasma Etch system at 60 W for 5 s with 0.01 L/min
of O, and 0.005 L/min Ar held at 0.2 torr.

Contact angle measurements were collected from
reactive silver ink pipetted on ITO/Si substrates
before and after plasma treatment to confirm that the
substrate was hydrophilic. An in-house goniometer
was constructed from Dino-Lite AM3111T handheld
digital microscope and a Litepanels Sola ENG back-
light source. DinoXcope software was used to capture
the contact angle images, and Image] was then used
to estimate the contact angles of the droplets from the
captured images. Prior to plasma treatment, the
contact angle of undiluted RSI on ITO was measured
at 67°. After plasma treatment, the RSI droplets were
found to completely spread on the ITO surface with
contact angles less than 10° (the smallest angle that
could be measured using this setup).

All printing was done using a MicroFab Jetlab II
with precision stage and a digital pressure controller.
During printing, the ITO-coated substrates were held
at 66 °C as measured by thermocouple in contact
with the top of the substrate. The camera and strobe
built into the Jetlab II were used to observe drop
formation, droplet diameter, and droplet velocity.
Printing was done using a 60-um orifice diameter
nozzle (MicroFab, MJ-ATP-01-60-DLC). The printing
parameters shown in Table S1 in Supporting Infor-
mation were optimized to minimize satellite droplets
and maximize droplet stability.

Printing and peel tests
Preliminary peel tests were conducted with the 1:1

RSI ink printed with 3, 7, and 15 layers on the ITO/Si
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substrate. Each of the 3-, 7-, and 15-layer samples
consisted of three printed Ag lines, 40 mm in length
and spaced 3 mm apart (Fig. 1). The three Ag lines
within a sample set were named L,, L,, and L3 cor-
responding to the top, center, and bottom lines,
respectively.

Next, to test the effects of droplet diameter on
adhesion, the printing parameters were varied to
produce 28 pym and 35 pm droplet diameters, as lis-
ted in Table S1 in Supporting Information. 1, 3, 5,7, 9,
11, 13, and 15 layers were printed for the 1:1—Ag/
ethanol ink, while up to 75 layers were printed for the
1:10 ink. 75 layers were chosen to deposit a compa-
rable mass of silver per unit width as in a 15-layer
line of the 1:1 sample (see Supporting Information
Fig. S1). Peel tests were conducted on the samples,
and failure analysis and average line widths were
quantified from the stitched optical images using
Adobe Photoshop CS and Image] software (see Sup-
porting Information Fig. 52).

180° peel tests were conducted using a general-
purpose masking tape (Duck™; see Sect. 4 of Sup-
porting Information for tape down-selection process)
with a pull speed of 1 cm/min, and a 5 N Instron
2530 low-profile load cell with an accuracy of equal to
or better than 0.25% of the indicated force was used
to obtain load versus extension plots. A masking tape
was applied to the sample using a 150 g metallic
roller. Preliminary tests were performed to ensure
that the weight of the roller did not affect the mor-
phology of the printed metal contacts. See Fig. S3-55
in Supporting Information for the complete expla-
nation of the peel test setup, tape selection process,
and tape application validation process. Pre-peel and
post-peel tested images of the printed Ag lines were
captured using an MX61A Olympus microscope and
stitched together using Stream Motion software
(version: 1.6) to represent the entire printed line.
Additionally, pre-peel and post-peel tested SEM
images were collected using an Amray 1910 Field
Emission SEM. 3D profilometry maps 1 mm wide
and 4 mm long were collected using a Dektak Stylus
profilometer with a tip radius of 2 pm.

High-speed video of droplets

A glass slide was cleaned prior to droplet deposition
and placed on a substrate held at 66 °C. Five micro-
liter of a 1:1 RSI was then pipetted onto the glass
slide, and the droplet evolution was captured using a
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Figure 1 Schematic of silver lines printed on ITO/Si followed by
top-down SEM micrograph of a 3, 7, and 15-layer samples printed
using Ag/ethanol—1:1 ink shown from top to bottom. Zoomed-in
regions of the printed lines are shown on the right for clearer view
of puckering effects. The puckering effect becomes more
prominent as the number of layers increases. Scale bars for the
images on the left are 100 um and 20 pm for the images on the
right.

Navitar UX100 high-speed camera along with a
6 x zoom body with 3 mm fine focus. This was
repeated for multiple layers to simulate the effect of
printing multilayered silver contacts on ITO.



Results and discussion

Preliminary peel tests were conducted on silver lines
printed on ITO/Si. Figure 1 shows a schematic of the
silver lines on ITO/Si before peel testing followed by
top-down SEM micrographs of the printed silver
lines from three different samples printed with 3, 7,
and 15 layers of silver, respectively.

The lines marked L;, L,, and L3 from the schematic
correspond to the top, center, and bottom lines of
each printed sample set. The SEM image of the
3-layer sample shows a relatively uniform printed
line. For the 7-layer sample, small divots and rough
abnormalities are observed in the silver line mor-
phology, and in the 15-layer sample, these effects
were significantly more pronounced with numerous
regions within the printed line appearing to pucker
and flake off from the substrate. From these prelim-
inary results, it appears that puckering increases with
increasing number of layers. This puckering implies
that the silver is delaminating from the ITO substrate
and the adhesion strength is expected to decrease.
Thus, as the number of layers increases to reduce the
resistance of the printed silver line, the adhesion
strength will decrease. This tradeoff presents a chal-
lenge since ideal front-grid metallization requires
both good adhesion strength and high-aspect ratio
fingers for minimizing resistive and power losses.

180° peel tests were used to verify that increasing
puckering leads to decreases in adhesion strength.
Qualitative and quantitative analyses of the 3-, 7-,
and 15-layer samples post-peel testing are presented
in top-down SEM images in Fig. 2a. Figure 2b shows
the load versus extension curves for the three sam-
ples. While the observed adhesive failure within the
printed silver line of the 3-layer sample was minimal
at less than 5%, approximately 25 and 70% area loss
was observed in the 7-layer and 15-layer samples,
respectively. The vertical red lines labeled L;, L,, and
L; indicate the locations of the three silver lines
within each sample set. Peaks in load were observed
as the tape passed over the three Ag lines in the 3-
and 7-layer samples during peel testing. The peaks
occur due to higher adhesion force between the tape
and Ag, compared to the tape and ITO (see Sup-
porting Information Fig. 56). Reduction in the mag-
nitude of the peak force for the 7-layer samples
indicates decreasing mean adhesion strength and, in
this case, increase in as-printed delamination and
puckering. For the 15-layer sample, the peaks are

replaced with dips, indicating that the net adhesion
strength within the silver film is less than the adhe-
sion between the tape and the ITO. Overall, the
extensive puckering seen in the 15-layer sample prior
to peel test resulted in lower adhesive strength of the
printed silver lines.

It is important to understand how printing
parameters influence puckering and as-printed
delamination. Since the parameter space for DOD
printing and reactive inks is large, this study limited
itself to using the silver diamine reactive ink (see
Experimental Methods) with the best characteristics
for solar cell front-grid metallization as determined in
earlier studies; The silver diamine reactive ink used
in this study was printed at 66 °C using the param-
eters optimized for low porosity and media resistiv-
ity [14]. With these parameters kept constant, the
droplet diameter, ink dilution (1:1 and 1:10—silver
reactive ink/ethanol by volume), and number of
layers were varied. This variation in number of layers
within the optimal parameter space allows for addi-
tional optimization of both adhesion strength and
line resistance. Ink dilution impacts contact angle,
silver ion concentration, and porosity. The 1:10 dilu-
ted inks found to produce films with the lowest
porosity for that study (~ 55%) [14]. Furthermore,
droplet diameter impacts the amount of silver ions in
each droplet along with the time it takes to evaporate
each droplet [15].

Preliminary tests suggested that droplet diameter
impacted adhesion for the 1:1 inks. First, to system-
atically test this, silver lines were printed with the
Ag/ethanol—1:1 ink dilution using two different
droplet sizes, 28 pm and 35 um. These diameters
represent the range of droplet diameters that were
reproducible from the same nozzle through adjusting
printing parameters. Since different droplet diame-
ters deposit different amounts of silver/droplet and
also deposit different line widths, the data were
normalized by the mass of silver deposited per unit
width (see Supporting Information for the original
data). The percentage of adhesive failure area in
Fig. 3 was measured using top-down optical images
of the samples. Figure 3a, b plots the mass of Ag per
unit width (pug/pm) versus failure area and peak-to-
valley roughness (R,). The top-down optical images
on the left show the representative images for the
28 pm (blue border) and 35 pm (red border) droplets.

The failure area within the lines after peel testing
increases with increasing droplet diameter and the
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Figure 2 a SEM top-down micrographs of 3, 7, and 15-layer
samples after peel testing using masking tape. The 3-layer sample
does not exhibit any visible adhesive failure. The 7-layer sample
shows a few regions of adhesive failure, and the 15-layer sample
exhibits extensive adhesive failure; b Load versus extension plots

number of layers as seen in Fig. 3a. Note that the
amount of failure is greater in the larger droplet
samples reaching 55% failure compared to the 15%
for the smaller droplet samples. This implies that the
failure increases with number of layers or increasing
silver content within each printed line. The peak-to-
valley roughness of the printed samples was also
observed to increase with increasing puckering and
increased failure area as seen in Fig. 3b. R, is greater
for larger droplet samples reaching a maximum of
about 40 um, and R, for the smaller droplet samples
is lesser in comparison and peaks at about 25 pm.
This further solidifies the conclusion that as silver
content per line increases, the puckering effect also
increases leading to higher failure area during peel
testing. The increasing failure area with increasing
number of layers can clearly be visualized from the
optical top-down images for both the samples as
shown on the right of Fig. 3 where the underlying
silicon substrate (light blue) is exposed within the
silver line area.
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for the 3, 7, and 15-layer silver lines are shown. The magnitude of
load peaks is slightly lesser for the 7-layer sample as we noticed an
onset of adhesive failure, and for the 15-layer samples, a dip in the
load curve is observed indicating maximum failure within the
printed silver line. All scale bars are 100 pm.

In the next study, the 1:10 dilution ink was used for
printing to test adhesive failure from peel testing in
denser lines. Silver lines were printed with the Ag/
ethanol—1:10 ink dilution with a droplet diameter of
35 pm. Figure 4 shows a similar layout to Fig. 3 and
shows plots of Ag/width versus failure area and R,
on the left and optical top-down images of the lines
after peel testing on the right for this specific ink
dilution and droplet diameter. (For full-size optical
images of all sample sets, refer Supporting Informa-
tion Fig. S7-59.)

The overall adhesive failure for the 1:10 sample is
lesser than the 1:1 samples and peaks at about 15%
failure area at about 0.015 pg/pum of silver. After
increasing the silver content beyond about 0.015 pg/
um, the adhesive failure starts to decrease. Also, R,
for this sample set is much lower compared to the 1:1
samples and peaks at about 10 um, indicating
reduced puckering or printing-induced delamination
within the sample. For a more comprehensive view of
all three sample sets, refer Supporting Information
Fig. 510-511.
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Figure 3 a Plots for Ag/width versus failure area using Ag/
ethanol—1:1 ink with 28 pm and 35 um droplet size (blue—
28 pum droplet, and red—35 pm droplet samples); the failure area
increases as Ag/width (e.g., number of layers) increases in both
cases. Failure area is greater for the 35 pm droplet sample
indicating more adhesive failure; b plots for Ag/width versus R,
shows that peak-to-valley roughness also increases as Ag/width
increases for both droplet sizes. R, for the larger droplet reaches a
higher maximum indicating more printing-induced puckering. On
the right are optical top-down images of a small portion of the
printed lines for both droplet sizes showing adhesive failure.

The origin of the puckering phenomena is still
under investigation; however, it is possible to spec-
ulate contributing mechanisms. The sequence in
Fig. 5 illustrates a likely puckering mechanism. The
left and center columns schematically illustrate the
sequence of events and what the cross section of the
film would look like. The right column shows top-
down images of 1:1 RSI taken with a high-speed
camera. It is known that the films produced with
these reactive inks are highly porous [14] and that the
solvents used in the inks will likely percolate through
any open-cell networks. As a result, an existing silver
film is likely to be porous (Fig. 5a). As additional
layers are printed, the ink will quickly percolate
through the porous film (Fig. 5b). The RSI used in
this study is stabilized by an excess of ammonia and
will quickly reduce to form solid silver at the lig-
uid/vapor interface near the top of the droplet
(where the ammonia evaporates the quickest).
Depending on the size and shape of the pores and the
thickness of the porous layer, substrate temperature,
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Figure 4 aPlots for Ag/width versus failure area using Ag/
ethanol—1:10 ink with 35 pum droplet size; the failure area
increases as Ag/width (e.g., number of layers) increases until 11
layers are printed and then starts decreasing; b plots for Ag/width
versus R, show that peak-to-valley roughness also increases
slightly as Ag/width increases, although the magnitude of R, is
much lower compared to the 1:1 samples. This indicates that the
magnitude of printing-induced delamination is smaller for the 1:10
samples. On the right are optical top-down images of a small
portion of the printed lines showing adhesive failure. The dark
regions are due to scattering where the silver film is very rough.

and ammonia evaporation rate, either one of two
things is likely to occur: (1) the pores are large
enough or the film is thin enough that the reaction
proceeds without closing the pores and the solvent is
able to escape; or (2) the pores are thin enough and
film thick enough that the pores near the top surface
of the silver film close off before the percolated sol-
vent can completely escape. In the first case, the
adhesion will not degrade. In the second case,
puckering will be observed as the trapped solvent
vaporizes and, unable to escape, it causes the film to
locally break apart (Fig. 5c and d). Each subsequent
layer would increase the amount of puckering until
the film completely degrades leading to more print-
ing-induced delamination (Fig. 5e).

For the 1:1 samples, the pores are small with
respect to the film thickness. As a result, the ink from
subsequent layers seeps through the pores. Since
silver self-reduces as the ammonia concentration
decreases, the pores at the liquid/vapor interface
quickly seal up where the ammonia rapidly evapo-
rates from the surface. This sealing phenomenon
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Figure 5 Schematic of droplet evolution of a second RSI droplet
on a porous silver structure leading to puckering. The schematics
in the left column indicate the various stages of a multilayered

traps the remaining solvents, which increases internal
pressures as these solvents heat up and then vapor-
ize. This internal pressure can be relieved if either the
silver film breaks apart or if the silver film delami-
nates from the substrate. While the exact ratio
between the two failure mechanisms is unknown at
this time, it is clear from Figs. 3 and 4 that substrate
temperature and ink composition impact the which
failure mechanism dominates.
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evolution. The center column shows 2D cross-sectional schematics
of the different stages, and the image on the right is the top-down
high-speed camera video snapshots corresponding to each stage.

Previous studies by Lefky et al. [14] showed that
the porosity of the silver diamine (I) ink varies with
substrate temperature, solvent selection, and dilu-
tion. In general, these studies showed that dilute inks
produced less porous films than concentrated inks
and that inks diluted in solvents with high vapor
pressure also produced less porous films. In this
work, we chose ink dilutions (1:1 and 1:10) to match
those of Lefky et al. so that the impact of dilution, its
corresponding porosity, and the resulting adhesion



strength could be loosely correlated. As shown by
Lefky et al.,, samples printed with the 1:10 inks are
inherently denser and pore sizes smaller than the
samples printed with the 1:1. We propose that the
adhesion strength of the films printed with this par-
ticular silver diamine reactive ink decreases with
increasing porosity and that denser films increase
adhesion strength by reducing the amount of solvent
trapped within the evaporating film. The decrease in
adhesion strength with increasing number of layers is
attributed to the repeated straining of the sub-
strate/film interface as the ink from each additional
layer seeps through the film to the substrate/film
interface and evaporates.

The initial increase in failure area of the 1:10 ink
followed by a decrease in failure area (see Fig. 4a) is
still under investigation. We suspect that the lower
porosity and thinner film produced by the 1:10 ink
allow the film to “recover” from the early damage
caused by trapped solvents. Specifically, any breaks
in the initial few layers could be filled in by later
layers in a manner that doesn’t trap solvent and lead
to delamination of the film. While the exact mecha-
nism for delamination is still under investigation,
these results do show that silver films with good
adhesion to ITO-coated substrates can be deposited at
temperatures conducive to SHJ and other tempera-
ture-sensitive applications.

Conclusion

In this study, the impact of solvent dilution and the
number of layers on the adhesion between DOD-
printed RSI inks and ITO substrates were investi-
gated. Two different dilutions of the reactive ink
(RSI/ethanol—1:1 with 28 pm and 35 um droplets,
and RSI/ethanol—1:10 with 35 pm droplets) and
varying number of layers were used to understand
the effect of the concentration and amount of silver
on a printed contact. Inks with higher silver concen-
tration resulted in more puckering and lower adhe-
sion. Diluting the ink 1:10 by volume with ethanol
showed significant improvements in adhesion
strength, with under 5% area failure during the
adhesive peel test (compared to 51% in the higher
concentration RSI ink). Most importantly, we show
that adhesion of reactive ink metallizations can be
significantly improved while still forming high-
aspect-ratio silver lines. Through printing of diluted

inks with small droplet diameters and multiple-layer
thickness, high-adhesion-strength, low-resistance
front-grid metallizations can be formed from DOD-
printed reactive inks. These results highlight the
complex interactions between reaction kinetics, mass
transport, and heat transfer on the external device
outputs such as adhesion and series resistance. The
high adhesion strength exhibited by the 1:10 RSI
recipe can pave the way for reliable low-temperature
metallization on SHJ solar cells at reduced costs.
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