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Emerging flexible optoelectronic devices require multi-material processing capabilities to fully enable the
use of temperature-sensitive substrates and materials. This report demonstrates how photonic sintering
enables the processing of materials with very different properties. For example, charge carrier transport/
blocking metal-oxides, and transparent conductive silver nanowire-based electrodes ought to be
compatible with low-energy and high-throughput processing for integration onto flexible low-
temperature substrates. Compared to traditional post-processing methods, we show a rapid fabrication
route yielding highly-stable hybrid electrode architectures on polyethylene terephthalate (PET). This
architecture consists of an interconnected silver nanowire network encapsulated with a thin crystalline
photo-sensitive titanium dioxide (TiO,) coating, allowing both layers to be treated using independent
photonic post-processing sintering steps. The first step sinters the nanowires, while the second
completes the conversion of the top metal-oxide layer from amorphous to crystalline TiO,. This
approach improves on the fabrication speed compared to oven processing, while delivering optical and
electrical characteristics comparable to the state of the art. Optimized transparency values reach 85%

R 4 18th Octoper 2023 with haze values down-to 7% at 550 nm, while maintaining a sheet resistance of 18.1 Q sq.”1. However,

eceive th October . ’ . . . ) .

Accepted 22nd January 2024 this hybrid architecture provides a much stronger resilience to degradation, which we demonstrate
through exposure to harsh plasma conditions. In summary, this study shows how carefully-optimized

DOI: 10.1039/d3ra07103k photonic curing post-processing can provide more-stable hybrid architectures while using a multi-

rsc.li/rsc-advances material processing technique suitable for high-volume manufacturing on low-temperature substrates.

densification and crystallization." While these general rules
may seem incompatible, they can be combined to process

1 Introduction

(cc)

Flexible hybrid optoelectronic integration faces several funda-
mental challenges before achieving low-cost manufacturing of
high-performance devices on low-temperature flexible
substrates. These low-cost substrates generally bring stringent
processing requirements, leading to critical manufacturing
issues. Emerging techniques such as laser- or flash lamp-based
(so-called photonic) post-processing sintering offer promising
alternatives to conventional oven-based processing of heat-
sensitive substrates.® By carefully tuning the processing
conditions for each individual material, it becomes possible to
process multiple thin films independently on the same device,
without thermal annealing and at high speeds. Thin films made
of metallic nanoparticles need to be processed with a small
number of high power density pulses to achieve high-density
conductive films.>'® For ceramic materials, a larger number of
lower power-density pulses tends to achieve improved
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multi-material devices using the same rapid-processing equip-
ment. Indeed, this possibility to process multiple materials
using a minimal set of tools could prove a great advantage for
the rapid assembly of flexible devices by reducing the number of
fabrication steps and increasing their throughput.

One important component of many flexible hybrid opto-
electronic devices is the transparent conductive electrode (TCE).
However, they can be especially difficult to integrate on low-
temperature flexible substrates. Similarly, carrier transport/
blocking metal-oxide layers also often require processing
steps incompatible with low-temperature substrates. These
common materials widely-used in optoelectronics were previ-
ously treated using photonic post-processing.>**> However,
combining them brings a whole new level of complexity for the
processing technique to remain unchanged.

Percolated networks of silver nanowires are ideal candidates
for indium-tin-oxide (ITO) film replacement due to higher
conductivity,"™® improved substrate adhesion,*'” high optical
transmission™?® and flexibility.>* Photonic sintering of
metallic nanowires can be successful in creating semi-
transparent, conductive percolated networks, because of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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light-induced plasmonic welding that can occur at the nanowire
junction.”»** Most metallic nanostructures exhibit surface
plasmon resonance throughout the visible spectrum, making
them strong light absorbers compared to non-plasmonic
nanoparticles.* This is why photonic sintering systems rely
on high-power and wide-spectrum xenon flash lamps.*

Meanwhile, emerging solution-based metal-oxide precursors
offer a great potential for integration on low-temperature flex-
ible substrates using  high-throughput industrial
manufacturing processes.>* Titanium dioxide (TiO,) is of
particular interest for a wide range of optoelectronics devices,
both as an active material and as an electron transport layer.?*>®
For example, inkjet-printed UV photodetectors exploiting the
synergistic relationship between TiO, and silver nanowires have
been demonstrated, highlighting the potential of these two
materials for printed optoelectronic device development.®®*
Similarly, printed oxide thin-film transistors (TFTs) on memory
polymers were also previously demonstrated.** There, the metal-
oxide layer is exposed to UV through shadow-masks in a roll-to-
roll configuration. Ongoing research on large-area light-
induced sintering & crystallization of metal-oxide materials
such as titanium dioxide for optoelectronic devices can be
divided into three main areas: UV source-induced,** visible
and NIR light-induced®**° and broadband, pulsed light-induced
crystallization.»**>*** Traditionally, most metal oxides are
transparent in the visible part of the spectrum, and photonic
post-processing requires higher energy than that required to
process metallic nanostructures.™

Previous reports describe hybrid composite architectures
combining TiO, and silver nanowires."”***¢ These hybrid plat-
forms have demonstrated improvements to the wire-to-wire
junction resistance,'”** the chemical stability of the network,*
the thermal resilience and overall electrode longevity when
exposed to higher temperatures than those supported by bare
nanowire networks.*®*” This is mainly achieved using conformal
coatings through atomic layer deposition techniques or deco-
rating the silver nanowires with metal-oxide nanoparticles.*>*¢
These improved operating conditions enabled the development
of thin-film transistors on rigid substrates and flexible mem-
ristors.'”*®* However, these current methods of deposition and
treatment of the TiO, layer still rely on amorphous metal-oxide
films, traditional sol-gel chemical routes, use of rigid
substrates, complicated and expensive and low-yield depositing
techniques. Overall, these methods miss out on the potential
advantages of using crystalline materials and the possibility for
integration into streamlined roll-to-roll fabrication facilities.'”**

This report describes a simple fabrication method for
producing a multi-material, stable hybrid TCE architecture on
PET using two separate photonic post-processing treatment
steps. The detailed processing conditions illustrate how to
exploit the response of each material to tune the flashing
parameters, allowing each material to be processed indepen-
dently of the others. The use of photo-sensitive TiO, not only
provides important environmental protection and stability to
these films, while further improves their electrical properties.
These hybrid TCE architectures offer a platform that can be
integrated into the fabrication of next-generation optoelectronic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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components at low fabrication costs by incorporating straight-
forward fabrication techniques.

2 Results

A step-by-step overview of the fabrication process for the hybrid
TCEs is shown in Fig. 1, comparing the pristine and coated PET
substrates. It is worth noting that the dark background greatly
enhances the contrast of the images compared to a white
background, but visually exaggerates the apparent loss of
transparency and haze of the films, which will both be quanti-
fied later. The labels highlighted in green identify each pro-
cessing step, and this nomenclature will be used throughout the
manuscript. As explained in the Experimental section, plasma is
used to clean and prepare the flexible PET substrates. For both
layers, similar spin-coating conditions of 4000 rpm for 30
seconds are used for material deposition. Optimal photonic
sintering parameters for the welding of the AgNWs atop the PET
substrates are based on a previously-published study.® A rapid
succession of 9 pulses at a firing rate of 1.7 Hz, fluence of 1.15 ]
cm 2, an envelope of 300 ps with 50% pulse duty-cycle are
enough to weld the silver nanowires, creating a highly
conductive layer. In this stage, the pulse conditions and the
number of pulses are optimized to achieve the best sheet
resistance (Ry,) value for the TCE films, while preserving the
bulk structural and optical properties of the PET. Photographs
of samples at each fabrication stage are shown in Fig. 1(b).

Subsequently, a solution consisting of a 10% w/w dilution of
the photo-sensitive TiO, in anhydrous ethanol was prepared
and deposited by spin-coating. This photo-sensitive TiO,
precursor is synthesized following a previously-published
procedure,*” which is also briefly summarized in the Experi-
mental section. This special chemical route yields a defect-rich
TiO, sol-gel precursor, for which the visible-light absorption is
significantly enhanced.* This amorphous precursor is shown to
crystallize using 405 or 532 nm laser sources, under environ-
mental conditions.**® It is also suitable for photonic post-
processing using a wide-spectrum light source such as
a xenon flash lamp. This crystalline TiO, layer can be used in
the fabrication of optoelectronic devices, whether as the active
layer of a photodetector or as an electron transport layer.>***%

The coated samples are then exposed a second time to
crystallize the TiO, layer using a slow progression of 3 pulses,
delivered at a firing rate of 0.1 Hz, with an envelope of 10 000 s
with a 95% duty cycle. The energy density delivered depends on
the crystalline phase desired depending on the target applica-
tion, using 6 J cm 2, or 0.6 kW cm™>, to convert to anatase. To
crystallize into rutile, 7 J em ™ or 0.7 kW cm ™2, were necessary.
This crystallized TiO, layer provides increased protection of the
nanowire-based electrode in this hybrid TCE architecture.

The electrical properties measured after each fabrication
stage are compared in Fig. 2. There, individual statistics are
presented for multiple groups of devices. Indeed, the average
sheet resistance for the percolated silver nanowire network is
Rg, = 108 Q sq.” " before treatment, and it is shown in Fig. 2(a).
After the photonic sintering of the AgNWs, Fig. 2(b) shows an
average Ry, = 41 Q sq.”' for the same 24 samples. This

RSC Adv, 2024, 14, 4748-4758 | 4749
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Fig.1 Schematic representation and pictures of the fabrication steps for the hybrid TCE architecture. (a) Step-by-step graphical depiction of the
fabrication steps and the necessary photonic curing conditions. (b) Photographs of samples at each stage of the fabrication of the hybrid TCE

architecture.

represents a 62% average reduction of the sheet resistance due
to better contacts between the nanowires, as illustrated by the
dashed gray and red lines. After the deposition of the photo-
sensitive TiO, precursor on all the samples, 12 samples are
converted to anatase and 12 are converted to rutile. They are
separated into the blue- and yellow-shaded areas in Fig. 2(b).
The average sheet resistance of the 12 samples covered with
anatase is Ry, = 34 Q sq.” ', compared R, = 37 Q sq.” " for the
samples covered with rutile TiO,. These averaged values repre-
sent an additional 6% reduction, compared with the standalone
AgNWs electrodes. This additional reduction is attributed to the

densification that occurs with the crystallization of TiO,."” The
presence of oxygen vacancies in the TiO, precursor makes it
sensitive to visible light, and crystallization is possible using
photonic post-processing. These oxygen vacancies could
contribute to enhance the conductivity in the films by facili-
tating charge transport, thanks to the vacancies acting as
dopant states that shift the material's Fermi level close to the
conduction band.**** Testing of this effect is out of the scope of
this communication given its minor contribution to the TCE's
final sheet resistance.

(i) {b) E © AgNWs + Tio, AfterPC|
51501 . — T i
g ] = = B = : :
g = L | i ‘
IR il b ke -l 1 1
< 1004 | = = : /\:\A
@ - " Te T = ; 7/ ‘
0 = = : :
o = 1 1
© B i :
o 504 [ - B me_ E= ! =
I, S, im - Ay W B, =
& ll.l e E..... - _‘..__._l__f-_-_-__:__l_!_';___!__..,_
. -
0 . ! . : .
AgNWs AgNWs AgNWs+TiO, AgNWs+TiO,
BeforePC AfterPC Anatase Rutile

Fig.2 Sheetresistance of a group of 24 hybrid TCE samples at different stages of the fabrication process. The horizontal dashed lines denote the
mean Ry, value for each group of samples. (a) Initial R, values for all the samples AgNWs BeforePC. (b) Resulting R, for all samples at AgNWs
AfterPC stage. After deposition of the photo-sensitive TiO, precursor, half the samples are crystallized to form anatase TiO,, while the other half
is converted to rutile. This is shown by the blue and yellow shaded areas in the (b) section of the plot. (c) The arrows indicate the resulting Ry,
values for each subgroup after the second round of photonic post-processing, the AgNWs + TiO, AfterPC stage.
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Fig.3 SEM micrographs of the silver nanowire films on PET. (a—c) Silver nanowire networks after photonic curing at different magnifications. (d—
f) Silver nanowires covered with the TiO, coating (d and e) before and (f) after photonic sintering.

SEM images of the silver nanowire electrodes before, in
Fig. 3(a), and after photonic sintering are shown in Fig. 3(b) and
(c). These results suggest a good welding of the nanowire
network as well as moderate penetration in the surface of the
PET substrate after photonic treatment. In Fig. 3(c), we notice
what appears to be a substrate's surface morphology change
that comes as a result of the intense heat generated locally. This
leads to partial melting of the substrate in the regions that are
directly around and in close contact with the heated nano-
wires.”* This partial substrate melting did not globally change
the optical properties and flexibility of the bulk film, but it has
been reported that it can contribute to improving the adhesion
to the substrate and the overall sturdiness of the film.>*** The
embedding of the nanowires and the local modification of the
small regions of the PET substrate around the heated nanowire
parts was resolved with the help of atomic force microscopy
(AFM). These effects can be clearly appreciated in Fig. S1 of the
ESI,T showing a sample of AgNWs AfterPC. In the areas without
nanowires, the surface of the PET film remained unchanged,
thus, the surface bumps are attributed to the excess heat
generated at the nanowires during the photonic processing.

The silver nanowire electrodes covered with the TiO, coating
before photonic treatment are shown in Fig. 3(d) and (e). The
same electrode after photonic treatment is shown in Fig. 3(f).
This additional layer has been shown to provide thermal
stability, environmental protection, sustainability, and protec-
tion against UV degradation for the nanowire film."”*>**" It also
provides the benefit of an additional functional layer of metal-
oxide material that can be useful for device integration.
Surface coverage with energy-dispersive X-ray spectroscopy
(EDS) results are presented in Fig. S2 of the ESI section,

© 2024 The Author(s). Published by the Royal Society of Chemistry

showing an approximately 400 nm TiO, layer covering the
nanowire film. The densification resulting from the crystalli-
zation of the amorphous TiO, layer is known to potentially
increase the close contact between the adjacent nanowires,
leading to slight improvements in the overall sheet resistance of
the film even after the initial flash-driven plasmonic welding."”
The versatility of the photonic sintering post-processing allows
to dry and process films where residual solvents may be present,
by using long-envelope pulses that facilitate the drying process
and trigger the film's crystallization.'* This is shown in the
secondary post-treatment step described in Fig. 1.

Atomic force microscopy (AFM) analysis was employed to
investigate the surface topography of crystallized TiO, films
atop the AgNWs. Samples with AgNWs after photonic sintering
(AgNWs AfterPC) were partially covered in transparent scotch
tape. Then, the same TiO, deposition and crystallization
procedures took place. Finally, the tape was removed revealing
an area with bare AgNWs next to an area completely covered by
crystallized TiO,. The resulting AFM topography analysis shown
in Fig. 4(a) and (b) presents the partial coverage of anatase and
rutile TiO,, respectively. The scotch-tape tests also confirm the
presence of AgNWs after its removal, showing the permanence
of the nanowires embedded in the PET. Although precise film
height estimation from AFM profiles proved challenging,
a qualitative assessment was achieved by comparing image
colors with the scale bar. The height of anatase film was esti-
mated to be around 600 nm, shown in Fig. 4(a). The rutile-
covered sample, Fig. 4(b), displayed an average height of
around 400 nm. Inphase images in Fig. 4(c) and (d), facilitated
the discrimination of coated and uncoated areas, demon-
strating robust coverage of AgNWs by crystallized TiO, films, as

RSC Adv, 2024, 14, 4748-4758 | 4751
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Fig.4 Topographic images for samples crystallized into (a) anatase and, (b) rutile. Inphase images for samples crystallized to anatase (c) and rutile
(d), showing complete coverage of the AgNWs by the TiO; film. In (a) and (c), the areas whose height color correspond to green and higher, are
glue residues left by the tape after removal. The AQNWSs however, remain fixed to the PET substrate.

presented in Fig. 3. Importantly, the scotch-tape glue was
affected by the photonic processing and transferred to the films
upon removal. This is evidenced by regions whose height
registered above the hybrid films, corresponding to green and
above colors in the Fig. 4(a) and (b) and the darker regions in
Fig. 4(c) and (d).

With respect to the optical properties of these hybrid TCEs,
the deposition of the TiO, layer impacts the overall trans-
parency of the film by a small margin, with losses ranging
between 1% and 2% when measured at 550 nm. In contrast, the
amorphous TiO, layer does increase the haze factor in the films,
which is then changed by the photonic-induced crystallization
post-processing. The comparisons for visible transmittance and

haze can be observed in Fig. 5(a) and (b). The transmittance is
measured for all samples presented in Fig. 2, while the haze was
measured in one randomly selected sample after each fabrica-
tion step. The values presented in Table 1 correspond to the
average transmittance and the haze values measured at 550 nm
at each step of the fabrication process. Haze values are obtained
using the technique described in the ESI in Fig. S4,1 while the
transmittance spectra for the 12 anatase and rutile samples are
shown in Fig. S5.7

Two independent methods are used to confirm the crystal-
lization of the TiO, layer. First, we can use a modified devel-
oping solution (DevSol), whose preparation is described in the
Methods section. This DevSol test is known to wash away the
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o ®) —PET (© Anatase
881 —TiO, . Rutile
o 15 —— AgNWs - BeforePC -
g4 —— AgNWss - AfterPC s
3 ) ——— AgNWs + TiO, AfterPC (A)| 2
< . 2]
S80 g 10] —— AgNWs + Ti0, AfterPC (R)| &
€ © b=
a E \ =
& 761 ——PET \ g
= —— AgNWs AfterPC 54 S
72+ —— AgNWs + TiO, AfterPC (A)
—— AgNWs + TiO, AfterPC (R) T
68 T r v 0 - T T
400 500 600 700 800 400 500 600 700 800 100 200 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm) Rel. (1/cm)

Fig. 5 Optical properties of the hybrid TCE architecture samples at various stages of the fabrication process. (a) Transmittance of the samples at
each stage of the fabrication process. (b) Haze of the samples at each stage of the fabrication process. (c) Confocal Raman micro-spectroscopy
results from the crystallized samples after 6 and 7 J cm ™2 exposure, which are consistent with the anatase and rutile TiO, phases respectively.
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Table1l Averaged transmittance and haze values at 550 nm measured
at various stages of the fabrication process

Transmittance (%) Haze (%)
PET 89.8 1.3
PET + TiO, 88.4 1.3
AgNWs BeforePC 86.9 5.8
AgNWs AfterPC 86.5 8.9
AgNWs + TiO, AfterPC (anatase) 85.0 7.8
AgNWs + TiO, AfterPC (rutile) 85.2 7.7

non-crystallized TiO,, while the crystalline TiO, remains.>**
This simple method helps to quickly determine the optimal
pulse conditions to yield a crystalline structure, as a 15 second
immersion and subsequent washing in DI water are enough to
establish the crystallinity state of our films. Fig. 6(a) shows
a sample with an amorphous TiO, layer (AgNWs + TiO, BeforePC)
that failed the DevSol test. Because of the transparency of the
TiO, film, the red dashed line in Fig. 6(a) helps to distinguish
between the washed-away top region from the unwashed
bottom. For contrast, a sample where the layer is fully crystal-
lized (AgNWs + TiO, AfterPC) is shown in Fig. 6(b) and, that same
sample after it was immersed in the DevSol for 15 seconds in
Fig. 6(c) maintaining its integrity and the coverage of the TiO,
layer.

In turn, Raman spectroscopy can be used to assess the
samples that passed the DevSol test. Raman micro-spectroscopy
results from Fig. 5(c) clearly show the anatase and rutile TiO,
signatures after the proper photonic treatment. As such, these
results confirm that this precursor can be controllably-
converted to anatase or rutile TiO, depending on the target
application. Most importantly, this can be done with little
consequences on both the Ry, values and the optical trans-
mittance of this hybrid TCE architecture as shown in Fig. 2 and
5(a). It is very hard to obtain conclusive XRD measurements

(b)

(@) AgNWs + TiO2 BeforePC

AgNWSs + TiO2 AfterPC

View Article Online

RSC Advances

from smooth thin films of TiO, atop a PET substrate and AgNWs
in between. The PET substrate generates a strong signal that
completely obscures any other signal coming from the hybrid-
TCE constituents. Dried TiO, precursor, compressed in pellet
form enables proper XRD characterization of the crystalline
state after the photonic processing has taken place. Fig. S3(a)
and (b)t show the crystallization of these pellets processed to
yield anatase and rutile phases.

Finally, it was previously shown that conformal coatings
using TiO, to cover silver nanowire films offer environmental
protection against degradation and oxidation of the silver, thus
preserving its electrical properties.””***® We chose to test the
additional protection offered by the crystallized TiO, coating by
exposing a new set of samples to oxygen plasma during a brief
period. Experimental results shown in Fig. 7 clearly indicate
that only 40 seconds of plasma exposure at 50 W ionization
power is enough to increase the sheet resistance of the unpro-
tected electrodes by several orders of magnitude. Higher ioni-
zation power or longer exposure times easily break the
unprotected films, and it becomes impossible to measure the
sheet resistance value throughout the whole film. Fig. 7(a)
shows that unprotected samples turned dark as a result of the
forced oxidation of the silver,* unlike the samples protected by
a thin crystallized TiO, coating and shown in Fig. 7(b). Fig. 7(c)
and (d) compare the sheet resistance values for the hybrid TCEs
before and after the oxygen plasma treatment. In Fig. 7(c), bare
silver nanowire films (samples S1-S4) show a pronounced
increase in their Ry, compared to the samples S5-S7 that were
protected by the thin crystallized TiO, coating. These changes in
Ry, are highlighted in Fig. 7(d).

A useful tool to visualize the heat dissipation during both
rounds of photonic sintering is through the SimPulse simula-
tion tool available within the PulseForge Invent system. This
simulation can allow us to better understand the macroscopic
effects of the photonic post-processing parameters on the
substrate to avoid thermally-induced structural damage. There,

(6} AgNws + TiO2 AfterPC

Fig. 6 Effects of the developing solution on the TiO, layer atop the silver nanowires. (a) A sample with an amorphous layer after DevSol
immersion for 10 s. The red dashed line helps distinguish the TiO, layer left from the washed away region. (b) A sample after photonic curing of
the TiO; layer to yield a fully crystallized coating. (c) The same sample after 10 s immersion in the DevSol showing the permanence of the TiO,

layer.
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Fig. 7 Effects of plasma etching on a new set of samples. (a) AgNWs AfterPC samples only and (b) AgNWs + TiO, AfterPC samples. (c) This plot
shows AgNWs AfterPC samples S1-S4 before and after they were subject to plasma exposure and its impact on their Rg,. Note the y-axis break
that facilitates data display. (d) This plot shows the Rg, for samples S5-S7 after the photonic sintering of the AgNWs, then after the photonic
crystallization of the TiO, layer and finally, after the plasma treatment.

layers of material can be stacked atop each other, and the
simulation shows the temperature time profile at each interface
and at specific chosen depths. In Fig. 8(a), simulations suggest

that direct heating of the silver nanowires occurs during the
first 150 ps of the first pulse. Then, rapid cooling dominates
thanks to the thermal mass present in the substrate. As

b -
@ 1000 (®) 10004 oz 4000
PET 150um
§ 800 - § 800 -
;’ Chuck 6000pum B’
§ 600 - S 600+
S g
o © 1
[oX [oX
£ 4001 £ 400
) @
[ [
200 J— 2004
0] . . 0 : : : : :
0.0 0.5 1.0 1.5 2.0 0 5 10 15 20 25 30
Time (ms) Time (ms)

Fig. 8 Thermal profile simulations of both photonic sintering processes obtained with the SimPulse simulation tool. (a) Thermal profile over time
between the silver nanowire film and the substrate. The blue dashed line shows the temperature profile at 25% of the total thickness of the
substrate, starting from the interface with the nanowire film. (b) Thermal profile over time for the hybrid TCE during the photonic sintering
treatment. The temperature profile inside the substrate is calculated at three distances (25%, 50% and 75% from its surface) represented by the
dashed lines. In both figures, the legend is shown by a schematic of the device under analysis, where the horizontal lines correspond to the
plotted lines.
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expected, the whole nanowire film and the surface of the PET
follow the same temperature profile. Moving deeper into the
substrate after 25% of the total thickness, the temperature
profile stays below 200 °C as represented by the dashed blue
line. The continuous green line illustrates how the bottom of
the PET barely registers any temperature increase throughout
the entire process due to the significant thermal gradient.

In contrast, the transient temperature profile of the device
with the TiO, coating shows a synergistic effect. We assume that
both the silver nanowires and amorphous TiO, follow the same
temperature progression as their simulated profiles are
perfectly superimposed in Fig. 8(b) as shown by the yellow, dark
grey and red continuous lines. Of course, this heating profile is
most likely to be non-uniform, with a local heating effect more
pronounced around the nanowires. Even though the system
reaches temperatures of over 1000 °C, the nanowire network
easily transfers this excess heat to both the substrate and the
TiO, coating, helping with the crystallization process.> In this
case, we analyze the temperature profile inside the PET
substrate at 25, 50 and 75% of the PET's total thickness, shown
in Fig. 8(b). At around 75% of the substrate's thickness, the
temperature never surpasses 200 °C, which is in line with the
thermal specifications of the PET substrate, thus avoiding
damage to it.

3 Discussion

Conceptually, it is somewhat surprising to observe that the
silver nanowire film's properties remain mostly unchanged
when a long pulse is used to crystallize the thin amorphous TiO,
coating. Pulses of 10's to 100's of microseconds in duration
quickly raise the temperature of the metallic nanowires,
enabling the formation of strong joints at the points where the
nanowires are in contact. This occurs thanks to the almost
instantaneous localized heat generation along the nanowire
network as a result of the surface plasmon resonance that
metallic nanostructures exhibit in the visible portion of the
electromagnetic spectrum.>**> Because plasmon-induced weld-
ing is self-limiting, the heat accumulation at the intersections
stops once the joining process occurs.” When the absorbed
photonic energy converts into heat, it then spreads throughout
the whole percolated nanowire network before being dissipated
in the substrate. This suggests that heat dissipation from the
AgNWs is facilitated by the superior heat capacity and low
thermal conductivity of the substrate.* Additionally, direct
contact with the aluminum chuck cools the substrate's back,
creating a large thermal gradient. Finally, increasing the pulse
fluence by adjusting the time envelope can facilitate greater
heat transfer from the nanowires to the substrate.* For the case
of the longer pulses used to crystallize the TiO, layer, the
heating is much slower. This favors the ceramic crystallization
process while still giving sufficient time for the surface of the
substrate to reach thermal equilibrium, preventing any
thermally-induced damage, even though the temperature
reached at the substrate's surface is much higher, as seen in
Fig. 8(b).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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This can be understood from the thermal equilibration time
7 calculated for each of the materials involved.” Based on the
material parameters available in the SimPulse simulation, a 150
um-thick PET substrate possesses a Tppr = 23 ms, for a 200 nm-
thick film of silver nanowires is tognws = 58 ps approximately®
and the TiO, coating possesses a trijo, = 7 ns approximately,
a value that is obtained from the database present in the Sim-
Pulse software. One of the conditions necessary to achieve
successful photonic curing of materials is that the pulse dura-
tion (t,) must be much shorter than the thermal equilibrium
time of the substrate (tpgr = 23 ms, from SimPulse material
database). In this case, the heat generation coming from the
silver nanowire film can be dissipated into the substrate. If the
nanowires are processed using a longer pulse envelope
comparable to tpgr, the absorbed energy will transfer to the
substrate too fast to properly weld the film of nanowires. This
also explains why the pulse conditions used to crystallize the
TiO, layer does not affect the Ry, of the already treated nanowire
film, even if the pulse fluence is about 6 x times higher than the
pulses used to process the nanowires. Indeed, higher fluence in
longer pulses does not necessarily translate into higher peak
power density (PPD). The short pulse used in the photonic
treatment of the silver nanowires possesses a PPD of 7.21 kW
cm 2, whereas the long pulse with higher fluence used in the
crystallization of the TiO, only delivers a PPD of 0.69 kW cm >
using a Gaussian pulse profile.

Although the trjo, is almost 1000x greater than that of the
AgNWs, it remains shorter than the pulse's duration, meaning
that the crystallization process should not damage the
substrate, as shown in Fig. 8(b). However, photonic crystalliza-
tion of the TiO, layer atop the silver nanowire layer requires
a more advanced analysis. The presence of oxygen vacancies in
the TiO, precursor modifies its optical absorption levels,
extending them to longer wavelengths.*>*® As such, photons
with less energy than the nominal TiO, bandgap can still be
absorbed and trigger the crystallization.**** The presence of the
silver nanowires also helps inducing the crystallization of the
TiO, coating by converting their absorbed photonic energy as
heat, because silver is a much better absorber than TiO,.**%’
Additionally, the presence of the metallic atoms promotes the
reorganization of the Ti-O bonds into lower energetic states,
which improves the crystallization.’”*® Indeed, we tested the
TiO, film crystallization atop the PET substrate without the
AgNWs using the same photonic post-processing conditions
reported for both anatase and rutile phases. These results
shown in the ESI Fig. S61 demonstrate that we cannot obtain
a crystalline layer. As a result, these samples all failed the DevSol
immersion test. These results confirm the contribution of the
silver nanowires to the metal-induced crystallization of the
TiO,.

4 Conclusions

We report a facile fabrication route to produce hybrid trans-
parent conductive electrodes (TCEs) on flexible PET. Their
optical and electronic properties are comparable with
previously-reported single-material silver nanowire-based TCEs.
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Our best devices consist of a layer of AgNWs covered with
anatase TiO,. They boast an average optical transparency of
84% and haze value of 7.7% at 550 nm, with a sheet resistance
down to 18 Q sq.”'. These results are obtained through the
carefully-controlled photonic treatment of each layer separately.
Indeed, a single 1 x 1 inch hybrid TCE sample can be entirely
fabricated in less than an hour, including the cleaning and
preparation of the PET substrate and the post-processing of
each of the layers.

The successful welding of silver nanowires on flexible poly-
meric substrates and the optically-induced crystallization of
TiO, layers for applications in optoelectronic devices have been
previously demonstrated independently. However, integrating
both materials and post-processing together is a new develop-
ment in the field of additive manufacturing for flexible elec-
tronics. We demonstrate that this understanding the synergistic
post-processing effects of each material allows to treat simul-
taneously a wide array of materials using industry-grade
photonic sintering machine.

We use a known developing solution test as a fast and reli-
able approach to test the crystallization of thin-film metal-
oxides, a method that can be efficiently incorporated in
production lines for effective quality control at any point of the
fabrication processes. It also tests the compatibility of our TCE's
with fabrication processes for devices where contact with
solvents and other chemicals could potentially damage either
the AgNWs or TiO,. Also, oxygen plasma is used for quality
control and to test the accelerated degradation of our TCEs.

To the best of our knowledge, this is the first hybrid-material
transparent conductive electrode architecture that is completely
treated by photonic sintering methods. Taking advantage of the
diverse processing demands of different materials, it is possible
to envision higher number layers of different materials that can
be assembled this way, to create functional devices with very
short processing times. As such, we firmly believe that this work
helps bring flexible hybrid TCEs closer to large-scale
manufacturing capabilities.

5 Experimental section
5.1 Material preparation

Silver nanowires with average diameter of 100 nm and length
from 100 to 200 um dispersed in ethanol with a concentration of
20 mg mL ™' were purchased and used as-received from ACS
Materials (Agnw-L100). The substrate is heat stabilized poly-
ester film purchased from Tekra (Melinex ST505). Titanium(iv)
butoxide (TNBT), ethanol anhydrous, acetylacetone (acac) and
acetic acid anhydrous >99% were procured from Millipore
Sigma and used as-purchased. To prepare the defect rich, light
sensitive, amorphous TiO, precursor, 28.853 g of ethanol mixed
with 1.474 g of acac were placed under magnetic stirring for 20
minutes. Then, 1.860 g of TNBT were added, while maintaining
the stirring for additional 40 minutes. Hydrolysis was triggered
by adding dropwise 0.84 mL of DI water. This solution is
covered in parafilm to restrict contact with air and contami-
nants and then, is left aging for 8 months. The resulting
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solution was diluted in anhydrous ethanol at 10% w/w
concentration ready for deposition.

5.2 Assembly of the silver nanowire networks and deposition
of titanium dioxide layer

The PET substrates were cleaned with IPA alcohol and prepared
for oxygen plasma cleaning for 10 minutes at 150 Watts using
a PE-100 system from PlasmakEtch. After, the PET substrates
were cut in 22 x 22 mm squares and placed on the spin coater
chuck. The deposition of the AgNW film was done applying 300
uL of Agnw-L100 solution on the still substrate, ensuring
complete area coverage. The spin coating process is then started
at 4000 rpm for 45 s. Afterwards, the first round of photonic
sintering processing took place using a PulseForge Invent
system from Novacentrix. Subsequently, 200 puL of the amor-
phous TiO, precursor was drop-casted completely covering the
sample and a second spin coating process took place at
4000 rpm for 45 s. After, the second round of photonic sintering
processing took place to crystallize the TiO, layer.

5.3 Developing solution (DevSol) preparation and testing

The solution was prepared by adding 2 mL of acetic acid in
20 mL of 1:3 DI water to methanol mix. To help identify the
effects of the DevSol test, the samples were partially immersed,
leaving half of the sample untouched. The immersion took
place for 15 seconds and after, de-ionized water was used to
wash the samples.

5.4 Sample characterization

Sheet resistance was measured using the 4-point probe system
from Ossila. Optimization of the best photonic curing condi-
tions to weld the AgNW film was done by only measuring the
samples before and after in the same center spots, previously
marked for uniformity of the measures. Rapid proof of crystal-
lization of the TiO, precursor was done following a modified
version of rinse-in developing procedure reported elsewhere.>*!
Plasma ageing was done using the same PE-100 PlasmaEtch
system, set to 50 Watts for 40 seconds. Raman characterization
is done using a WITec Alpha300 confocal Raman microscope
equipped with a 60 mW fiber-coupled CW laser at 532 nm
emission wavelength and a mechanical attenuator. SEM and
EDS imaging was done using a SU8230 from Itachi. XRD was
done using a Bruker D8 Advance, equipped with a Cu source.
Atomic force microscopy analysis was done using a Bruker
MultiMode8-HR AFM. Optical transmittance and haze analysis
were done using a UV-VIS-NIR spectrophotometer PerkinElmer,
Lambda 750 with an integrating sphere. Haze measures were
performed following the procedure described in the ESI.{
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