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Abstract

®

CrossMark

Silver nanowire (AgNW) networks have attracted particular attention as transparent conductive
films (TCF) due to their high conductivity, flexibility, transparency, and large scale processing
compatible synthesis. As-prepared AgNW percolating networks typically suffer from high

contact resistance, requiring additional post-synthetic processing. In this report, large area

irradiation with 200 ns short intense pulsed ion beam (IPIB) was used to anneal and enhance the
conductivity of AgNW network, deposited on temperature-sensitive polyethylene terephthalate
(PET) substrate. A TCF sheet resistance shows irradiation dose dependence, decreasing by four
orders of magnitude and reaching a value of 70 §2/sq without damaging the polymer substrate,
which retained a transparency of 94%. The IPIB irradiation fused AgNW network into the PET
substrate, resulting in a great adhesion enhancement. Heat transfer simulations show that the heat
originates at the near-surface layer of the TCF and lasts an ultra-short period of time. Obtained

experimental and simulation results indicate that the irradiation with IPIBs opens new
perspectives in the low-temperature annealing of nanomaterials deposited on temperature-

sensitive substrates.

Supplementary material for this article is available online

Keywords: silver nanowires, intense pulsed ion beam irradiation, flexible transparent

conductive films

(Some figures may appear in colour only in the online journal)

1. Introduction

Silver nanowires (AgNWSs) based transparent conductive
films (TCFs) are promising for application in flexible

Original content from this work may be used under the terms
BY of the Creative Commons Attribution 4.0 licence. Any

further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOIL

0957-4484,/21/145706-+10$33.00

1

electronics due to their high electrical conductivity, mechan-
ical flexibility, simple and cheap liquid phase synthesis [1-7].
AgNWs have been successfully implemented in transparent
heaters, touch panels, flexible displays, fuel cells, solar cells,
as electromagnetic interference shielding, current collectors
and in other devices [8-14]. Various methods of AgNWs
synthesis have been developed, among which, a polyol
synthesis is one the most widely used ones [2, 7]. The method
is technologically simple, inexpensive, and compatible with

© 2021 The Author(s). Published by IOP Publishing Ltd Printed in the UK
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drop-casting, dip-coating, spin-coating, rod-coating and other
cost-effective deposition techniques [1, 11]. After the polyol
synthesis, AgNWs are typically covered with a thin poly-
vinylpyrrolidone (PVP) dielectric layer, which hinders the
current flow at the contact points of the AgNWs in a TCF.

There are several important considerations for AgNWs-
based TCFs fabrication and integration into flexible devices:
(1) high electrical conductivity, which can be hindered by
high contact resistance between the NWs in as-prepared
networks; (2) adhesion, limited by weak interaction of
AgNWs with substrate; and (3) long-term stability, which
suffers from the reaction of silver with oxygen and sulfur, in
the air. Therefore, to improve the properties of AgNWs-based
TCFs, an additional post-deposition processing is usually
required. This step should not degrade the optoelectronic and
mechanical properties of both NW and substrate.

Various solutions have been proposed to improve the
conductivity of AgNW percolating networks, with many
efforts being put into the development of a nano-welding
process [15]. The nano-welding was performed with liquid
phase modifications or by using heat, light, and charged
particles. The former utilizes capillary force [16] or chemical
reaction [17] driven self-limiting, room temperature, large-
scale fabrication compatible nano-welding. However, these
methods limit the substrate choice due to the hydrophilicity
and chemical stability requirements. Heating using conven-
tional ovens, hotplates or rapid thermal annealing typically
requires temperature in the range between 200 °C and 300 °C
[18, 19], making them incompatible with temperature-sensi-
tive polymer substrates and cannot be used for flexible elec-
tronics fabrication.

On the other hand, light-induced annealing, performed
using lasers [20, 21], flash lamps [22] and sunlight [23] is
local and rapid enough to be used with polymer substrates.
The approach relies on plasmon resonance, originating at the
junctions of NWs, resulting in a local heat generation and
AgNWs nano-welding, without affecting the substrate. A
ILaser-based annealing was also shown to be an effective
technique for nano-welding of other metallic [24, 25] and
semiconducting [26, 27] NWs. However, the light-induced
annealing may result in the temperature variations due to
light-specific physical phenomena, such as a highly material-
dependent absorption, interference, and hot corner effects,
which become more pronounced with ever-increasing geo-
metrical and structural complexity of devices [28-30].
Additionally, the laser-based annealing requires extensive
raster scanning, significantly increasing the processing time.

Charged particle beams, particularly -electrons, also
proved to be capable of AgNWSs nano-welding and improving
the optoelectronic properties of TCFs [31, 32]. The irradiation
with ion beams was also shown to be promising, for which
proton, copper, and carbon ions were used [33, 34]. It was
argued that the welding occurs due to non-thermal effects,
such as ion tracks formation and collision cascade diffusion
processes. For continuous electron and ion beams, the heating
is typically minimal due to the low current density of the
techniques, which requires an ion fluence (dose) of
10" jons cm ™2 and higher. This increases the processing time

and makes the irradiation with continuous beams unfavorable
for large scale fabrication.

In this work, the irradiation with intense (i.e. high-cur-
rent density) pulsed ion beam (IPIBs) is used to enhance the
conductivity of AgNW percolating network, deposited on
top of the temperature-sensitive polyethylene terephthalate
(PET) substrate. In the context of beam-matter interaction,
there is an important difference between the irradiation with
low current density continuous beams (1A cm™?), discussed
above, and high-intensity IPIBs (tens of A cm ™2 and higher):
the same number of particles is being delivered to the
sample within significantly lower amount of time (min/
hours versus nanoseconds) [35, 36]. As a result, the IPIB
irradiation is accompanied with an enormous, but very
short-lasting heat generation, restrained in the top few
micrometers, while keeping the bulk of the substrate at low
temperature.

2. Materials and methods

2.1. Synthesis of AgNWs

Silver nitrate (AgNO3, 99.8%), poly-vinyl pyrrolidone (PVP,
MW = 360000), sodium chloride (NaCl, 99.5%), potassium
bromide (KBr, 99%), ethylene glycol (EG, 99.0%) were
purchased from Sigma-Aldrich. All reagents were used as
received, without any further purification.

AgNWs were synthesized using a modified polyol
method specially developed in our group. Firstly, 0.4 g of
PVP was added to 75 ml of EG in a 100 ml conical flask.
PVP was completely dissolved in EG by agitating the
mixture using a magnetic stirrer (500 rpm), at 130 °C in
30 min. The resulting solution was transferred to a different
hotplate with magnetic stirrer, preset to room-temperature
and was cooled down to 20 °C, while stirring at 500 rpm.
After that, 0.5 g of AgNO; powder was added to the solu-
tion, completely dissolved in 10 min at room-temperature,
while stirring at 500 rpm. It is important to note that if the
temperature of the solution before adding the AgNO; pow-
der is above 30 °C, Ag gets oxidized and the solution
becomes darker, resulting in the final product mostly con-
sisting of Ag nanoparticles.

NaCl and KBr solution in EG was prepared in a separate
vial by dissolving 0.1 g of NaCl and 0.015 g of KBr in 20 ml
of EG, assisted with the ultrasonication. Next, 200 ul of NaCl
and KBr solution in EG was added to AgNO; and PVP
solution and stirred for two minutes at room-temperature. The
resulting mixture was transferred to the hot-plate pre-heated
to 130 °C (without oil bath) and was stirred with 500 rpm.
After 10 min the stirring was turned off and the mixture was
left without agitation for AgNWs to grow at 130 °C for 5 h.
Finally, the suspension was cooled down to room temper-
ature, subsequently washed in ethanol three times by cen-
trifugation at 2000 rpm for 10 min. After the centrifugation, a
small amount of large visible agglomerates of AgNWs were
observed in the suspension. To remove the agglomerates, the
solution was filtered through several layers of nylon fabric.



Nanotechnology 32 (2021) 145706

M Kaikanov et al

a AgNWs TCF fabrication —_— Irradiation with IPIB < Enhanced conductivity
o, AgNWs TCF
\ PVP —e Intense Pulsed lon Beam o,
s shell Rk‘f + + * * + R(ﬁ{' L, Welded AgNWs _am
* e AgNW with low RC
=X >X ><X
b C
107 ! Non-irradiated 30 Alcm?
S P ——— 60 Alcm? 90 A/lcm?
210°F @ / 100
c = i X
§105 [ \\ y § 80
S E \ // S60fF
7] \ —
%10 F ; £
8 \ / 240+
5. \ P S
2 == - " 20}
10% | 5 or
1 " 1 1 1 n 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 300 400 500 600 700 800
Current density (A/cm?) Wavelength (nm)

Figure 1. (a) Schematic illustration of AgNW-based TCFs fabrication and irradiation with IPIB. (b) The sheet resistance evolution as a
function of the IPIB current density, demonstrating the conductivity improvement by four orders of magnitude. (c) Optical transmittance
dependence on the beam current density, confirming the highly transparent nature of TCFs after the irradiation.

After the filtration, no visible agglomerations were found in
the dispersion, which was further used in experiments. The
PVP layer improves NWs dispersion in solution and prevents
agglomeration due to steric repulsion. The dimensions of
synthesized AgNWs were routinely estimated by obtaining
SEM images from multiple spots (at least 5) across the sample
and analyzing the images with the Imagel] software. The
average diameter and length were 55 + 6 nm and 2040 pm,
respectively.

2.2. Fabrication of flexible TCFs

The PET films (5 x 5 cm? with a thickness of 500 pm) were
used as substrates for AgNW TCFs fabrication. The PET
was fixed to a rigid substrate holder using double-sided
conductive tape during TCF fabrication, irradiation and
characterization steps, where applicable. Firstly, the PET
substrates were cleaned using sonication in DI-water, fol-
lowed by sonication in ethanol, each for 10 min. Next, 2 ml
of AgNWs dispersed in ethanol was dropped on the PET
film, which was enough to fully cover the surface of the
substrate, followed by spin-coating at 1000 rpm for 2 min. In
2 min most of the ethanol evaporated from the substrate and
AgNWs uniformly covered the PET substrate without the
coffee-stain effect. Next, as-prepared TCFs were dried in the
oven at 50 °C for 20min to ensure complete ethanol
removal. The coating procedure was repeated four times to
increase the density of AgNWs. Subsequently, the AgNW
networks on the PET substrate were treated by one pulse of
IPIB with different beam current densities at the Innovative
Nazarbayev University’s Research Accelerator (INURA)

facility [35]. The obtained samples were irradiated with a
single IPIB pulse with a total duration of 200 ns, consisting
of protons with a peak kinetic energy of 300 keV. For uni-
form irradiation, the beam spot size was kept larger than the
size of samples in all experiments. The beam current density
was varied in the range from 10 to 90 Acm*Z, which cor-
responded to a fluence from 3-10'? to 3-10" ions cmfz,
respectively. A corresponding schematic illustration is
shown in figure 1(a).

2.3. Characterization

The shape and size of AgNWs before and after irradiation
with IPIB were studied using the Carl Zeiss Crossbeam 540
scanning electron microscope (SEM). Structure and crystal-
linity of AgNWs were analyzed with the Rigaku SmartLab
x-ray diffraction (XRD) system equipped with a Cu Ko«
radiation source. Transmittance and absorbance spectra of
TCFs were measured with the Perkin Elmer UV-vis—NIR
spectrophotometer. The sheet resistance of TCFs was mea-
sured using the Jandel RM3000+ four-probe measurement
system. Atomic force microscopy (AFM) measurements were
performed on the AIST-NT SmartSPM 1000 microscope.
Optical images were obtained with the ZEISS Axioscope 5
microscope. All measurements were performed at Nazarbayev
University Core Facility. The adhesive tape test was per-
formed by attaching a 3 M Scotch tape, firmly pressing it

against the TCF and slowly peeling it off in the same way for
all samples.
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Figure 2. (a) SEM images of AgNWs on PET substrate before; and (b)—(e) after the irradiation with a beam current density of (b) 10 Acm™~,
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(©) 30 Acm ™2, (d) 60 A cm 2 and (e) 90 A cm 2. (f) XRD measurements before and after the irradiation.

3. Experimental results

3.1. Electrical and optical properties of the AgNW networks
irradiated with IPIB

Figure 1(b) shows the TCF sheet resistance measurement
results before and after the irradiation. The as-prepared
AgNW percolating network shows a high sheet resistance in
the order of 10° €/sq due to the high contact resistance
between AgNWs covered with the PVP. After the irradiation
by IPIB with a beam current density of j = 10 Acm 2 the
sheet resistance decreased to 600 (2/sq, further decreasing to
70 Q/sq at j=30A cm 2. Increasing the beam current
density to 60 A cmfz, increased the sheet resistance of AGNW
TCF to 10° Q/sq. After the irradiation with a beam current
density of 90 Acm 2, the AgNW network becomes non-
conductive. Thus, the electrical measurements showed that
the sheet resistance can be modulated and optimized by
changing the IPIB current density, decreasing by four orders
of magnitude compared to as-prepared AgNWs after the
irradiation with j = 30 A cm ™2

The optical transmittance measurements revealed that
the IPIB irradiation with a beam current density of up to
30 A cm™? does not degrade the transmittance of the TCF in
the visible range and slightly improves it in the ultraviolet
range (figure 1(c)). The transmittance at 550 nm remained at
94%. The TCFs show a typical strong absorption band at
320 nm and a weaker one at 380 nm that correspond to the
diameter-dependent quadrupole resonance excitation mode
and transverse plasmon resonance of AgNWs, respectively
[37-39]. Increasing the beam current density to 60 A cm >
only slightly changed the transmittance, mostly in the UV-
region, whereas after the irradiation with a current density of
90 A cm ™2 an additional wide absorption band at 390—430 nm
emerged. This band can be attributed to the formation of Ag

nanoparticles [39]. The inset in figure 1(c) shows a
photograph of the fabricated AgNWs on PET, irradiated with
a current density of 30 A cm > and placed on top of the
Nazarbayev University logo, demonstrating the high trans-
parency of the TCF.

To comparatively evaluate the performance of the TCF
with the highest conductivity, a commonly used figure of
merit (FOM) [40] was calculated using the following
equation: FOM = (T/100)'°/Ry,, where, T is the transmit-
tance (%) and Ry, is the sheet resistance (£2/sq). Using the
obtained values for the sheet resistance (70 €/sq) and
transmittance (94%) of the sample after the irradiation with a
current density of 30Acm 2, a FOM of 7.7 x 10~ was
obtained, which is better or comparable with the FOMs
reported for the widely used ITO films [1]. However, unlike
AgNWs, the ITO suffers from brittleness and inability to
withstand strain higher than 1%, which makes it unsuitable
for many flexible device applications [41]. The obtained FOM
is also comparable with those reported for other nanowires
[1], although the electrical conductivity can be further
improved by optimizing the synthesis parameters.

3.2. Morphology and crystallinity of the AQNW networks
irradiated with IPIB

The morphology of AgNW networks on PET after the irra-
diation was further studied using the SEM. Figures 2(a)—(e)
shows the regions of as-prepared and irradiated AgNWs,
representative for entire samples with an area of 25 cm?. After
the irradiation with pulsed proton beam with a current density
of 10 Acm 2, small debris appear that we interpret as PVP
residues formed as a result of PVP redistribution (figure 2(b)).
Increasing the current density to 30 A cm > further decom-
posed the PVP with only small residues observed afterwards.
A slight local flattening of NWs at the junctions, together with
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Figure 3. (a) A comparison between the heights of randomly selected AgNWs before and after irradiation with j = 30 A cm™, indicating a
significant difference that can be attributed to the fusion of AgNWs into PET upon irradiation. (b) The height of various regions on the
irradiated AgNWs, showing that the stacked height (sum of heights) of NWs (labelled as ‘NW1 + NW?2’) is higher than the measured height
of the junction that these NWs form (labelled as ‘Junction’), suggesting their nano-welding. (c) A representative AFM image of AgNW
percolating network with solid lines demonstrating how analysis in (b) was performed.

a significantly improved sheet resistance, suggests that the
nano-welding of AgNWs occurs as another mechanism
behind the contact resistance improvement. Further increase
of the beam current density to 60 A cm 2 resulted in Ag
nanobeads formation and a more pronounced fusion of the
AgNWs into the PET. The former can be explained by the
Rayleigh instability induced transformations that result in
metal NWs breaking up (melting) into nanoparticles under
annealing at high temperatures. After the irradiation with a
current density of 90Acm_2, the percolation network
becomes completely discontinuous with more pronounced
nanobeads formation, which might be of interest for plas-
monic applications [42]. The evolution of the AgNWs
morphology at different current density values explains and
perfectly matches with the sheet resistance evolution, as well
as with the changes observed with the optical transmittance
measurements. The obtained results show that the irradiation
with a single IPIB pulse of 200 ns duration can be used to
enhance the AgNW network conductivity through the heat-
induced PVP removal and nano-welding, while simulta-
neously fusing the network into the PET substrate.

XRD measurements were performed to study the crys-
tallinity of the AgNWs after the irradiation with the different
current densities (figure 2(f)). The XRD pattern of as-pre-
pared NWs revealed their face-centered cubic [38] structure
with a lattice parameter of @ = 0.408 nm. After the irradiation
with a current density of 30 A cm ™2, the intensities of (111),
(200), (220) and (311) peaks slightly decreased, without any
detectable shift and change in the lattice parameter, suggest-
ing that the degree of crystallinity reduced only slightly. The
XRD spectra of the AgNWs irradiated with a current density
of 90 A cm? showed almost no peaks, indicating complete
amorphization.

AFM was used to evaluate the topography of non-irra-
diated AgNWs, and the TCF with the highest conductivity
irradiated with a beam current density of 30 A cm .
Figure 3(a) compares the heights of non-irradiated and irra-
diated AgNWs, as well as indicates their average heights
(thick dashed lines) and the corresponding standard devia-
tions (thin dashed lines). The average height of non-irradiated

NWs was measured to be 55 £ 6 nm, which matches the NW
diameters estimated with the SEM. After the irradiation with a
beam current density 30 A cm 2 the average height was
reduced to 39 4+ 5 nm with respect to the PET substrate. The
observed difference, together with the SEM results, show that
the PVP layer was removed and that the NWs were partially
fused into the polymer substrate. The latter is advantageous
for the improvement of the mechanical stability of the per-
colating network. Figure 3(b) compares the height of AgNWs
junction after the irradiation (labelled as ‘Junction’) with the
sum of the heights of two NWs that form it (labelled as
‘NW1’ and ‘NW2’). Solid white lines in figure 3(c) demon-
strate how these height profiles were extracted. The analysis
shows that the calculated algebraic sum ‘NW1 + NW2’ is in
most cases higher than the height of the junction that they
form. The obtained AFM results match with the SEM
observations and correlate well with the previously discussed
improvement of the sheet resistance, together pointing
towards AgNWs welding and fusion into the PET substrate.

3.3. Mechanical flexibility and adhesive properties of the
AgNW network after IPIB irradiation

The observed AgNWs fusion into PET and nano-welding
should result in mechanical stability improvement of the
network. To confirm it, the TCF irradiated with a beam cur-
rent density 30 A cm > was tested by cycling bending.
Figure 4(a) shows that the relative resistivity change was
within 4% while applying 200 bending cycles, demonstrating
excellent durability of the TCF. To further confirm the latter,
the adhesive tape test was performed by firmly pressing the
tape onto the right half of samples and slowly peeling it off.
Figure 4(b) shows the corresponding optical microscopy
images, obtained for the non-irradiated and irradiated samples
after the tape removal. The non-irradiated AgNWs showed
poor adhesion to the substrate with many NWs removed after
peeling off of the adhesive tape. In contrast, the irradiated
samples demonstrated excellent AgNWs adhesion to the PET
substrate, without the visual change in the NWs areal density
after the testing. Bending cycling and adhesive tape tests
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Figure 4. Mechanical stability of AgNW-based TCF irradiated with j = 30 A cm ™2, tested using (a) bending cycling tests, showing no
degradation of the sheet resistance; and (b) adhesive tape test revealing high mechanical stability of the irradiated sample.

support the SEM and AFM results, confirming the fusion of
AgNWs into the polymer substrate, which improved their
mechanical stability.

3.4. The simulation of heat transfer in AQNW-based TFT upon
IPIB irradiation

The Stopping and Range of Ions in Matter (SRIM) software
[43] was used to gain the information about protons interac-
tion with a target, consisting of a thin layer of Ag (110 nm) on
PET. Irradiation parameters, consistent with our experiments,
were used for simulations. The average penetration depth of a
proton beam with a kinetic energy of 300 keV was calculated
to be 3.5 pm (figure S1(a) (available online at stacks.iop.org/
NANO/32/145706 /mmedia)), which suggests that only the
surface layer of the sample interacts with the beam and that no
IPIB-induced doping of AgNWs should be expected. For
protons with energies of several hundreds keV, the electronic
stopping dominates over the nuclear stopping, indicating that
most of the kinetic energy of incoming protons is converted
into heat rather than recoil atoms. The latter becomes more
pronounced deeper inside the PET substrate, avoiding the
sputtering of AgNWs. While the discussed energy transfer
mechanism is true for both low current density continuous
beams and high current density IPIBs, the heat generated by
the latter is significantly higher due to ultra-short pulse
duration, so the near-surface layer of the target does not have
time to cool down during the pulse. The SRIM simulation
revealed that the collision of protons with the target induces
Ag vacancies with a concentration of 10'"-10"® cm ™ for the
beam current density range used in this study (figure S1(b)).
We presume that the actual intrinsic defect concentration
should be significantly lower (if any), since the created
defects are annealed out at high temperatures caused by a
high-current density of IPIB.

Since the direct temperature measurement with nano-
second resolution is a challenging task, the IPIB-induced
thermal annealing was modeled using the one-dimensional
time-dependent finite element method in COMSOL Multi-
physics. Proton beam energy loss, calculated with the SRIM
and demonstrated in figure S1(c), together with the ion beam

current density time dependence profile, measured with the
accelerator’s Faraday cup detector, were used to calculate the
time- and depth-dependent ion beam power density trans-
ferred into the material [44], which was used as a heat source
in simulations. The initial temperature across the sample was
set to Ty = 293 K. At the substrate-to-vacuum interface we
used radiation boundary conditions, describing the radiating
heat transfer governed by the Stefan—Boltzmann law:
J = eo(T* — T§), where J is the surface-to-ambient radiative
flux, ¢ is the emissivity, o is the Stefan—Boltzmann constant.

Figure 5(a) shows the obtained temperature evolution for
the first 2 us for two cases: (1) 55 nm thick Ag layer; and (2)
bilayer Ag with a total thickness of 110 nm. The first case
represents an individual AgNW, while the second case
represents a two-nanowire junction. The PET (substrate)
thickness was set to 500 gum. The PVP thickness was not
taken into account since it is too small to noticeably con-
tribute to the heat transfer process. The inset in figure 5(a)
demonstrates the temperature evolution for a 100 ms long
period.

Simulations revealed that within the first ~200 ns, the
temperature rockets from the room temperature to 735 °C and
856 °C for an individual and bilayer Ag, respectively. Both
profiles demonstrate that the annealing temperature reaches
values high enough for PVP evaporation and Ag softening or
melting. The annealing thermal budget of the Ag bilayer is
noticeably higher than that of the individual Ag layer, which
is expected for a thicker metallic layer, and can be explained
by higher ion energy loss in Ag compared to PET (figure
S1(c)). The obtained simulation results suggest that the local
temperature at AgNWs junctions is the highest, explaining
their heat-induced local flattening, observed with the SEM.

Figures 5(b)—(c) show the temperature evolution as a
function of the sample depth. The simulation shows that the
heat originates during the first 200 ns (figure 5(b)), within the
top 3.5 pum of the sample, which corresponds to the proton
penetration depth (compare with figure S1(a)). Due to a
higher energy loss in Ag, compared to PET, the former heats
more, reaching a temperature of 850 °C. A second wide peak
can be observed at around 3 pm, where most protons stop,
corresponding to the Bragg peak. After the irradiation stops
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Figure 5. (a) IPIB-induced temperature evolution as a function of time in structures consisting of 55 and 110 nm thick Ag on 500 pm thick
PET, representing individual AgNW and NWs junction, respectively. (b) Temperature evolution as a function of depth in 110 nm thick Ag on
PET structure for the first 200 ns, i.e. during the irradiation; and (b) after the irradiation in the 200 ns — 100 ms time range.

(figure 5(c)), the temperature across the first 3.5 pm starts to
stabilize, reaching equilibrium within ~10 ps. Simulta-
neously, heat starts to propagate deeper into the bulk of the
PET. Within a sub-1 ms period of time, the temperature
across the entire sample becomes below 260 °C, which cor-
responds to the melting point of the PET. Although the
temperatures obtained in the simulation are much higher at
first, it was shown experimentally by other authors that
polymers can withstand high temperatures if the annealing is
rapid and local [45, 46]. Our simulations show that the
heating and cooling rates are in the order of 10°-10°°Cs™'
and 10°-10%°Cs™', respectively. Such high rates, together
with the surface annealing, are important to avoid the thermal
degradation of polymer substrates.

4. Discussion

The IPIB technology was initially developed in late 1970s for
the high-energy-density physics experiments, later finding
new applications to modify the near-surface layer of bulk
materials, such as metals, alloys, ceramics and films [47, 48],
while the effect of IPIBs on nanomaterials remains an
underexplored field. In this work we demonstrated that the
irradiation with IPIBs can be used to improve the conductivity

of AgNW network deposited on PET substrate. We believe
that this technique can be extended to other nanomaterials,
where low-temperature processing is required. Table 1 con-
tinues the discussion provided in the introduction section and
compares various techniques with the focus on the annealing
of nanomaterials deposited on temperature-sensitive polymer
substrates. The required low-thermal budget annealing can be
achieved using laser, flash lamp and charged particles based
treatment, each having unique capabilities and limitations.
For example, laser processing offers local temperature
increase and welding at NWs junctions caused by plasmonic
effects, while the surrounding parts remain at considerably
lower temperatures. Continuous ion and electron beam irra-
diation induce AgNWs welding mostly through non-thermal
effects. Compared to these techniques, the irradiation with
IPIBs heats the entire surface several microns deep for a very
short period of time and can be used as an alternative method
to improve the conductivity of AgNW network on flexible
substrates.

The irradiation with IPIBs is a highly tunable process.
The demonstrated extremely high heating and cooling rates
can be increased or decreased by changing the beam current
density, pulse duration, sample composition (e.g. substrate),
etc. The beam penetration depth can be varied by adjusting
the ion kinetic energy or by choosing different ion species



Table 1. A comparison of techniques used for the annealing of nanomaterials deposited on temperature-sensitive substrates.

Thermal
Annealing method budget Advantages Disadvantages References
Hotplates, oven, IR RTA Very high Widely available, technologically simple, cheap High-temperature, incompatible with polymer [18, 19]
substrates
Laser (pulsed and Very low Local, low-temperature, sub-nanosecond heating rate, plasmon Long processing time, material dependent [15, 20, 21]
continuous) welding is possible, compatible with polymer substrates, absorption, interference, high power
microscale patterning consumption
Flash lamp Low Low-temperature, sub-second heating rate, plasmon welding is Material dependent absorption, interference, high [22, 23, 45, 46]
possible, roll-to-roll processing and polymer substrate power consumption
compatible,
Continuous ion and elec- Extra low Mostly non-thermal, compatible with polymer substrates Long processing time, high fluence, defects [31, 33, 34, 49]
tron beam creation, requires complicated radiation
protection
Pulsed ion and electron Very low Near-surface, sub-microsecond heating rate, roll-to-roll processing  Requires simple local radiation protection, [32, 50], this work

beams (non-focused)

compatible, very low power consumption, (possible) defects
annealing

irradiation with ions require vacuum in sample
chamber
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(heavier/lighter), so that the energy loss profile in figure S1(a)
can be shifted closer to the surface or deeper inside the
sample, as well as widened or narrowed, depending on the
application. Such a tunable interaction volume, translating
into annealing volume, together with tunable heating and
cooling rates are important for controllable modification of
nanomaterials, allowing to avoid the thermal degradation of
polymer substrates. Additionally, ultra-short large-area IPIB
pulse makes the technique roll-to-roll process compatible.
Industrial accelerators are capable of processing with a speed
of higher than 4000 cm? per hour and a total energy con-
sumption of less than 10 kW-hour. On the other hand, vacuum
required for the operation of an ion beam accelerator, may
limit the choice of materials, as well as increase the proces-
sing time and complicate the fabrication process. Never-
theless, integration of vacuum chambers with roll-to-roll
fabrication systems is well-established, for example, in large
scale track membranes fabrication using cyclotrons [51].
Particle accelerators draw special attention from the radiation
safety point of view, however, the radiation exposure from an
IPIB accelerator does not exceed the natural background
radiation level, if a very simple and local protection is
implemented.

5. Conclusion

Summarizing, a large-area IPIB irradiation improved the
contact resistance of AgNW percolating network and fused it
into the PET substrate—all with one 200 ns short irradiation
pulse. The irradiation resulted in four orders of magnitude
decrease of the sheet resistance from 10° Q/sq to 70 ©/sq,
while the fusion significantly improved mechanical stability
of the TCF. The morphological modifications occurred
without the changes in AgNWs crystallinity and degradation
of polymer substrate transmittance, which remained at 94%.
The heat transfer simulations revealed that the IPIB irradia-
tion results in a local near-surface annealing with a very high
heating and cooling rates. The proposed technique will inspire
more applications, where large-scale low-temperature
annealing of nanomaterials on temperature-sensitive sub-
strates is required.
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