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Abstract

The fabrication of low-cost and mechanically robust flexible electronic patterns has increasingly
gained attention due to their growing applications in flexible displays, touch screen panels,
medical devices, and solar cells. Such applications require cost-effective deposition of metals in
a well-controlled manner potentially using nanoparticles (NPs). The presence of solvent and
precursors in NP based inks impacts the electrical conductivity of the printed pattern and a
post-processing heating step is typically performed to restore the electrical properties and
structure of the material. We report printing with picolitre droplet volumes of silver (Ag) NPs on
flexible substrates using an acoustic microdroplet dispenser. The low-cost, controlled deposition
of Ag ink is performed at room temperature on photopaper, polyimide and clear polyimide
substrates. A localized, ultrashort pulsed laser with minimal heat affected zone is employed to
sinter printed Ag patterns. For comparison, oven sintering is performed, and the results are
analysed with scanning electron microscopy, four-point probe and Hall measurements. The
femtosecond laser sintering revealed highly organized, connected nanostructure that is not
achievable with oven heating. A significant decrease in sheet resistance, up to 93% in Ag NPs
on clear polyimide confirms the laser sintering improves the connectivity of the printed film and
as a result, the electrical properties are enhanced. The surface morphology attained by the laser
sintering process is interpreted to be due to a joining of NPs as a result of a solid-state diffusion
process in the near surface region of NPs.
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1. Introduction

While nanomaterials and nanostructures have been used for
centuries, it is only in the last 100 years or so that it was dis-
covered that a reduction in size to the scale of nanometres res-
ults in a dramatic change in the chemical and physical prop-
erties which differ from those of the bulk materials [1]. Nano-
particles are solid particles or particulate dispersions with sizes
in the range of 1-100 nm [1]. Metallic NPs have gained much
more interest due to their attractive properties including high
surface area to volume ratio, low sintering temperatures due to
shape and size dependant melting point depression, stability
and the collective electron oscillations enabling surface plas-
mon resonance effects [2-5].

Among various metallic NPs, Ag NPs are of great import-
ance due to their favourable properties including high elec-
trical conductivity, highly efficient antimicrobial activities,
high reactivity, and cost-effectiveness [6—8]. The relatively
low cost of Ag compared to gold is the major factor enabling
its use in large scale production and in sustainable manufac-
turing. Ag NPs offer promising applications in biomedicine,
food packaging, optoelectronics, flexible electronics, sensing,
self-disinfecting textiles, and cosmetic products [6, 9-11]. The
physiochemical properties such as composition, surface coat-
ing, release of Ag™ ions, size, and shape of the Ag NPs are the
primary reasons for their excellent biomedical applications.
Ag NPs are extensively used in various biomedical fields due
to their precise interactions with the cells [12, 13]. Ag NPs
serve as antimicrobials, antivirals, sterilizers, and antibacterial
agents since the large surface area of the NPs allows a bet-
ter contact with the microorganisms [13—15]. The incorpora-
tion of NPs in wound healing dressing has gained considerable
attention in recent years. Wound dressings functionalized with
Ag NPs are another therapeutic approach to develop NP dress-
ings for wound healing [16, 17]. Other than the biomedical
applications, Ag NPs are extensively used in printed and wear-
able electronics as patterns, electrodes, sensors and antennas
[18]. The current research work is a contribution in the broad
category of flexible printed electronics. The nanoscale prop-
erties of Ag NPs can significantly enhance the trapping of
light due to surface plasmonic effects when incorporated in
the interface between the metal and dielectric contacts in thin
film solar cells [19, 20]. The multilayer patterning of Ag NPs
combined with laser sintering and laser ablation was demon-
strated for the fabrication of a microcontroller unit [21]. Prin-
ted materials are the best example of how the technology
can be used to deposit the material in an accurate and con-
trolled manner. The deposition of NPs can be carried out
in many ways. Different droplet-based techniques have been

used to transfer the inks to desired substrates including inkjet,
spray, aerosol jet and electrohydrodynamic jet-based methods
[22-24]. For a cost-effective printing, it is important to reduce
the ink volume with minimum waste. The droplet volume
requirements have reduced from microliters to picolitres as
the technology evolves making the process more efficient
and cost-effective [25]. For example, a commercially avail-
able PolyPico dispensing head is able to dispense picolitre
droplet volumes of Ag ink. The actuator assembly comprised
of one or more piezo elements couples the acoustic energy
to the ink solution in the disposable cartridge (tip), causing
a drop-on-demand, non-contact ejection of liquid through the
orifice [26]. This allows low-cost printing with minimal cross
contamination.

Generally, functional NP inks consist of metal NP disper-
sions in the solvents. To avoid the aggregation of these NPs
in the dispersion, metal particle-binding thiols and polymers
(capping agents) are used as stabilizing agents [27, 28]. After
printing, the metal NPs do not exhibit the optimal electrical
properties due to the presence of stabilizing agents/solvents.
The bond between the particles and the ligands must be broken
to remove the polymeric ligands since the presence of an
organic layer (even few nanometres thin) can hinder the mobil-
ity of electrons between the metal particles [27]. The removal
of polymeric ligands results in the growth of metal-to-metal
atomic diffusion by restoring the electrical conductivity of the
printed pattern.

The post treatment after droplet transfer to the substrate
is usually comprised of (a) a drying step and (b) a sintering
step. After deposition of NP inks, the printed patterns are dried
using an oven, hot plate, IR radiation or intense pulsed light
to evaporate the liquid components (solvent) before sintering
[29]. Therefore, the post-processing sintering step is import-
ant to build a metal-to-metal contact for desired electrical con-
ductivity. Sintering of printed patterns is generally performed
with thermal [30, 31], intense pulsed light [32, 33], plasma
[24, 34, 35], electrical [36, 37] and laser sintering processes
[38—43]. Thermal sintering is not suitable for many polymer
substrates since they are highly sensitive to heat. Among all
these methods, laser has emerged as a powerful tool for rapid
and selective material processing with localized energy distri-
bution. The pulse duration is the most important parameter that
impacts the nature of laser material interactions and its asso-
ciated effects. For example, in a continuous wave (CW) laser
sintering, the metal NPs are fully melted and resolidify due to a
relatively longer laser exposure time [30, 39, 44]. Nanosecond
lasers are widely used for sintering [39, 45, 46] and facilit-
ate the sintering process through a thermal mechanism. The
thermal damage, large heat affected zone and low resolution
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Figure 1. Schematic illustration of experimental strategy involving Ag NP printing, air drying at room temperature and femtosecond laser

sintering steps.

caused by a CW and nanosecond lasers are not desirable
for sintering of metal NPs films on heat sensitive materials.
Ultrashort lasers have great potential since the pulse duration
is much shorter than the duration of electron—lattice relaxation
processes resulting in a non-equilibrium two-temperature phe-
nomenon in the material, well described by a two-temperature
model [47, 48]. The highly localized energy distribution can
significantly reduce the heat affected zone as observed in
the case of ultrashort lasers. However, the field of sinter-
ing with ultrashort lasers is relatively under-reported com-
pared to nanosecond and CW laser techniques. The physics of
ultrashort pulsed laser sintering is not fully understood as the
formation of nanostructures, properties of sintered NP films
on different substrates under different processing conditions,
and their correlation are still ambiguous.

In this paper, we report a low cost, selective printing of Ag
NPs on thin, flexible, and porous substrates using disposable
cartridges that utilize a volume of ~90 yl to print many pat-
terns with a single fill. The aim of the current study focuses
on using low temperature sintering to (a) obtain highly con-
ductive Ag patterns and (b) to prevent the thermal effects
on future heat sensitive substrates. This is achieved by using
femtosecond laser pulses to tune the electrical and structural
properties of printed Ag films on photopaper, polyimide (PI)
and clear PI substrates, respectively, with selective laser sinter-
ing. Two polyimide materials are selected as one (Hayaline) is
more transparent or clear, allowing higher light transmission
than the other PI (Kapton). These two materials have differ-
ent optical, physical, and electrical properties. It is worthwhile
investigating the impact of the substrate on the printing beha-
viour of NP ink, structural evolution of printed NPs, electrical
properties, and sintering behaviour. The surface morphologies
are analysed with scanning electron microscopy (SEM) and
a correlation with the electrical properties is established. For
comparison, oven sintering is performed at two different tem-
peratures and for heating durations of 20 and 40 min, respect-
ively. The schematic illustration presented in figure 1 depicts
the experimental strategy adopted for current investigation.

Table 1. The specifications of the substrate material used for
printing process.

Specifications
Substrates Manufacturer ~ Thickness Grade
Photopaper Q-CONNECT 280 um  Gloss-180 GSM
Polyimide Goodfellow 50 yum  DuPontTM Kapt0n®
FPC
Clear Zymergen 50 um  HAYALINE Z2
polyimide

2. Experimental details

2.1. Materials

The commercially available Ag NP ink of 36% Ag wt. concen-
tration (Dycotec Materials, UK) is used in the experiments.
The viscosity of the ink was 16 cP; the surface tension was
33.6 mNm~ . Three different substrates were selected for the
current study including photopaper, PI and clear PI. The spe-
cifications of the substrate are listed in table 1.

2.2. Surface treatment and printing

When using polymer surfaces to receive the ink deposition,
it is important to carry out surface treatments to improve
the adhesion and surface functionalisation. The polymer sub-
strates were subjected to argon (Ar) ion plasma treatment
(kINPen Med) before printing. The plasma treatment is car-
ried out using a plasma pen. The plasma tool was adjusted at
a setting of 3.25 bar Ar gas pressure with a gas flow rate of
5-6 standard litters per minute (slm). The distance between
the plasma pen nozzle and the sample surface was optimized
to ~2 mm to receive the maximum exposure of the plasma
on the surface. The samples were scanned at a scanning speed
270 mms~! with 0.1 mm hatching. To facilitate the low cost
and low volume printing, a micro-dispenser head (PolyPico
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Figure 2. The experimental steps involved in Ag ink printing process; (Step 1) Argon gas cold plasma pre-processing of polymer for
enhanced functionalization. After plasma treatment, the polymer substrate is subjected for printing (Step 2) using PolyPico microdispensing

head. The droplet size of printed Ag ink using 70 pm tip size is 92 pm.

Table 2. Optimized print parameters used for Ag ink printing on different substrates.

Print speed Separation between
Material (mm s~ ") drops (mm) Hatch (mm) Frequency (Hz)
Photopaper 15 0.075 0.07 200
Polyimide 21 0.105 0.08 200
Clear Polyimide 23 0.115 0.09 200

Technologies Ltd) was used. This system utilizes acoustic
energy to precisely dispense pico-litre volumes of Ag ink from
the dispensing cartridge [25]. A disposable dispensing cart-
ridge of 70 pm orifice size at 200 Hz jetting frequency was
used. The printing speeds and hatching between two consec-
utive print lines were optimized depending upon the type of the
substrate used to print square areas (9 mm X 9 mm) as shown
in figure 2. The printing parameters are listed in table 2. The
printed Ag patterns were dried in air at room temperature for
over 24 h and later subjected to sintering.

2.3. Sintering

A femtosecond laser (S-Pulse Amplitude Systems) is
employed as a sintering tool with a wavelength in the visible
region of the electromagnetic spectrum. The laser pulse dur-
ation is 500 fs, at a wavelength of 515 nm which can operate
from single pulse mode to 300 kHz. The laser is focused with
a telecentric f-theta lens of 100 mm focal length. The sample
position is monitored using a high precision 3D computer-
controlled stage (Aerotech 3200) and a galvanometer based
XY beam scanning system (SCANLAB, hurry SCAN II) con-
trols the pulse to pulse overlap on the sample. Thermal oven
(Thermoscientific Heraues) sintering is also carried out to
compare the sintering behaviour of the Ag patterns.

2.4. Characterization

The surface morphology is analysed with high-resolution
SEM facility (Hitachi S-4700). The purpose of using an SEM
is to determine if and how the sintering process leads to bet-
ter connectivity between the metal NPs. To measure the vari-
ations in sheet resistance before and after sintering, the Van der
Pauw method was used with a commercial four-point probe
system (Ossila UK). To observe the effects of laser sintering
on charge carrier mobility and concentration, the Hall meas-
urements were performed using an Ecopia Hall Effect Meas-
urement system (HMS-3000).

3. Results

3.1. Surface functionalization

Prior to printing, the polymer samples were subjected to argon
plasma treatment for surface modifications. The exposure of
plasma to a polymer surface results in the formation of radical
active sites leading to an increased surface roughness and bet-
ter wettability [49]. To enhance the wettability for an improved
print quality, PI and clear PI bare samples are subjected to cold
plasma treatment with Ar feed gas. A cold plasma is a partially
ionised gas in a non-thermodynamic equilibrium state, often
referred as non-thermal plasma with no or moderate increase
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Figure 3. Contact angle variations before and after Ar plasma treatment of PI and clear PI substrates.

in the temperature of the gas [50]. Figure 3 shows the rep-
resentative effect of plasma exposure on the substrate using
contact angle measurement of deionized water on PI and clear
PI before and after the treatment. The contact angle reduces
from 68° to 26° on PI and from 75° to 47° on clear PI indic-
ating that the nature of surface has become more hydrophilic
due to an increase in the surface energy. The only drawback
of this simple method is the short-term retainment or shelf-life
of the plasma induced properties, which typically lasts for at
least 3—4 d if stored properly. This fact was considered, and the
printing was performed immediately after the plasma expos-
ure. The samples were subjected to printing using PolyPico as
described in the experimental section.

3.2. Drying and sintering of A NPs

After printing, the samples were dried in air at room temper-
ature to evaporate the solvent. The complete solvent evapor-
ation and fusing of NPs was achieved in the final step of sin-
tering using laser and oven techniques. In this section, we first
will describe the oven sintering results obtained at different
settings of temperature and time. The key observations real-
ized with femtosecond laser sintering are discussed in the later
section by comparing the surface morphologies and electrical
properties.

3.2.1. Oven sintering.  Sintering of Ag NPs in an oven is a
commonly adopted method due to its simplicity. Oven sinter-
ing has limitations in terms of temperatures, time, and non-
selectivity of the desired region. Thermal sintering using an
oven is carried out to experimentally compare the differences
between femtosecond laser and oven sintering. For oven sin-
tering, two temperature settings are selected depending on
the recommendation from the ink manufacturer. The samples
were heated for 20 min and 40 min at 100 °C and 130 °C,
respectively, and the variations in the surface morphologies
and electrical properties are investigated. The SEM images
of all samples are provided in the supplementary information

where the selective images with best results are presented
in figure 4 after a careful analysis. The size of the surface
structures is estimated by using ImageJ software (https://
imagej.nih.gov/ij/) and an average value is used to give an
approximation.

Figure 4 presents the surface microstructures of untreated,
oven sintered, and femtosecond laser sintered Ag NPs on
photopaper (4a 1,2,3), PI (4b 1,2,3) and clear PI (4c 1,2,3)
substrates, respectively. The morphology of printed Ag NPs
differs depending on the substrate properties and printing para-
meters. The spreading of droplet and wettability of different
surfaces accounts for the overall response of ink, droplet set-
tling, stabilizing and the formation of structures during these
processes. The evaporation of solvent after drying step also
impacts the morphology as the outcome of drying process
often compensated with cracks and defects formation. In sum-
mary, the difference in the growth of NPs on photopaper, PI
and clear PI is clearly due to their different properties. For
example, the surface energy of PI is higher compared to clear
PI as observed in contact angle measurements. The plasma
treatment was more effective on PI compared to clear PI and
the droplet spreading was improved on PI.

Starting with photopaper, the morphology of untreated
printed Ag NPs reflects a random distribution of particles in
the form of elongated nanostructures with an average size
of 96 4+ 55 nm (figure 4(al)). When the NPs are sintered
at 100 °C for 20 and 40 min (figure Sl-supplementary
information), displacement and relocation of particles occurs.
The average length of the nanostructures is increased to
112 £ 57 nm for 20 min and 120 4 61 nm for 40 min respect-
ively (figure S1). The variations in the surface morphologies
are more noticeable when Ag NPs are heated at 130 °C for
20 min on photopaper as shown in figure 4(a2). The over-
all orientation of NPs is random but the growth of spheric-
ally shaped particles with some interparticle attachment or
necking is obtained. The average particle size improves from
96 £ 55 nm to 127 4+ 65 nm. The particles appear bigger,
and the film appears more continuous when compared to the
as deposited and oven sintered film at 100 °C. Increasing


https://imagej.nih.gov/ij/
https://imagej.nih.gov/ij/

J. Phys. D: Appl. Phys. 56 (2023) 075102

A Sharif et al

_Ag on Photopaper

Agon Pl

-

o
L
«

&
G
=
o

<

w:y

% 40.0k10 um

Femtosecond laser
Y £/

’ ! % '3 ™
x 400k 1.0 url x 40,0k 1.0%um
e | ' " = i ¥l S UA

Figure 4. SEM images revealing the surface morphologies of Ag NPs before (al), (b1) & (c1) and after sintering using oven at 130 °C for
20 min (a2), (b2) & (c2) and femtosecond laser (a3), (b3) & (c3), respectively.

the heating duration to 40 min at 130 °C does not appear to
produce significant variations in size and connectivity when
compared to samples heated for 20 min at the same temperat-
ure. Therefore, we conclude that on photopaper, oven sintering
at 130 °C for 20 min is effective.

When we observe the morphology of the as printed Ag
NP ink on the PI substrate, the particle distribution is the
same (elongated and random), but their sizes vary as shown
in figure 4(b1). Cracks or crevices are observed on dried Ag
NP film on PI substrate. The appearance of cracks is often
obtained during any stage for printing and post treatment pro-
cess. In this instance the cracks are most likely formed due
to stress relaxation caused by solvent evaporation [51]. Addi-
tionally, the properties of the ink, substrate material and their
interaction play an important role in defining the formation of
structures and defects such as cracks and pores. When sub-
jected to sintering at 100 °C, the sintering effects are insig-
nificant for 20 min and some needle like particles are only
observed (figure S1). A slight increase in size and connectiv-
ity is observed when heated for 40 min (figure S1). The sur-
face morphology of Ag NPs on PI substrate is observed to
change when sintered at 130 °C for 20 min (figure 4(b2)).
The calculated average size of these structures changes from
84 + 40 nm to 1214 63 nm. Although the shape and size dis-
tribution are random, we observed an aggregation of NPs in a
random manner due to sintering. The length and width of these
nanostructures appears larger on completion of the thermal

treatment (figure 4(b2)). Almost a similar morphological trend
is obtained when the heating duration increases to 40 min, but
the size of the nanostructures reduces slightly to 117 + 49 nm
(figure S1).

Thin, needle like geometry is observed for printed Ag NPs
on clear PI film (figure 4(c1)). The estimated average length
of these thin structures is 72 + 52 nm. The film morphology
changes to somewhat circular like structures after sintering at
100 °C for 20 min. Increasing the sintering time to 40 min
results in an increase in the average length (115 4 52 nm) of
the particles showing an increased continuity of the structures.
Figure 4(c2) reveals the transformation of Ag NPs on clear PI
after sintering at 130 °C for 20 min. The Ag NPs are con-
verted into larger elongated structures that are well connec-
ted with a random distribution. The average length of these
particles is calculated as 130 £ 53 nm. Almost similar sinter-
ing effects are observed when they are heated for 40 min at
130 °C (figure S1).

Evaluating the results of oven sintering, we observed that
the sintering occurred in all samples. The efficiency of sin-
tering varies depending on the substrate and appropriate para-
meters. The efficient sintering region lies at higher temperature
for short duration. Sintering at 130 °C for 20 min resulted in
the complete sintering of Ag NPs on photopaper, PI and clear
PI substrate, respectively. The particles are diffused together
through the formation of a neck-like feature and finally the
particle adopts a connected, elongated geometry.
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Table 3. Variations in the size of NPs before and after femtosecond and oven sintering. The average sizes of particles are representative
only and need to be considered in terms of the distribution of particles observed in each film.

NP size after sintering

NP size before
Ag NPs on sintering Oven 100 (nm) Oven 130 (nm)
substrates Untreated (nm)  Laser (nm) 20 min 40 min 20 min 40 min
Photopaper 96 £ 55 132 + 51 112+57 120+ 61 127+£65 123 +60
PI 84 4+ 40 128 £ 37 88 £33 93 4+£50 1214+63 117449
Clear PI 72 £ 52 125 4+ 33 109 +67 115452 130+53 128 £47

3.2.2. Femtosecond laser sintering. It is interesting to com-
pare the sintering effects and mechanism when performed
with a different sintering source, such as a femtosecond laser.
The laser beam spot diameter (2w, ) at the focused position
(1/€?) and the damage threshold was calculated experiment-
ally using Liu’s method [52]. The estimated w, for 515 nm
laser wavelength is 18 pm + 0.07 pum. The fluence is calcu-
lated by considering the reflection of Ag at 515 nm wavelength
[53], that provides a measure of actual absorbed fluence in the
material. The laser scanning parameters such as scan speed,
hatch (distance between two consecutive scan lines) and laser
power were optimized to obtain the sintered, conductive pat-
terns without melting the substrates. The printed Ag samples
were scanned at 180 mm s~! scanning speed with 5 zzm hatch-
ing at 100 kHz resulting in 90% pulse overlapping and 10 spots
per area.

Figure 4 presents the surface microstructures of untreated
and femtosecond laser sintered Ag NPs on photopaper
(figure 4(a3)), PI (figure 4(b3)) and clear PI (figure 4(c3))
substrates analysed with SEM. It should be noted that the
SEM images are taken for the sintered samples at optimized
values of the laser parameters. At first, the NPs have a ran-
dom distribution with tiny, elongated structures as observed in
figures 4(al), (bl) and (c1), respectively. The random arrange-
ment of particles is due to the presence of ink solvent and
additives leaving the particles to spread on the surface. After
scanning with femtosecond laser pulses, the surface morpho-
logy of Ag NPs on photopaper changes drastically and a
growth of organized grains with defined boundaries is evid-
ent (figure 4(a3)). The average grain size is estimated as
132 £ 51 nm; the grains are less elongated after laser sinter-
ing of Ag NPs on the photopaper compared with before laser
treatment. The formation of closely packed nanostructures is
observed after ultrashort laser sintering. No significant melting
is evident in the SEM image where the NP aggregation appears
to have occurred due to compaction; joining of NPs is evid-
ent and is possibly enabled by a solid-state atomic diffusion
process. This effect is compatible with ultrashort lasers where
the shorter pulse duration enables the application of energy to
be controlled so that insufficient heat is generated for surface
melting during the pulse duration [48]. Solid-state crystallisa-
tion effects without thermal melting were observed recently
for silicon, indium tin oxide, gold, and molybdenum thin film
after subjecting to femtosecond laser pulses [54-57]. Compar-
ing the variations in surface structures of Ag NPs obtained in
oven and laser sintering, it is noticeable that ultrashort laser

sintering is highly effective. In oven treated samples, the vari-
ations in the shape of the surface nanostructures are insignific-
ant but a variation in overall feature size is noticed. For femto-
second laser, the overall surface morphology has dramatically
changed from irregular, random distribution to finely organ-
ized, distinct grains which are well connected.

The distribution of Ag NPs on PI follows the irregular and
elongated morphologies as shown in figure 4(b1). The appear-
ance of some cracks or gaps is noticeable within the densely
distributed Ag NPs on the PI surface. After femtosecond laser
treatment, the fusion of Ag NPs is apparent showing an inter-
particle necking with the formation of grains and the film
becomes more continuous (figure 4(b3)). The overall particle
size is estimated as 128 4= 37 nm and the formation of grains is
obvious. Figure 4(c3) exhibits the surface morphology of laser
treated Ag NPs on clear PI substrate. While the image is less
clear due to surface charging, the average length of the con-
nected particles after femtosecond laser sintering is found to
be 125 £ 33 nm. The necking phenomenon is prominent res-
ulting in the elongation of structures which are well connected
with each other.

On comparison with oven sintered Ag NPs, the average size
of the particles was enhanced after oven heating but no appre-
ciable change in the surface structures was observed before
and after heating. However, laser sintering results in organ-
ized, distinct surface features due to minimal thermal effects
and a continuity between the particles appears to be realized.
Although the average size of NPs is slightly higher on clear
PI after heating at 130 °C, the connectivity between the struc-
tures and electrical conductivity is higher with laser sintered
samples. Therefore, we conclude that the controlling of sur-
face structures is only possible with ultrashort laser source
where thermal heating sources are not capable of controlling
the structures. The estimated average particle sizes before and
after oven and laser sintering are provided in table 3.

The cross-section micrographs of Ag NP films on photo-
paper and PI are recorded with SEM before and after femto-
second laser sintering as shown in figures 5 and 6, respectively.
The spherical shape of the particles is more visible in cross
section images as compared to the surface images (figure 4).
The change in film morphology is also evident before and
after laser sintering. The film thickness of an as-deposited
Ag NP film on photopaper changes from 950 £ 19 nm to
1035 £ 23 nm after laser processing. The isolated Ag NPs
aggregate into bigger clusters of grains by connecting the
particle-to-particle grain boundaries. Similarly on PI surface,
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Figure 5. Cross section images of printed Ag NPs on photopaper revealing the variations in film morphology before and after femtosecond

laser sintering.
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Figure 6. Cross section images of Ag ink on PI revealing the variations in film morphology before and after laser sintering.

the thickness of the Ag NP film is 1094 4 25 nm and improves
to 1280 £ 27 nm after the femtosecond laser sintering pro-
cess. Upon inspecting the morphology of NP layer, cluster-
ing of NPs is observed but no appreciable melting effects are
detected.

The electrical properties are closely related with micro-
structures of a material. Now we will discuss the impact of dif-
ferent sintering routes on the electrical properties of sintered
Ag NPs on all three substrates which is a crucial component
in printed, flexible electronics application.

3.3. Effect of sintering on electrical properties of Ag NPs

3.3.1 Electrical properties- laser sintered Ag NPs.  The
evidence of laser sintering and improved average particle size
is clearly realized in the SEM images discussed in the pre-
vious section. Laser sintering not only improves the surface
structures, but also provides better electrical properties. To
observe the laser induced effects on the electrical properties
of unexposed and laser sintered Ag film, the sheet resistance
was measured with a commercial four-point probe system. The
samples are prepared in the form of 8§ mm x 8 mm squares
to measure the sheet resistance of Ag NPs sintered on photo-
paper, PI and clear PI, respectively. Figure 7 presents graphs

revealing the variation in sheet resistance of Ag films as a func-
tion of laser fluence, before and after laser sintering. The sheet
resistance decreases after applying laser fluence in an optim-
ized scanning regime as evident in figure 7. The sheet res-
istance of as deposited Ag films on photopaper reduces from
0.35 £+ (9.50 x 1073)QSq~ ' t0 0.13 £ (5.80 x 10~3) QSq~!
resulting in an approximately 62% decrease in sheet resist-
ance. For Ag films on PI, the sheet resistance changes from
2.0+ (1.48 x 1073) QSq~" t0 0.40 + (1.17 x 1073) QSq~!
resulting in an approximately 80% decreased sheet resistance.
Similarly, the sheet resistance of Ag film on clear PI decreases
from 5.05 4 (2.26 x 1073) QSq~! t0 0.38 £ (5.73 x 107%)
2Sq~! providing a total of an approximately 93% decreased
sheet resistance. In comparison, the highest average reduc-
tion in sheet resistance is obtained on clear PI and the overall
degree of average %age reduction in sheet resistance obtained
in Ag films can be written in the order as clear PI > PI > pho-
topaper, respectively.

Figure 8 exhibits the changes in the electrical resistivity
and conductivity of laser sintered Ag films calculated using
the film thickness and the sheet resistance. The thickness of
as-deposited Ag film is 950 £ 21 nm, 1094 £+ 28 nm, and
1093 + 39 nm on photopaper, PI and clear PI, respectively,
as measured from SEM. After laser sintering, the thickness
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Figure 7. The variations in sheet resistance with laser fluence of Ag
patterns printed on photopaper, PI and clear PI substrates,
respectively.

changes to 1035 + 43 nm, 1280 &+ 49 nm and 1278 £ 52 nm
on photopaper, PI and clear PI respectively. The overall vari-
ations in the film thickness after laser sintering at different
fluences is less significant and lies within the error values. In
figure 8, with increasing laser fluence, a decreasing trend in the
electrical resistivity is evident, consequently an increase in the
electrical conductivity of the laser sintered films is obtained.
The resistivity of untreated Ag NP film is 3.29 x 1077 Q m,
2.18 x 107 Q m and 5.53 x 10~ Q m on photopaper,
PI and clear PI respectively. After femtosecond laser sinter-
ing, the resistivity reduces to a value of 1.35 x 10~7 Q m,
4.82 x 1077 @ m and 5.19 x 10~7 Q m on photopaper, PI
and clear PI substrates, respectively. The resistivity of Ag NP
film on photopaper is found to be ~8.47 times of the bulk Ag
(1.59 x 108 Q m). It is estimated to be as ~33 times and ~30
times of bulk Ag on PI and clear PI, respectively.

Hall measurements were performed on unexposed, and
laser-sintered Ag films to observe the change in charge car-
rier concentration and mobility. The product of both paramet-
ers defines the overall electrical conductivity of a material.
The carrier concentration in as-deposited Ag film on photopa-
per is 3.90 x 10?2 cm~?; this decreases to 3.15 x 10> cm™3
after laser sintering. This marginal change in carrier concen-
tration is compensated by an increase in carrier mobility from

4.42 cm?> V7! s71t020.3 cm? V~! s~!. The carrier concen-
tration reduces from 2.78 x 10?2 cm~3 to 1.63 x 10> cm™3
for Ag films on PI; there is an enhancement in mobility from
1.47 cm? V™! 571 t0 8.89 cm? V™! s™!. In contrast, for Ag
films on clear PI, the charge carrier concentration increases
from 1.35 x 10?> cm™3 t0 2.78 x 10%* cm™3; the mobility is
decreased from 14.7 cm> V™! s7 ! to 12.0 cm? V~! s7! after
laser sintering. The mobility of charge carriers is influenced by
the film morphology which varies with any changes in grain
size, grain boundaries, lattice orientation and microstrain etc.
Femtosecond laser sintering causes the formation of neck-like
features between the NPs and the fusion of NPs can thus gen-
erate percolation networks for charge transport. As a result,
the electron mean free path becomes larger resulting in higher
charge carrier mobilities observed on photopaper and PI sub-
strates, respectively [57]. The slight decrease in carrier mobil-
ity of Ag NPs on clear PI is unclear, it might be due to the
appearance of some pores or gaps (figure 4(c3)). The differ-
ence in the continuity of sintered Ag films on three flexible
substrates may possibly be caused by the variations in thermal
conductivity, surface roughness and surface energy.

3.3.2. Electrical properties- oven sintered Ag NPs.  Thermal
sintering is carried out using an oven for Ag film printed on
photopaper, PI and clear PI substrates, respectively. The sin-
tering was performed at two different temperatures i.e. 100 °C
and 130 °C for 20 min and 40 min sintering time, respect-
ively. Figure 9 describes a comparison graph of the percent-
age reduction in sheet resistance in Ag NPs before and after
oven and laser sintering process. When the samples are heated
at 100 °C for 20 min, the overall sheet resistance decreases by
28%, 54% and 90% for Ag films on photopaper, PI and clear
PI, respectively. Increasing the sintering duration to 40 min
results in 32%, 73% and 86% decrease in sheet resistance on
photopaper, PI and clear PI substrates, respectively. A minor
increase of +4% on photopaper and a decrease of —4% on
clear PI samples is obtained. These observations reveal that the
sintering of Ag NP films at a moderate temperature of 100 °C
results in conductive printed patterns.

A second set of samples was oven heated at 130 °C for the
durations of 20 min and 40 min. Percentage decrease in sheet
resistance by 42%, 73% and 90% was achieved on photopa-
per, PI and clear PI, respectively. Similarly, when the sintering
time was increased to 40 min, an average decrease in sheet res-
istance by 49%, 69% and 91% were obtained on photopaper,
PI and clear PI substrates, respectively. The sheet resistance
varies negligibly on PI and clear PI samples. The data indicates
that sintering at 100 °C for a longer time of 40 min is as effect-
ive as heating at 130 °C for 20 min for PI samples. These find-
ings are in correlation with SEM surface micrographs where
the effective sintering with well-connected nanostructures was
obtained at 130 °C for 20 min. In summary, considering all the
observations obtained for thermal sintering, we suggest sinter-
ing for 20 min at 130 °C is effective to obtain reasonable elec-
trical conductivities. The factor of heating time becomes less
significant when the sintering temperature is higher.
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of Ag NPs on photopaper, PI and clear PI after heating at 100 °C
and 130 °C for 20 min and 40 min, respectively, and femtosecond
laser sintering.

4. Discussion

As discussed previously, room temperature, controlled print-
ing of Ag NPs was carried out using microlitre volumes. The
printing process was demonstrated on thin, flexible substrates
followed by a drying and sintering process. Precise selective
printing is possible for almost all types of surfaces and differ-
ent patterns can be printed with high accuracy. We investig-
ated ultrashort selective laser sintering of Ag NPs to explore
the mechanism and effects involved during an ultrafast laser
process in comparison to oven sintering. The effect of print-
ing on different surfaces is also studied where it was observed
that the porous nature of photopaper is important in holding
the particles together during drying. This leads to good con-
tact during sintering. On polymers, the effect appears to be
different, and the impact on sintering is less clear.

Sintering is the process during which the NPs are fused
together to obtain improved microstructures and grains with
lower porosity. The surface area per unit volume of sintered
NPs reduces due to a decrease in the total interfacial energy.

Sintering of powders is categorized into three types: solid-state
sintering of crystalline materials, solid-state sintering of
amorphous materials and liquid phase sintering of crystal-
line materials [58]. Three overlapped stages of sintering are
considered in the literature categorised as an initial, interme-
diate, and final stage, respectively [59]. In the initial stage,
a rapid neck formation and growth occurs from the contact
between the neighbouring particles until the radius of the
neck approaches ~40%—-50% of the particle radius [60, 61].
The growth of the neck may occur due to different types of
material transport including viscous flow, surface diffusion,
grain boundary diffusion and volume diffusion, respectively
[60]. During the intermediate stage, pore rounding and grain
growth occurs, and this forms interconnected channels leading
to volume expansion of the film. As the sintering proceeds,
the pore channels become disconnect and isolated pores are
formed with the progression of grain growth [60]. At the final
stage, densification of isolated pores occurs, and the pores col-
lapse into more compact closed spheres. At least 7%—8% of
porosity is eliminated at the final stage of sintering [62]. This
thermal behaviour of sintering occurs traditionally in a thermal
process and has not been observed to-date in our laser sintering
method.

Ultrashort laser sintering involves rather different process
compared to oven sintering. Femtosecond laser pulses of 500
fs pulse duration were used to precisely sinter the printed
metallic patterns with a 90% pulse overlap. Ultrashort pro-
cessing has the advantage for precise low-temperature sin-
tering as the extremely shorter pulse duration minimizes the
heat-affected zone. The mechanism of laser energy absorp-
tion must be considered to understand the sintering pro-
cess. When an ultrashort laser interacts with the material,
photons are absorbed by conduction band electrons through
photon-electron interaction. As a result, the electronic sub-
system enters into an excited state with establishing higher
electronic temperatures while the lattice remains unperturbed
[47]. After a few femtoseconds, the electrons re-establish the
Fermi-Dirac distribution during a characteristic time, i.e. the
electron relaxation time required by the electrons to restore
equilibrium in their energised states [48]. Initially, the excited
electrons are localized within the optical penetration depth
but then diffuse into deeper parts of the material due to the
large temperature differences in electron and lattice systems
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[63]. At picosecond timescales, the electron-phonon interac-
tions transport the thermal energy of the electronic system to
the lattice by means of electron-phonon coupling. The higher
the value of the electron-phonon coupling factor, the faster the
rate of energy transfer to the lattice establishing an equilibrium
between the electrons and the lattice system. This is known as
the two temperature model which describes the interaction of
ultrashort laser pulses with a material [64, 65]. We propose that
this is an efficient, controllable way to couple energy into NPs
using a femtosecond laser. The transformation of randomly
distributed NPs into defined, well-connected grains reveals a
different sintering mechanism which we did not observe in the
thermal case. The formation of connective grains is obvious
in Ag film on photopaper where the overall surface morpho-
logy is changed after scanning with femtosecond laser pulses.
This sintering is less clear, but the trend persists on PI and
clear PI substrates, where a connected morphology of NPs
appears with organized grain structures. We suggest that the
sintering of Ag NPs occurred due to a solid-state atomic dif-
fusion process in the near surface region of NPs. No evidence
of melting is seen in the SEM images since the fluence is care-
fully controlled and the time for bulk diffusion is limited by
the pulse duration. The displacement of surface-based atoms
due to surface diffusion is also observed in Ag NPs when
sintered with 50 fs laser pulses [66], we consider it is likely
to occur here. Other non-thermal mechanisms such as weak-
ening of interatomic bonds and lattice softening due to tem-
porary electron emission from particles might cause the non-
thermal processes to trigger the sintering of metal NPs, but
this area needs further investigation. In contrast, thermal melt-
ing of NPs and coalescence is the major mechanism for nano-
second laser sintering where the characteristic time of coales-
cence should be at least few nanoseconds [67]. Moreover,
using the femtosecond laser pulses at higher repetition rate
(MHz) results in heat accumulation effects that may cause
liquid-phase sintering of metal NPs with complete melting
[68, 69].

We propose that ultrashort laser sintering is an efficient
method to fabricate highly conductive metal NP patterns on
flexible substrates without generating any deleterious heating
effects. The well-defined organized growth of structures due to
solid-state diffusion after femtosecond laser sintering is a key
result obtained in the current study that has the potential to
solve the problems encountered in thermal sintering process.
The results are of key importance in order to understand laser-
induced effects using femtosecond laser-enabled sintering in
the visible wavelength spectral regions. We believe that this
study is highly relevant in fabricating high-resolution conduct-
ive patterns on different and future heat sensitive substrates for
a range of materials. This will enable the large area, selective
sintering of NPs for flexible, low cost printed electronics and
wearable devices with scalable manufacturing.

5. Conclusions

Selective laser sintering of printed Ag NPs on porous, flex-
ible, and this substrates is carried out using femtosecond laser

pulses. The cost-effective printing of Ag NPs using micro-
litre ink volumes is demonstrated on photopaper, PI and clear
PI substrates at room temperature. In a carefully optimized
process window, the transformation of irregular, random NPs
into well defined, connected nanostructures is achieved with
femtosecond laser sintering without damaging the substrate.
The formation of organized surface structures is attributed to
solid-state diffusion which occurs over short distances for a
short period of time on or near the surface of NPs. It is best
demonstrated on photopaper which localises the NP ink to
the surface. Ultrashort laser sintering not only enables the
formation of continuous, organized film structures but it also
enhances the electrical properties. The decreased sheet resist-
ance is estimated as 62%, 80% and 93% in Ag films on photo-
paper, PI and clear PI, respectively. No film/substrate damage
was observed due to the near-negligible heat-affected zone of
the ultrashort laser. Heating at higher temperatures of 130 °C
for 20 min is useful to obtain coalesced NPs and improved
conductivity. However, oven sintering is inferior to laser pro-
cessing as it does not provide a control over the formation of
surface microstructures. The facile, selective, and controlled
printing and ultrashort laser sintering of NPs is cost-effective
and offers a better control to tune the structural, as well as
electrical properties of the sintered material essential for their
applications.
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