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Highlights

= 3D structures were aerosol jet printed using
silver nanoparticles in a single-step.

= The intensive solvent evaporation caused local
open porosity in non-heated samples.

= Fine droplets with diameter below 1 um are
ejected from the stream and spatter the foil.

= Concentration of nanoparticles was improved
and defects limited due to in-line heating.

= IR sintering provided reduced nanoroughness

and improved bonding of aggregates.
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1. Introduction

Abstract

Additive manufacturing is gaining interest for printing of noble metals.
In this study, aerosol jet printing was applied to fabricate traces from
commercial silver nanoparticle ink. A self-built three dimensional
printing machine was used without or with in-line substrate heating. A
conductive traces were printed on flexible polyimide substrates.
Subsequently, sintering was conducted by furnace or near-infrared
source. Examination of the sample using scanning electron and atomic
force microscopy revealed the existence of both micro- and nanoscale
pores in the structure. Local open porosity, acrosol extensive spatter and
wide porous overspray were key defects found in samples printed
without substrate heating. All the features affect the properties and
reliability of silver prints. In-line process heating increased the
concentration of nanoparticles and limited defects formation. What is
more, the width of traces decreased from 31 pum to 19 pm with
simultaneous thickness increase from 1.2 to 5.5 um due to substrate
heating. The final structure was influenced by sintering method and its
time. Elongated time of sintering decreased porosity and roughness of
the printed traces. Nevertheless, IR sintering provided the smoothest
sample surface with lowest Sa roughness of 16 nm, and significantly
improved bonding of aggregates. What is more, the printed structure had
a measured sheet resistance of 8.3x1072 Q/n.

Keywords
printed flexible electronics, polymer substrate, aerosol stream, silver
traces, overspray, sheet resistance

Printed flexible electronics (PFE) was developed to overcome
the limitation of rigid and brittle traditional electronics by the
use of elastic materials to fabricate electronic circuits that can
be stretched or bent without breaking while still maintaining
desired electronic properties. This technology is being used in a
wide range of applications, including smart packaging, sensors

[8], displays, and energy harvesting [60], [33], that are
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lightweight, low cost, and can be easily integrated into a range
of electronic devices. The manufacture of flexible, stretchable,
wearable, and conformal electronic components is possible due
to several conventional, 3D, and hybrid printing technologies,
where the most popular are: (i) inkjet printing [20], [2], (ii)
aerosol jet printing [12], [58], (iii) screen printing [37], [68], (iv)
gravure printing [48], [47], or (V) stereolithography [38], [39].

M. Winnicki (ORCID: 0000-0003-2766-116X) marcin.winnicki@pwr.edu.pl, W. Lapa (ORCID: 0000-0002-3434-865X)

wojciech.lapa@pwr.edu.pl, B. Swiadkowski (ORCID: 0000-0001-9197-1862) bartosz.swiadkowski@pwr.edu.pl,

Eksploatacja i Niezawodno$¢ — Maintenance and Reliability Vol. 26, No. 2, 2024



https://www.sciencedirect.com/topics/materials-science/three-dimensional-printing
https://www.sciencedirect.com/topics/engineering/inkjet-printing
https://www.sciencedirect.com/topics/engineering/silver-nanoparticles

Among these, inkjet printing (IJP) and aerosol jet printing (AJP)
are recently developed due to capability of printing at high
resolution with less material wastage and comparably low
electrical resistivity of c.a. 4.5 x 107 Qm (~3 x bulk Ag) [66].
While 1JP is dedicated for flat 2D surfaces, AJP can be applied
to print on 3D objects. AJP utilizes an aerosol stream generated
from metal nanoparticle-based conductive inks to deposit small
droplets of material onto a substrate. A mean size of metal
nanoparticles in the ink is usually c.a. 10 nm [62] or 50-60 nm
[35].

The AJP process has the capability of direct writing and
works without conventional masks, due to easy control and
selective deposition of inks at precisely defined locations on the
substrate. High resolution ensures the fabrication of prints as
small as a few micrometres in size [22] with a high level of
precision and accuracy, while high printing speeds make the
process a suitable technique for high-volume production
applications. A commercially available printers enable
fabrication patterns with a minimum feature size starting from
15 um up to few cm in width and 0.1 pm in thickness [55]. The
versatility to apply a wide range of materials results from an
atomiser used to create a dense acrosol of microdroplets focused
by shielding gas in an aerosol stream [13]. Unlike other printing
techniques, AJP operates without physical contact between the
printing head and the flexible substrate and allows printing on
uneven or curved surfaces. The geometry of printed paths, e.g.
width and high, is regulated by nozzle outlet orifice diameter
and stand-off distance. Furthermore, compared to traditional
approaches, aerosol reduces the cost of ink consumption and
limits the waste of hazardous materials used in the etching
processes employed by subtractive methods. These features
multiply the applications of the AJP process in the fabrication
of high-quality devices. However, AJP prints show the same
problems as 1JP, e.g. micro- and nanoscale pores within the
structure, which significantly affect the properties and
reliability of PFE. While in 1JP the key factors contributing to
the voids are usually the pinning effect, residual surface
temperature, insufficient droplet overlap and surface defects
[64], in AJP it is the diameter of the aerosol droplets and surface
temperature [34]. What is more, the challenging issue in the AJP
is the selection of parameters to avoid overspray formation.

Overspray refers to the unintended dispersion and scattering of

the aerosol, which is deposited in the peripheral region of the
trace and deteriorates its reliability. As small droplets with low
inertia contribute mainly to overspray, there are several factors
that maximise homogeneity of the printed path, including
nozzle design, aerosol generation method, ink properties, gas
pressure, and substrate characteristics [42],[67],[57].

The substrate materials used in PFE are typically polymers
or other organic materials that have some degree of elasticity,
chosen for their mechanical properties, including flexibility,
stretchability, and durability. Some of the substrate materials
used in PFE include: (i) polyimide (PI) [1]; (ii) polyethylene
terephthalate (PET) [46]; (iii) polydimethylsiloxane (PDMS)
[10]; (iv) polyvinyl chloride (PVC) [36] or (v) paper [36].
However, flexible substrates need to withstand the high
temperature during processing and match the coefficient of
thermal expansion (CTE) of the deposited material. It should be
noted that PI, among others, shows excellent heat resistance and
dimensional stability, i.e., glass transition temperature
(Tg)>450 °C and CTE at 0 — 10 ppm-K ! [11]-[24]. Additionally,
PI have mechanical properties to ensure the service life of the
device after multiple bending [25]. Therefore, in PFE
fabrication, which include high-temperature sintering, PI is
commonly applied.

The printing process leaves semi-wet paths of ink on the
surface of flexible polymer substrate [65]. However, to
transform the printed layer into a conductive one, a sintering
procedure is necessary to evaporate the solvent, remove the
polymer capping shell, and join the metal nanoparticles (NPs).
It is worth mentioning that nanometer size of the metal particle
significantly lowers the sintering temperature compared to bulk
material. Nevertheless, in conventional furnace sintering, a
temperature of c.a. 200 °C for a minimum of 30 min is required
[58]. Some authors combined chemical and thermal sintering
[23], however ink composition should be considered. To
improve the process and eliminate substrate material limitations,
other sintering techniques are proposed, e.g. electrical [6],
photonic [31] or microwave [9]. Due to processing speed,
simplicity and prints quality, photonic sintering [43] is more and
more popular, with the following radiation sources: laser
[3],[49], flash lamp [31], UV lamp [53],[51] or IR lamp
[28],[61]. Photonic sintering aims to achieve targets rather than

heating the entire system indiscriminately. In consequence,
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conductive paths absorb the radiation, leaving the polymer
substrate usually unaffected. The absorption spectra of silver
NPs can vary depending on their size, shape, or composition.
Nevertheless, for spherical silver NPs, the absorption peak is
typically in the range of 400-450 nanometres [14], [15].
Therefore, the application of UV light with wavelength ranging
from 100 to 400 nm is limited [43], while laser depending on
optical properties of the ink and the absorption characteristic of
the NPs, have to be designed for dedicated application [56].
Although flash lamps are very popular, intense pulse lights (IPL)
and its wide spectra that embrace UV, visible and near-IR
regions, irradiate on the polymer surface, limiting the
application of the selected substrate materials [27]. In this case,
the IR lamp becomes very promising in PFE sintering. IR
technology uses irradiation in the near infrared (750 to 2,500
nm) and provides selective heating and short time sintering of
printed metallic NPs [28].

Printed electronics often involves complex patterns and
structures with varying geometries, such as lines [22], dots, and
interconnections [54]. Achieving consistent and uniform
printing quality across the entire substrate can be difficult due
to factors such as ink flow, substrate roughness, and ink-
substrate interactions. Variations in ink viscosity, surface
tension, and drying characteristics can lead to defects and
inconsistencies in printed structures. The quality assessment of
the silver NPs-based printed electronics is complicated due to
complexity of the fabrication process (e.g. ink preparation,
printing, drying, curing, and post-processing) and small size of
the prints as well as applied metallic powder. The crucial factor
characterising the prints is electrical conductivity, which is
influenced by the packability of silver NPs and sintering. Good
packability is defined as high density of metal NPs [71], while
sintering refers to the removal of chemical agents and the
joining of NPs to establish a conductive network [40].

PFE is a rapidly evolving field, and standardised testing
methods for quality assessment are still being developed. There
may be a lack of universally accepted protocols and techniques
for evaluating critical parameters such as electrical conductivity,
mechanical properties, and the durability of printed structures.
As a consequence, it is difficult to compare results across
different studies. Therefore, within the proposed paper, Ag NP

based ink was applied in the AJP process to fabricate prints on

thin and flexible polyimide substrates. Samples were prepared
with or without additional in-line substrate heating. Two types
of sintering methods were used, the furnace and the infrared
lamp. Printed samples were scanned and analysed with the use
of various types of microscopes, e.g., light microscope (LM),
scanning electron microscope (SEM), confocal microscope
(CM), and atomic force microscope (AFM). Samples with
significant morphological and structural differences were
produced due to different process parameters configurations.
Finally, the fabrication techniques were summarised, and
optimal parameters were selected to improve the structure and

reliability of printed traces.
2. Materials and methods
2.1. Aerosol jet printing process

In the research a self-built aerosol jet printer was used. The
setup with the operating principle of the printing process is

presented in Fig. 1.
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Fig. 1. Schematic diagram of the aerosol jet printer with an
ultrasonic atomiser equipped with: A — control unit, B —
microfluidic flow controller, C - ink reservoir, D — ultrasonic
generator, E — air compressor and F — printing head with the
nozzle fixed above moving bed

An aerosol was generated by an ultrasonic transducer
working with a frequency of 1.7 MHz and a power of 18 or 24
W in a reservoir filled with 5 ml of suspension, which was
conductive ink. The size of generated aerosol droplets was

mostly in the range of 8-17 pm [34]. Produced aerosol was
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transported to the printing head by compressed air, which was
used as aerosol carrier and sheath gas. After being compressed
and accelerated by a sheath gas stream, the flowing ink aerosol
was sprayed out of the nozzle through an orifice with an inner
diameter of 0.36 mm to form thin conductive traces on the foil
substrate. The printing head was attached to the manipulator
arm with a stand-off distance of 3 mm above the bed (Fig. 2).
A microfluidic flow controller (Elveflow OB1 MK3+, Paris,
France) enabled precise regulation of compressed air pressure
down to 1 mbar. Samples 15x60 mm made of polyimide foil 100
pum thick (previously degreased with ethanol) were fixed to the
high-precision mobile CNC heating bed with magnets. A length
of printed traces was 50 mm. The selected samples were printed
with additional in-line heating of the substrate material at

a temperature of 90 °C.

Fig. 2. Printing head (front - A) and IR lamp (back - B) fixed
in the holder and attached to manipulator arm, C — heating and
moving bed. 1 — aerosol inlet, 2 — shielding gas inlet, 3 — main
resin-printed body, 4 — fixing screws, 5 — exchangeable nozzle

with inner orifice diameter of 0.36 mm.

The ink used in the research is a commercially available
suspension of silver nanoparticles (dsp = 6 nm up to 45 vol.%)
suspended in solvent, mostly tetradecane or a mixture of ethanol
and glycol (Amepox Microelectronics, Ltd., £6dz, Poland).
Properties of the ink are collected in Tab.1. The research was
divided into two stages: (1) printing parameters selection, i.e.,

pressure of carrier and sheath gas; and (2) printing and sintering

of traces with selected parameters and various drying and
sintering options. The printing process parameters applied in
stage (1) are collected in Tab. 2. It should be emphasised that
smaller pressure of carrier gas (CG) and sheath gas (SG) enables
precise control of the printing process with limited ink waste.
What is more, preliminary studies showed that the printing
process is stable without nozzle clogging or aerosol stream
choking with the SG in the range of 120-360 mbar. Therefore,
the pressure of SG in this study was selected to 240 mbar. The
printing velocity in both stages was set to 73 mm/min. The
printing was performed with control room temperature of 22 °C
and humidity of 50%.

Table 1. Properties of the utilized ink provided by manufacturer
[73].

Dynamic Surface . . Silver
viscosity tension Density Silver powder
[m-Pa-s| [dynes/cm] [g/cm?®] |content [%]|particles size
Y range [nm|]
7.5-10.5 28.5-32.5 1.1-1.3 45 3-8

Table 2. Range of printing parameters in stage (1).

Pressure of aerosol| Pressure of sheath
carrier gas (mbar) gas (mbar)

40; 60; 80 240 1

Two types of conducting ink sintering were applied: (i)

Number of layers

conventional furnace sintering at 230 °C for 60 min or 120 min
and (ii) IR lamp sintering with voltage of 5 V (50% of the
maximum power), four passes with traverse velocity of 10 or 20
mm/min. The ink manufacturer suggests sintering in the furnace
sintering for 60 min. Printed traces were analysed at different
variations of sample preparation: (i) as printed without a heating
table, (ii) as printed with a heating table, (iii) as printed with or
without a heating table and sintered in a furnace, and (iv) as
printed with or without heating table and sintered by IR lamp.
The samples were sintered in a muffle furnace (Nabertherm
LT9/12, Lilienthal, Germany) with a heating temperature range
of 30-1300 °C and by infrared adphosNIR dot lamp (adphos,
Bruckmuehler, Germany) equipped with a 150W emitter
halogen lamp. A dedicated head focusses NIR (near infrared)
light to a small heated area with a diameter of around 7 mm
providing a high heating energy density of 3.9 W/mm?. The
system heats only a very small round area and thus needs
transport during operation. The precise specification and
process parameters of printing and post-printing treatment are

collected and presented in Tab. 3.
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Table 3. Parameters of sintering in stage (2).

Samole description Notation Temperature of heilliflnatcifne IR lamp |Traverse velocity
P p heating bed [°C] [m;gn] voltage [V] [mm/min]
As — printed AP - - - -

As — printed with bed heating AP+H 90 - - -
Furnace sintering 1 FS1 - 60 - -
Furnace sintering 2 FS2 120 - -

Furnace sintering.l — AP with bed FS1+H 90 60 ) )
heating
Furnace sintering '2 — AP with bed FS2+H 90 120 ) )
heating
IR lamp sintering 1 IR 1 - - 5 10
IR lamp sintering 2 IR 2 - - 5 20
IR lamp sintering — AP with bed IR1+H 90 . 5 10
heating 1
IR lamp sintering — AP with bed IR2+H 90 ) 5 20
heating 2
* AP - as - printed
2.2. Printed traces characterization methods 3. Results

The microscope analysis of printed and sintered traces was
performed using VHX-6000 digital microscope - DM (Keyence
VHX-6000, Osaka, Japan) and the atomic force microscope —
AFM microscope (NT-MDT NTEGRA Prima, Apeldoorn, The
Netherlands). AFM scans were performed with the use of
resonant, noncontact mode, and NANOSENSORS PPP-NCLR
cantilevers. Additionally, the surface of sintered traces was
analysed with the use of scanning electron microscope - SEM
(Tescan VEGA 3 SBH, Brno, Czech Republic) equipped with
SE, BSE detectors, and EDS system for elemental analysis and
confocal microscope — CM (Olympus Lext OLS5100). Surface
morphology, dimensions, and overspray were assessed by DM
and SEM, while CM and AFM provide surface topography
parameters (profile high and roughness) and irregularity
dimension. Linear roughness was measured on the axis of the
trace line by CM, while square roughness was measured as
a rectangle 20x50 pum by AFM. For the electrical
characterizations, i.e. prints resistance, a 4-point probe
measurement method with precise measure unit (B2901BL,
Keysight Technologies, Santa Rosa, the USA) was used.
A resistance measurements were performed on at least three

randomly selected samples at constant temperature of 22 °C.

3.1. Parameters selection

The research began with many experiments combining
various process parameters. Parameter selection aimed to
achieve homogeneous traces with width below 50 pm
(excluding overspray) and regular and smooth surface. It is
obvious that increasing the pressure of sheath gas results in a
decrease of the printed trace width. However, the carrier gas
(CG) and the sheath gas (SG) are mutually dependent. After
exceeding the crucial pressure value of the SG, the aerosol will
not be dosed without increasing the CG. On the other hand, high
pressure of the CG will provide intensive aerosol deposition,
resulting in a wide trace.

The smallest tested CG pressure of 40 mbar produced traces
with a width of about 120 um including overspray, which was
difficult to distinguish due to irregular and rough surface (see
Fig. 3a). Furthermore, intensive overspray is visible on the left
and right sides of the path direction. It suggests that the aerosol
cloud consisting of the finest droplets was formed and ejected
from the printed stream by SG. Therefore, the aerosol cloud in
form of spatter is responsible for the intense smudging of the
foil. In the central part of the trace, the presence of agglomerated,

chemically bonded particles, irregularly deposited on the
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substrate, was confirmed by AFM measurements (Fig. 3b).

Lateral and longitudinal scans with a confocal microscope

a)

showed open porosity in the central part of the trace (Fig. 4).

0.20
0.00

b)

Fig. 3. Micrographs of irregular trace printed with smallest CG of 40 mbar, DM (a) and AFM (b).

Height profile

9.11
pm

Height profile

9.11
pum

257.411 ym

258.169 um

Fig. 4. CF scans of the sample presented in Fig. 3, profile directions (a,b), scanned surface (c) and generated lateral (d) and

longitudinal (e) profiles.

When the parameter values were switched and the CG
pressure of 60 mbar, the trace width was maintained the same.
However, the structure of the trace changed significantly and
consisted of two visible parts: (i) central homogeneous line with
the width of 38 pm and line with peripheral overspray with the
width c.a. 200 pm. It is worth stressing that aerosol cloud was

significantly reduced. The higher pressure of the CG increased

the amount of aerosol particles in the stream, as the well as
proportion of fine to large particles. The central homogeneous
line is smooth with only local pores (Fig. 5a). The highest tested
pressure of 80 mbar provided the highest amount of aerosol to
the stream and formed traces with the highest width in the range
of 60-70 um (central line) and above 200 um (line with

overspray). The overspray widening is proportional to the
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growth of the trace volume. However, more fine particles were
transported in aerosol cloud by higher pressure, causing

intensive spatter on both sides of the trace (see red arrows in Fig.

5b). The central line is visibly homogeneous due to the

increased amount of ink aerosol in the stream.

Fig. 5. Micrographs of trace printed with CG of 60 mbar, mag. 200x (a) and 80 mbar, mag. 500x (b), DM. Red arrows indicate

spatter caused by aerosol cloud out of the trace path.

3.2. In-line drying effect

The results of printing process with selected in stage (1) optimal
parameters (CG: 60 mbar) and without heating of the bed are
presented in Fig. 6a. It is clearly visible that printed traces are
well concentrated in the main axis. However, intensive spatter
occurred, smudging all around the polymeric substrate. What is

more, some local irregularity of the trace was found with

significant open porosity in the central, thickest part of the trace
(Fig. 6b). The porosity resulted from evaporation of the solvent.
Samples were kept at room temperature and measured 1 h after
deposition. In this short time the drying liquid transformed into
gas and by the arising pressure was removed from the deposited
material, leaving open porosities in the central continuous part

of the prints resembling ‘chimneys’.

Fig. 6. DM micrographs of AP sample produced with selected parameters (a,b). Red arrows indicate spatter caused by aerosol cloud

out of the trace path, while yellow arrows point irregularity of the trace - cyclical wider and narrower areas.

The application of heating significantly changed the print
characteristic. Bed heating causes an increase of the process
temperature, changing the flow characteristic and heterogeneity
of the traces. It is stated that heated nozzle acts as capillary with
rising pressure, which as a result increased velocity of the SG in
the nozzle. What is more, the rising temperature affected the
aerosol material as well. The intense evaporation of the liquid

in the stream significantly increased the viscosity of the ink

aerosol and initiated the agglomeration of the droplets. As
a consequence, the deposited material forms a porous and rough
structure, without spreading and filling a free space (see Fig. 7).
The thickness of the path is c.a. 6 pm. However, due to
extremally high longitudinal roughness (Ra = 0.52 pm and Rz
= 3.93 um), the trace has black colour. However, in the contrary
to the samples printed with the lowest CG pressure in stage (1)

and shown in Fig. 4, the trace was rather continuous just with
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local open porosity (Fig. 7c¢). evaporation of the liquid and production of completely

Therefore, to solve the problem, the power of the ultrasonic continuous and smooth traces (Fig. 8). In this case, the
generator was increased from 18 W to 24 W. The increased longitudinal roughness was significantly decreased to Ra=0.11
volume of aerosol generated in the reservoir prevented intensive pm and Rz = 0.7 pm.

pum
12.335
o

0
-1.397

Height profile

12.335
pm

257.411 pm

Fig. 7. Micrographs of rough trace printed onto heated substrate (AP+H) with insufficient aerosol volume, DM (a), CM (b) and
lateral profile (c).

Height profile

10.56
pum

257.411 pm
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Fig. 8. Micrographs of smooth trace printed onto heated substrate (AP+H) with appropriate aerosol volume, DM (a), CM (b) and

generated lateral (c) and longitudinal (d) profiles.

The results of printed traces geometry and surface
parameters measurements are presented in Tab. 4. Despite
spatter formation, all traces printed without substrate heating
showed high width of the main body, as well as large overspray,
in the range of 30-35 um and 186-203 pm, respectively. On the
contrary, samples prepared with additional heating showed
width in the range of 19-23 pm. Furthermore, the thickness of
the prints carried out with and without heating of the substrate
foil was 5.5 um and 1.2 um, respectively. This huge difference
arose from liquid evaporation and changed the viscosity of the
ink aerosol by increasing the temperature. As a result, the

overspray was limited, and an increase in thickness was noted.

Table 4. Selected parameters of printed traces.

However, sintering caused the evaporation of liquid and
polymer residues, which decreased the thickness of the traces.
All samples showed low Ra and Rz roughness below 0,1 pm
and 1 pm, respectively. Correlating the geometry of trace with
resistance measurements, a sheet resistance of the prints was
calculated (Tab. 4). It is clearly visible, that the highest sheet
resistance up to 29.6 Q/o presents traces sintered in furnace for
1 h. Increasing the sintering time to 2 h decreased twice the
order of magnitude. Further decrease provided NIR lamp
sintering, while the lowest result of 0.083 Q/o was achieved for

IR1+H sample.

Parameter Sample No.
AP AP+H FS 1 FS2 | FSI+H | FS2+H | IR 1 IR2 | IRI+H | IR2+H
Mean trace width| 5 19 32 35 23 21 32 30 20 21
[um]
Mean trace width
with overspray | 198 (SF) | 137 194 (SF) |203 (SF)| 127 135|186 (SF)| 187 (SF)| 148 139
[um]
Mean thickness | 5 5.5 1.1 0.9 2.7 25 13 12 2.4 23
[um]
Profile max [um]| 2.5 10.6 2.1 2 5.5 52 2.1 22 57 49
Ra [pum] 0.09 0.1 0.06 0.08 0.07 0.05 0.04 0.07 0.05 0.05
Rz [pm] 0.66 0.7 0.4 0.53 0.51 0.94 0.36 1.13 037 0.66
Sheet resistance | N7 N/A 296 | 0283 118 0230 | 0.116 | 0.143 | 0.083 0.088
Rs [Q/O]

*  SF — spatter formation, described as extensive overspray covering substrate up to 3 mm on both sides of the trace

3.3. Furnace sintering

Aerosol jet printed traces require a post-printed sintering

process to achieve optimal conductivity and mechanical

integrity. The sintlering process involves subjecting the printed
traces to elevated temperatures, which promotes the bonding

and consolidation of the conductive particles in the ink. The
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basic method for sintering printed traces is furnace heating.
Both types of samples, as-printed and as-printed with in-line
heating, were sintered in furnace for 1 or 2 hours. Despite the
manufacturer’s suggestions for sintering time (1 hour) [73], we
extended the time to 2 hours and compared the surface structure
and prints properties. Extended time of samples curing in
furnace should supply additional energy to silver nanoparticles
and improve sintering process. The sintered samples showed the
same features as the non-sintered samples. Therefore, samples

produced without in-line heating (FS2) were characterized by

0.00 mm 0.02 0.04 0.06 0.08 0.10

Fig. 9. DM micrographs of sample FS 2 (a) and FS 2 + H (b).

intensive overspray and open porosity as well (Fig. 9a). On the
contrary, the trace printed on a heated substrate (FS2+H) is
centred, regular, and satisfactory narrow (Fig. 9b). The samples
sintered in a furnace for 1 and 2 hours seemed to have a similar
surface structure (Figs. 10 and 11). However, high resolution
scans on AFM showed nano-porosity in sample sintered for 1 h
(FS1) (Fig. 10b), while nano-roughness due to existence of
nano-plateaus in sample sintered for 2 h (FS2) (Fig. 11b). As

a result, the former sample had higher surface mean roughness

Sa and Sq compared to the latter (Tab. 5).

Opm 5 10 15

750 nm
700
650
600
550
500
450
400

Fig. 10. AFM scans of sample FS 1 (a,b)
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0.00mm 0.02

Table. 5. Nano-scale roughness of samples measured by AFM.

0.04

Fig. 11. AFM scans of sample FS 2 (a,b).
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Sample
Parameters
AP AP+H FS1 FS2 FS1+H FS2+H IR1 IR2 IR1+H IR2+H
Sa [nm] N/A 821 110 63 142 127 16 52 61 128
Sq [nm] N/A 932 135 79 182 157 21 63 77 149

Quite different appeared to be samples fabricated without
(FS2) and with (FS2+H) in-line substrate heating and sintered
in furnace for 2 hours. Nevertheless, the variations arose from
printing process performance. A non-heated substrate sample
showed intensive porosity in the form of locally present large
open pores with diameter up to 8 um and many small craters
with diameter below 1.5 pm (see Fig. 12a). Despite those
defects, the trace is continuous with an overspray having width
of 20-25 pm on both sides. The substrate heating provides
a sample free of porosity (Fig. 12b). However, the overspray
region is intensively developed. An AFM scans confirmed high
peaks in the trace/overspray boundary, known as the coffee ring
effect (CRE) (Fig. 13). The increase in overspray height resulted

from accelerated evaporation of liquid present in the ink aerosol

and enhanced deposition of ejected droplets. The CRE is visible
in the DM microscope as a black region (see Fig. 8 a and b, both
sides of the traces). It should be emphasised that according to
SEM results this region is discontinuous. To confirm this
statement, an additional sample was printed with insufficient
aerosol volume on heated substrate (the same as shown in Fig.
7) and sintered in furnace for 1 hour. The DM showed
a potentially satisfactory trace with a black region in the middle
(Fig. 14a), while the CM scan suggests intensive porosity in this
region (Fig. 14b). The reliable result with spongy structure and
discontinuity is provided by the SEM image (Fig. 14c).
Therefore, DM and CM surface analysis can be misleading and

should be confirmed by SEM or AFM scans.
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Fig. 12. SEM micrographs (SE) of sample FS 2 (a) and sample FS 2 + H (b). Red circles and yellow ellipses mark open porosity and

small craters, respectively.
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Fig. 13. AFM profiles of sample FS 2 (red profile) and FS 2 + H (black profile).
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Fig. 14. DM micrograph of the trace surface printed with insufficient aerosol volume, sample (a) with CM scan along marked
transverse line (b) and SEM image (SE) in the middle of trace width (c).

3.4. Infrared sintering

The same printed samples were sintered by IR lamp. NIR dot
lamp heated only printed lines instead of whole foil samples.
The sintering time was 5 min and 2.5 min, for a traverse speed
of 10 mm/min and 20 mm/min, respectively. Regardless of the
speed of sintering, the quality of the samples depended on the
printing process. Intensive open porosity was present in traces
printed without substrate heating (Fig. 15a). Sample IR 1
sintered with lower traverse speed generates a finer structure
with bonded particles and visible aggregates (Fig. 15b). In the
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case of sample IR 2 single aggregates can be distinguished in
the standard topography mode (Fig. 15¢) and were highlighted
by phase image which is relative to sample material contrast
(Fig. 15d). Smoother surface structure of IR 1 sample arises
from higher thermal energy generated while sintering with
lower traverse speed. The energy was sufficient to bond all
aggregates to solid material. It should be noted that without
substrate heating, the trace material contains residues of the
liquid phase and polymer material, which have to be removed

and restrain the short-time sintering.
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Substrate heating enhanced liquid evaporation and aerosol
deposition. Samples IR1+H and IR2+H showed excessive
development of overspray in the trace boundary region. Figure
16 presents a set of peaks in the overspray area that are higher
even than the main part of the trace. Independently of the
traverse speed, IR sintering in combination with substrate
heating in the printing process provided a continuous and
smooth surface of the trace. In comparison to the AP+H sample
(Fig. 17), the smoothing effect of the sintered samples is clearly
visible. Agglomerates bound by liquid residues form a wavy
surface topography. AFM in the phase image (Fig. 17c¢)
confirmed a slack structure without the presence of solid
material. On the contrary, single silver particles were detected
in IR1+H sample by high resolution AFM topography scans,

which are particularly visible in friction mode (Fig. 18). Large

sintered aggregates with clear boundary lines in the pits consist
of many fine silver particles. Therefore, it is stated that drying
process form loosely bound particles in agglomerates, while the
sintering process can be divided into two steps. In the first step,
the particles inside the agglomerates are bonded, forming
aggregates, and in the second step, the aggregates are joined
together. Comparison of the roughness of the sintered prints on
nano-scale (see Tab. 5) shows that the elongated time of the
sintering, independently of the heating source, provides more
thermal energy and consequently minimises the surface
roughness from Sa 821 nm to 16 nm for the AP+H and IR1
samples, respectively. However, the roughness of samples
printed with substrate heating is slightly higher, probably due to

increased half-dried aerosol deposition with lowered viscosity.
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Fig. 16. AFM topography images (a,c) and SEM-SE micrographs (b,d) of IR1+H (a,b) and IR2+H (c,d).
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Fig. 17. AFM topography image (a,b) and phase image (c) scans of AP+H sample.
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Fig. 18. High resolution AFM topography image (a) and friction mode — LF (b) of IR1+H sample. Blue arrows indicate the boundary

lines between sintered aggregates.

4. Discussion

The most troublesome issue in AJP is the overspray formed
usually in the nearest region of the printed trace. In some cases,
the spattered overspray can cover tens of square millimetres of
the substrate. It results from the presence of small aerosol
droplets below 1 um [22]. Fine droplets are ejected from the
main stream and create an aerosol cloud that electrostatically
embed on the foil. Skarzynski et al. [57] concluded that wider
overspray and lesser homogeneity of the trace result from lower
Saffman force acting on fine aerosol droplets. The problem
firstly was solved by adding virtual impactor to the line

transporting ink aerosol to separate fine droplets [67],[52].

However, this solution increases the costs of the process by
intensifying ink consumption. The present study showed that
overspray can be limited and aerosol cloud spatter totally
eliminated by applying heating of the bed, which significantly
influences the properties of the ink. As a silver nanoparticles
suspension, the ink has to be chemically stabilised and therefore
contains a precise mixture of surfactants, polymer additives, and
solvent [44]. All of the stabilisers are temperature sensitive.
Therefore, the printing nozzle is usually fixed close to the
substrate to increase control of the process. However, with
activated bed heating, the temperature is transferred to the
nozzle, enhancing evaporation of the solvent directly in the

stream. As a consequence, the properties of the ink change, the
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surface tension decreases [4], while the viscosity and density
increases, facilitating the deposition [69]. It should be
emphasised that the alcohol and polymer additives to the ink are
responsible for controllable transport of nanosized silver
particles. Nevertheless, after deposition, the solvent has to be
removed to bond metal particles into a solid continuous trace.
Heating of the bed helps to accelerate the drying process by
promoting the evaporation of solvents and leads to changes in
the concentration due to destabilization of surfactants [19],[30].
This prevents the formation of defects and allows for faster
printing speeds. However, heating of the deposited ink in the
trace starts the decomposition of the silver precursor at the
temperature above the boiling point and the decay temperature
of the solvent. Therefore, silver nanoparticles are bound and
form agglomerates [70] in situ in the absence of solvent (Fig.
17) or clusters [29], when a small number of nanoparticles are
attached to aerosol droplets (see Fig. 16b,d). The clusters are
formed by polymerisation of the capillary bridges in the wet
state, at moderate temperatures below 100 °C [21]. Pham-Van
et al. [50] hypothesised that these clusters form structures that
minimise the second moment of mass distribution. Moreover,
Yang et al. [70] stated that thermal decomposition of the ink
complex would be largely restricted in isolated clusters and as
a result form a discontinuous film. The drying process affects
polymer solutions, which exhibit a change in surface tension
dependent on the local solute concentration and lead to gelation
[59],[26]. On the other hand, variations in surface tension along
the liquid—gas interface induce a Marangoni flow that pushes
particles away from the contact line and therefore leads to
suppression of the CRE [4]. Anyfantakis et al. [5] reported that
suspension surfactants are responsible for solutal Marangoni
flow and flattening of the profile of the final polymer film. This
phenomenon was observed in present study by formation of
porous overspray. What is more, these porous features of
solidifying suspension can also be attributed to the breakdown
of planar growth due to instability of the solid—liquid interface.
These factors influence growth kinetics and determine the
growth morphology [45].

After printing, the sintering process begins and is usually
divided into two stages. In the first stage, the nanoparticles in
the agglomerates are bonded to the solid material. However, the

residue of the chemical stabilisers provides an energy barrier to

sintering. Therefore, the removal of stabilizers typically
requires a temperature higher than 250 °C and a relatively long
time due to a relatively large amount of surface residues (>10
wt.%) [41], low mobility and physical adsorption of surfactants
[72]. 1t should be noted that thermal energy requirements are
reduced in the area of agglomerates due to the action of surface
energy and van der Waals forces between nanoparticles
[32],[17],[7]. In the second stage, the sintered aggregates are
joined together, forming a solid trace (Fig. 18). The sintering of
AP samples printed without bed heating results in a finer
material structure (see Fig. 15) due to possible particles
migration while sintering, which was confirmed by nano-scale
roughness measurement. However, the structure shows some
porosity and non-continuity between aggregates with possibility
to microcracks generation. Gramlich et al. [16] found that
sintering should begin before the film is fully dried to form
sintering necks and increase the particle-to-particle bonding
significantly above the previously predominant van der Waals
force. As a result, sintered material can resist capillary pressure
and thereby prevent cracks.

The selection of the sintering method and the sintering
parameters significantly affected the quality of the prints. The
furnace sintering lasts much longer, and the entire substrate is
heated uniformly. On the contrary, infrared radiation directly
affected the traces by penetrating the printed layer, causing
localised heating and enabling selective sintering of the material.
While infrared sintering can provide rapid heating, precise
temperature control might be more challenging than in furnace.
On the other hand, some heat-sensitive substrates may be
unsuitable for furnace sintering due to prolonged exposure to
high temperatures. Therefore, IR sintering is more suitable for
heat sensitive substrates, as it provides localised heating without
subjecting the entire substrate to prolonged affection of high
temperatures [63],[18]. The results showed that furnace
sintering (FS) without bed heating in 1 hour generated high
nano-porosity due to insufficient energy. Increasing the
sintering time to 2 hours solved the problem, the porosity faded
(compare Fig. 10 and Fig. 11) and roughness decreased (Tab.5).
The quality of the prints was verified by resistance
measurements. Defects detected in samples FS1 and FS1+H
were responsible for the highest values of sheet resistance.

Extended time decreased twice order of magnitude from 29.6
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Q/o to 0.283 Q/o in sample FS1 and FS2, respectively. In the
case of infrared sintering, the traverse velocity of the polymer
substrate regulated the material structure. The lower velocity
applied in samples IR1 and IR1+H provided much lower nano-
scale roughness (Tab. 5), indicating decreasing of porosity. As
a result, a decrease in a sheet resistance was achieved.

It should be emphasised that the sheet resistance of the
printed traces is comparable with the results obtained for
commercially available printers. Chen et al. [12] printed large
traces of 2 mm width and 10 pm thick on paper substrate and
obtained a sheet resistance of 1.13 x 1072 Q/o, while Seiti et al.
[55] declared a sheet resistance in the range of 0.05-0.1 Q/0 on
polymer substrate, depending on the ink and trace geometry.
The prints fabricated in this study and sintered by IR lamp fall
within the range. Nevertheless, additional in-line bed heating
should be applied to increase the thickness of the prints and as

a result decrease resistance.
5. Conclusions

In the presented study, silver-nanoparticle based ink was applied
in aerosol jet printing process to fabricate prints on flexible
polyimide substrates. Samples were prepared without or with
additional in-line heating of the substrate material to
temperature of 90 °C. The major problem of the process is the
formation of the spatter. Fine droplets with diameter below 1
um are ejected from the stream and create aerosol cloud that
electrostatically embed on the foil. An additional problem was
the local open porosity that resulted from evaporation of the
solvent. A gas formed inside the trace from the drying liquid
exerted pressure, leaving open porosities in the central

continuous part of the prints that resemble ‘chimneys’. The
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present study showed that overspray can be limited, while
aerosol cloud spatter and open porosity are totally eliminated,
by applying bed heating. The heat transferred to the nozzle
increases the viscosity and density of the ink due to accelerated
evaporation of the solvent from the aerosol. As a consequence,
the agglomerates with increased nanoparticles concentration
prevent defect formation. Furthermore, the enhanced deposition
of silver nanoparticles increases the thickness of the traces.

All printed samples were sintered in furnace at 230 °C for
60 min or 120 min or by IR lamp with a voltage of 5 V and
a traverse velocity of 10 or 20 mm/min. The sintering
parameters recommended by the ink manufacturer, i.e., furnace
heating at 230 °C for 60 min were insufficient, generating
defined by AFM nano-porosity and high roughness. Increasing
the sintering time to 120 min smoothed the surface of the trace
by decreasing porosity and roughness as well. In the case of IR
sintering, the material structure was regulated by the process
traverse velocity, and thus samples sintered with a lower
velocity showed the lowest nanoscale roughness, indicating the
smoothest sample surface.

The use of infrared light for sintering aerosol jet printed
traces offers several advantages. It allows for rapid and
localised heating, enabling precise control over the sintering
process. Infrared sintering also reduces the thermal impact on
the surrounding materials, minimising the risk of damage to the
substrate. Additionally, the process can be easily integrated into
existing manufacturing lines or combined with printer, making
a practical solution for large-scale production of electronic
devices. The research confirmed that properly planned AJP

process improves the quality and reliability of the printed traces.
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