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Electrodes, as signal transmission channels for microelectronic components, need to develop towards high

precision. Among the existing printed electronic technologies, electrohydrodynamic (EHD) jet printing

utilizes electric field force to control ink, enabling higher precision electrode processing. In this paper,
the relationship between the printing parameters of EHD-printer and the morphology of the electrodes

was investigated. With the decreasing of driving voltage and bias voltage, the line width of the silver

electrode became more and more narrow. Silver electrodes with line width of 3.85 pm were fabricated

through process optimization. In addition, with the annealing temperature rising, the resistivity of the

electrode gradually decreased. The possible reason was that higher temperatures could not only

Received 29th October 2025
Accepted 3rd December 2025

increase the binding degree of silver nanoparticles, but also promote the removal of organic matter.

Silver electrodes with resistivity of 13.63 uQ cm were fabricated through process optimization, which

DOI: 10.1039/d5ra082929

rsc.li/rsc-advances printing.

1. Introduction

With the size of electronic device becoming smaller, electrodes,
which serve as signal transmission channels, also need to
develop towards greater precision. Electrohydrodynamic inkjet
printing is a new inkjet printing technology that can be used to
prepare high-precision electrodes,"” does not require vacuum
condition,® and is low cost.* The electro-hydrodynamic inkjet
printing primarily consists of the electrohydrodynamic printer,
the nozzle, and the printing ink.>®* As shown in Fig. 1(a), the
voltage is applied between nozzle and substrate through power
supply.”® The electric field force (F.) will make the ink form
a Taylor cone at the nozzle.>' There are various mechanisms
explaining the formation of the Taylor cone."** As depicted in
Fig. 1(b), when no additional voltage is applied to the nozzle, the
printing ink, due to surface tension (Fs), forms a ellipsoidal
droplet at the nozzle."® When a high voltage is applied between
the nozzle and the substrate, the ink is stretched under the nozzle
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showed an important application potential of the silver electrode printed by electrohydrodynamic inkjet

to form a Taylor cone. With the strength of the electric field
increasing, the Taylor cone is further stretched and becomes
unstable, resulting in ink separation and jet formation.****
Compared to traditional inkjet printing technologies,
electro-hydrodynamic inkjet printing utilizes a wider range of
inks,'*" including high-viscosity ink'®"” and non-traditional
ink,?® such as bionutrient ink used for cell culture in the
biomedical field.** Among the various types of conductive inks,
silver nanoink has the advantages of lower resistivity and
adjustable viscosity,” making it suitable for printing silver
electrodes with extremely low resistivity.>>** Qi Lei et al. utilized
an electrohydrodynamic printer combined with in situ active
silver ink to print micro-patterned conductive silver electrodes,
achieving a minimum size of 27.6 + 3.4 um with a conductivity
of 3.3 x 10° S m~'.*® Hongfu Liang et al. optimized the EHD
printing process, achieving a line width of 19.42 + 0.24 pm and
a conductivity of 6.01 x 10°S m™" for silver electrodes.’ Ding. Y
et al. used integration of electro-hydrodynamic printing and
hydroprinting to achieve a electrode line width with 10 pm.*

No voltage applied
\ /

Apply high voltage
\ /

\ /
\\ Nozzle /

® Silver nanoparticles N

Fig. 1 Schematic diagram of electrohydrodynamic inkjet printing: (a)
EHD inkjet printing model diagram; (b) jet of ink.
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However, the use of electrohydrodynamic inkjet printing to
fabricate silver electrodes still faces challenges such as the need
for further reduction of line-width and resistivity.”® In this
paper, the relationship between the printing parameters and
the morphology of silver electrodes was studied. In addition, the
relationship between the annealing temperature and the resis-
tivity of silver electrode was also studied.

2. Materials and methods
2.1 Materials

In this paper, the material of the substrate and nozzle were
glass. The silver ink(40 LT-15C) used was purchased from ANP
Company in South Korea. The solvent of the ink was triethylene
glycol monoethyl ether, and the average particle size of the
silver nanoparticles was 80 nm.

2.2 Preparation process

An electrohydrodynamic printer (SIJTechnology SIJ-S150,
Tokodai, Ibaraki, Japan) was used to print electrodes in this
paper. The preparation process of silver electrodes was divided
into four steps: substrate cleaning, ink treatment, electrode
printing and post treatment.

As shown in Fig. 2, in the substrate cleaning, the glass
substrate is placed in beakers containing deionized water and
isopropanol in turn for ultrasonic treatment. In the ink treat-
ment, the ink is treated by ultrasonic to prevent particles from
gathering and causing nozzle blockage. In the above steps, the
power of ultrasonic treatment is 200 W, the time is set to
15 min, and the temperature is set to 25 °C. After configuring
the printing parameters, silver electrodes are printed. After
printing, the electrode needs to be treated at 60 °C for 10
minutes and then at the set high temperature for 20 minutes.

2.3 Test

In this paper, the contact angle between the silver ink and the
glass substrate was measured by a tensiometer (Theta Lite 200).
The contact angle was measured using the sessile drop method,
and the surface tension of the ink was measured using the
pendant drop method. The viscosity of silver ink was tested by
a three-segment shear program on a rotary rheometer (HAAKE
Mars 40).

The line width and cross-sectional area of the silver elec-
trodes were measured by a laser confocal microscope
(OLYMPUS LEXT OLS 5000). The uniformity of the electrode
line width was calculated using the following formula (1):

Substrate Silver ink Nozle

= = - f— m
-
‘
D 3 . !‘ = =) ®6
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A Hot stage
Ultrasonic stirrer

(Substra\e c]ezming) ( Ink treatment ] ( Electrode prinlingj ( Post treatment j

Fig. 2 Preparation process for silver electrodes.
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Uniformity = 7
max min

where L.« is the maximum line-width of the electrode. Where
Lpin is the minimum line-with of the electrode. The smaller the
value of uniformity is, the more uniform the electrode linewidth
is.

The I-V curve of the silver electrode was measured by
a semiconductor parameter analyzer (Primarius FS Pro, PX500,
Pudong New Area, Shanghai, China) to fit the electrode resis-
tance. The resistivity of the silver electrode can be obtained
using the following formula (2):

S
=RZ 2
p=Ry (2)
where R is the resistance of the electrode, S is the cross-sectional
area of the electrode, and L is the length of the electrode fixed at

1 mm.

2.4 Statistical analysis

Each experiment above involved five replicates. This ensures
that the data has high repeatability. Data on line width and
resistivity are presented as the means + standard deviations. In
the graphs, vertical bars represent the mean, and the error bars
represent the standard deviation.

3. Results and discussion
3.1 Ink properties

According to the three-segment shear viscosity test results of
silver ink, the viscosity of silver ink was 6.8 cps at 25 °C. Fig. 3(a)
shows that the surface tension of silver ink was 74.9 mN m™".
Fig. 3(b) shows the contact angle test between the silver ink and
a glass substrate. The average contact angle between ink and

substrate was 20.885° + 0.225°.

3.2 Morphology of silver electrodes

3.2.1 Voltage waveform

3.2.1.1 Driving voltage. Fig. 4 shows the electrode
morphology under different driving voltages. With the driving
voltage increasing, the amount of ink ejected became more and
more, resulting in an enhanced ink spreading effect.

Fig. 5 shows the effect of driving voltage on the line width
and cross-sectional area of silver electrodes. With the driving
voltage decreasing from 240 V to 130 V, the line width of elec-
trode decreased from 10.51 pum to 3.85 um, and the cross-
sectional area of electrode decreased from 0.74 um? to 0.33

(a) (b)

Fig. 3 Ink properties: (a) surface tension; (b) the contact angle of silver
ink on glass substrate.
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Fig. 4 Electrode morphology images under different driving voltages:
(a) 130 V; (b) 160 V; (c) 190 V; (d) 220 V.
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Fig. 5 The effect of driving voltage on silver electrodes:(a) line width;
(b) cross-sectional area.

um?. The possible explanation was that, the strength of electric
field formed between the nozzle and the substrate decreased
with the driving voltage decreasing.” The reduction of electric
field force made the ink droplets ejected from the Taylor cone
smaller, resulting in the reduction of linewidth and cross-
sectional area.

3.2.1.2 Bias voltage. Fig. 6(a) shows the voltage waveforms
before and after applying a bias voltage. The bias voltage is
a compensation voltage for the driving voltage. After applying
a bias voltage of 240 V on the basis of a driving voltage of 200 V,
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Fig. 6 The effect of bias voltage on electrode morphology: (a) voltage
waveform before and after applying bias voltage; (b) no bias voltage; (c)
bias voltage of 240 V.
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Fig. 7 The effect of bias voltage on the linewidth of silver electrodes.

the high level applied to the nozzle rises from 200 V to 440 V,
and the low level rises from —200 V to 40 V. Fig. 6 (b) and (c)
show the effect of bias voltage on electrode morphology. Only
very small ink droplets were printed when no bias voltage was
applied. In contrast, complete electrode line was printed when
an appropriate bias voltage is applied. The application of bias
voltage provided an additional electric field pulling force for the
ink, which could shorten the time it took for the jet to form on
one hand, and delay the rupture behavior of jet on the other
hand.** This meant that a larger volume of ink drops was
printed in one cycle, so that the complete electrode line was
printed.

Fig. 7 shows the effect of bias voltage on the linewidth of
silver electrodes. The line-width decreased from 11.30 pm to
4.35 pm with the bias voltage decreasing from 280 V to 200 V.
When the bias voltage was 200 V, the standard deviation of the
electrode line width was minimized. Similar to the driving
voltage, the decrease in bias voltage led to a reduction in the
electric field force at the nozzle, resulting in a decrease in the
amount of ink ejected. Ultimately, it led to a reduction in elec-
trode line width.

3.2.1.3 Waveform frequency. Fig. 8 shows the effect of
waveform frequency on the linewidth of silver electrodes. In this
paper, the linewidth of electrode first increased and then
decreased with the waveform frequency increasing from 700 Hz
to 1000 Hz. Compared to the linewidth average at 700 Hz, the
linewidth average at 800 Hz is 19.74% larger, 12.59% larger at
900 Hz, and 8.83% larger at 1000 Hz. Compared to the driving
voltage and bias voltage, the difference in electrode linewidth is
not significant at different waveform frequencies. According to
formula (1), the uniformity value of the electrode under

[ Line width
&+ —e— Uniformity

5.99um
5.79um

5.32um

Line width (um)

2.73%

700 800 900 1000
Frequency (Hz)

Fig. 8 The effect of waveform frequency on the linewidth of silver
electrodes.
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different waveform frequencies could be calculated. With the
waveform frequency increasing, the uniformity value of the
electrode linewidth gradually decreased, indicating that
a higher waveform frequency contributed to a more uniform
electrode linewidth. Notably, the silver electrode printed at
a frequency of 1000 Hz had a linewidth of 5.79 um, but the
uniformity value was only 2.73%, indicating that the electrode
linewidth was the most uniform. In fact, with the waveform
frequency increasing, the duration of the high level corre-
spondingly decreased in one voltage cycle, which reduced the
jetting time. Under constant moving speed conditions, the
reduction of jetting time would directly decrease the length of
the electrode line segments printed in a single cycle.** Consid-
ering that the macro electrode was composed of multiple micro
segments, reducing the length of micro segments would make
the macro electrode linewidth more uniform.

3.2.2 Moving modes

3.2.2.1 Moving speed. Fig. 9 shows the effect of movement
speed on the line width of silver electrodes. With the moving
speed increasing from 5 mm s ' to 30 mm s, the electrode
line width gradually decreased from 7.6 pm to 5.3 pm, indi-
cating that the line width could be controlled by adjusting the
moving speed. The main reason may be that the ink ejection
volume is fixed under the same voltage conditions. The increase
in movement speed causes the electrode line length to become
longer, resulting in a decrease in line width.

3.2.2.2 Moving acceleration. Fig. 10 shows the effect of
acceleration on the ink overflow degree of the silver electrode.
In Fig. 10(a)-(e), the blue wireframe represents the testing area,
with a length of 200 pm and a width of 150 um. The red line
width represents the overflow area of ink. To measure the
degree of ink overflow, the overflow degree can be defined by the
following formula (3):

4o
Overflow degree = -4 X 100% (3)
t

where 4, is the overflow area of the ink, and A; is the testing
area.

At a moving acceleration of 25 mm s ~, there was a signifi-
cant amount of ink accumulation at the ends of the silver
electrodes, leading to most of the electrode lines connecting.
However, when the moving acceleration reached 40 mm s ™2, the

-2

Line width (um)
(=)

5 10 15 20 25 30
Motion speed (mm/s)

Fig. 9 The effect of movement speed on the line width of silver
electrodes.
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Fig. 10 The effect of acceleration on the ink accumulation degree of
the silver electrode:(a) 25 mm sZ; (b) 30 mm s2; (c) 35 mm s2; (d) 40 mm
s2; (e) 45 mm s2; (f) overflow degree.

ends of adjacent electrode lines were no longer connected. With
the moving acceleration increasing, the overflow degree at the
ends of the electrodes was significantly reduced from 39.8% to
4.3%. This meant that regulating the moving acceleration could
significantly improve the ink overflow situation. Actually, the
moving acceleration determined the residence time of the
nozzle at the end of the electrode. The longer the time, the more
ink would be ejected, resulting in a higher degree of ink over-
flow. In the actual production, the overflow area at the end of
the electrode should be reduced as much as possible. By
adjusting the moving acceleration, smaller scale ink accumu-
lation area can be achieved.

3.3 Post treatment

Fig. 11(a) shows the I-V curves of the electrodes at different
annealing temperatures. At an annealing temperature of 170-
210 °C, the silver electrodes exhibited a typical linear resistance
volt ampere characteristic curve. However, at an annealing
temperature of 210 °C, the current on the silver electrode was
almost 0 A, which shows that the electrode had a high resis-
tivity. According to Ohm's law, the silver resistance was ob-
tained by linear fitting of I-V curve. The electrode resistivity was
calculated using the formula (2). Fig. 11(b) shows the resistivi-
ties of electrodes at different annealing temperatures. With the
annealing temperature increasing, the resistivity of the silver
electrodes decreased, and the value of resistivity uniformity also
decreased. At an annealing temperature of 200 °C, the resistivity
of the silver was 13.63 pQ cm, with a resistivity uniformity value
of 5.95%. This indicated that at this temperature, the electrical
performance of the silver electrodes exhibited good
reproducibility.
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Fig. 11 Electrical performance of silver electrodes at different
annealing temperatures: (a) -V curve; (b) resistivity.
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Fig. 12 SEM images of silver electrodes at different annealing
temperatures: (a) 170 °C; (b) 180 °C; (c) 190 °C; (d) 200 °C; (e) 210 °C.

Fig. 12 shows the SEM images of silver electrodes at different
annealing temperatures. At an annealing temperature of 170 °C,
the overall fusion degree of silver nanoparticles was low, and
the particles did not have tight contact with each other. This
was because a significant amount of organic matter had yet to
be removed at this temperature. With the annealing tempera-
ture increasing, the melting degree of silver nanoparticles
increased, and the organic content gradually decreased. At an
annealing temperature of 200 °C, the vast majority of silver
nanoparticles fused into one piece with the minimal gaps. This
led to the formation of high conductive silver film, which
explained why the resistivity of silver electrode was the lowest at
this temperature. However, when the annealing temperature
reaches 210 °C, the silver particles fused into isolated particles,
and the conductive channel of the silver electrode broke. This
explained why the current of the silver electrode is almost 0 A at
210 °C.

Fig. 13(a) shows the carbon content in the silver electrodes
tested by EDS. With the annealing temperature increasing, the
carbon content gradually decreased, indicating that the residual
organic matter gradually decreased. Fig. 13(b) shows the silver
content in the silver electrodes. With the annealing temperature
increasing, the silver content showed an increasing trend. At the
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Fig. 13 Elemental content test results of silver electrodes at different
annealing temperatures: (a) C element content; (b) Ag element
content.
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annealing temperature of 200 °C, the silver content was
approximately 38.81%. This increment of the silver content was
also a factor affecting the reduction of resistivity of silver
electrodes.

4. Conclusions

In this article, the relationship between the printing parameters
and the morphology of silver electrode was investigated. With
the driving voltage decreasing, the bias voltage decreasing and
the moving speed increasing, the linewidth of the silver elec-
trodes decreased. Silver electrodes with a line width of 3.85 um
were fabricated through process optimization, which is much
narrower than the 10 um linewidth electrode prepared by Ding.
Y et al.”” Besides, with the moving acceleration increasing, the
degree of ink accumulation at the end of the electrode line
reduced. Furthermore, with the annealing temperature
increasing, the resistivity gradually decreased. The possible
reason was that higher temperatures could not only increase the
binding degree of silver nanoparticles, but also promote the
removal of organic matter. Silver electrodes with a resistivity of
13.63 pQ cm were fabricated through process optimization. In
this article, the evaluation of the performance of printed elec-
trodes is mainly limited to line width and resistivity, and there
is a lack of evaluation of the adhesion between electrodes and
substrates, long-term oxidation resistance, and other proper-
ties. In the future, EHD printed silver electrodes will be applied
for performance verification in practical functional devices such
as flexible OLED displays, thin-film transistors, and sensors.
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