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Abstract: Laser-direct writing has become an alternative method to fabricate flexible electronics,
whereas the resistive nature of laser-scribed conductors may distort the radio-frequency characteristics
of circuits for high-frequency applications. We demonstrate that the transmission characteristics of
microstrip lines are insensitive to the resistance of laser-scripted conductors when the sheet resistance
is not above 0.32 Ω/. On the other hand, the transmission and reflection characteristics of the MS
lines can be simply modified through the accommodation of the resistance of the conductors, because
a laser can trigger the sintering and melting of laser produced silver nanostructures. This could
provide an alternative way to fabricate radio frequency (RF) resistors and promote their applications
to flexible radio-frequency devices and systems.
Keywords: laser-direct writing; sintering; radio frequency; microstrip; lossy transmission line

1. Introduction
Laser-direct writing (LDW) appears to represent a good alternative to traditional methods for
the fabrication of flexible electronic devices. Compared to conventional approaches, this technique
offers noncontact and maskless patterning with a resolution that can go down to a submicrometer
scale, a localized reaction that makes it less possible to damage the substrate, compatibility with a
wide range of materials, and simplified fabrication procedures by combining several process into a
single step [1–4]. These merits meet the requirements for flexible electronic manufactures and lead to
many applications, such as conductive electrodes [5,6], capacitors [7–10], and sensors [2,11,12]. At the
same time, the recent literature on laser-scribed electronics is dominated by the transmission and
procession of direct current (DC) or low-frequency signals. The application of the LDW technique
to radio frequency (RF) devices is still underdeveloped due to the resistive nature of laser-scribed
conductors. The higher resistivity of laser-scribed conductors than bulk metals can result in higher
ohmic losses of the propagating RF signals [13]. Further, the conductor’s non-negligible resistance
results in the complex characteristic impedance of an RF functional structure. This resistance makes
it harder to obtain an ideal impedance matching 50 Ω, which is considered the standard impedance
for most RF devices and systems [14]. The impedance mismatch generally results in a reflection
of RF signals, which restrains the signals propagating into or outside RF functional structures [13].
All these issues can distort the RF characteristics of RF circuits and may limit the application of the
LDW technique to RF devices.
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Herein, we investigate the characteristics of laser-scribed microstrip (MS) transmission lines on
Herein, we investigate the characteristics of laser-scribed microstrip (MS) transmission lines on
flexible substrates. The microstrip line, a basic component of RF circles, has become popular not only
flexible substrates. The microstrip line, a basic component of RF circles, has become popular not only
because of its simple structure but also because it provides a wide range of characteristic impedances
because of its simple structure but also because it provides a wide range of characteristic impedances
demanded by integrated RF circuits [14,15]. Furthermore, the RF propagation of MS lines is of
demanded by integrated RF circuits [14,15]. Furthermore, the RF propagation of MS lines is of
particular concern in today’s chip-to-chip interconnects for high-speed electronic systems, where the
particular concern in today’s chip-to-chip interconnects for high-speed electronic systems, where the
attenuation associated with ohmic losses and the reflection associated with impendence mismatch in
attenuation associated with ohmic losses and the reflection associated with impendence mismatch in
the strip conductors becomes a considerable parameter [14,16]. We demonstrate that the transmission
the strip conductors becomes a considerable parameter [14,16]. We demonstrate that the transmission
characteristics of MS lines are insensitive to the resistance of the laser-scripted conductors when the
characteristics of MS lines are insensitive to the resistance of the laser-scripted conductors when the
sheet resistance is not above 0.32 Ω/□. On the other hand, further increasing the sheet resistance could
sheet resistance is not above 0.32 Ω/. On the other hand, further increasing the sheet resistance
result in considerable transmission loss and reflection. Benefiting from laser-induced sintering and
could result in considerable transmission loss and reflection. Benefiting from laser-induced sintering
melting, the transmission and reflection characteristics of the MS lines can be simply tuned by
and melting, the transmission and reflection characteristics of the MS lines can be simply tuned by
accommodating the resistance of the conductors with a variation of the laser power. This promotes
accommodating the resistance of the conductors with a variation of the laser power. This promotes
flexible and low-cost manufacturing and may be beneficial for the device design.
flexible and low-cost manufacturing and may be beneficial for the device design.
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Figure 1. The structure of the laser-scribed MS line. w, l, and ts are the width of the strip conductor, the
Figure 1. The structure of the laser-scribed MS line. w, l, and ts are the width of the strip conductor,
length of the strip conductor, and the thickness of the polyimide substrate, respectively.
the length of the strip conductor, and the thickness of the polyimide substrate, respectively
Table 1. The parameters of the 50 Ω MS line.

Table 1. The parameters of the 50 Ω MS line
Parameters
Value

Parameters
Width of the Strip conductor, w
the Strip conductor,
l
Width of theLength
Strip of
conductor,
w
Thickness
of
the
Strip
conductor
Length of the Strip conductor, l
Thickness of the PI substrate, ts
Thickness of the Strip conductor
Dielectric constant of the PI substrate
Thickness of
theTangent
PI substrate,
ts substrate
Loss
of the PI
Dielectric constant of the PI substrate
Loss Tangent of the PI substrate

0.45Value
mm
30
mmmm
0.45
430
µmmm
0.2 mm
4 μm
3.5
0.2 mm
0.0027

3.5
0.0027
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2.2. Silver Ink Preparation
Silver nitrate (AgNO3 ), sodium citrate, and polyvinylpyrrolidone (PVPMW = 40,000 ) powder used
for this study were all purchased from Nanjing Chemical Reagent Co. Ltd (Nanjing, People’s Republic
of China). All these reagents, in analytical grade, were used without further purification.
The silver ink was prepared by following the procedure reported by Zhou et al. [18]. In a typical
synthesis, 1.5 g sodium citrate and 125 mg PVP were dissolved into 50 mL deionized water. Next, 5.2 g
AgNO3 was dissolved into 40 mL deionized water. After that, the AgNO3 solution was slowly added
into the mixed PVP and sodium citrate aqueous solution under magnetic stirring. The mixture was
stirred for 2 h to obtain a white silver ink.
2.3. Device Fabrication
For the sample preparation, PI sheets of 0.2 mm in thickness were treated by reaction ion etching
for 5 min under the condition of O2 at 200 W to increase their hydrophilicity. Then, the silver ink was
spread onto the PI sheets with an areal amount about 70 µL/cm2 . The sample was dried on a hot plate
at 50 ◦ C for 45 min at ambient atmosphere.
Direct laser writing was conducted using a continuous wave laser with a wavelength of 532 nm
and a typical laser power of 150 mW. The laser beam was focused on the sample surface with a spot size
about 40 µm through a microscope objective (4X NA: 0.1). A computer-controlled motorized platform
moved the samples at a typical writing speed of 1 mm/s to pattern the silver ink film. Laser-scribed
samples were rinsed with deionized water several times to remove unreacted silver ink and dried on
a hot plate at 60 ◦ C. Then, conductive silver paste was spread onto the back side of the samples and
baked at 80 ◦ C to form the ground planes. The thickness of the ground planes was approximately
21 µm.
2.4. Characterization
The morphology and microstructures were characterized by a SEM instrument (FEI, Quanta
200). The sheet resistance was determined from Rs = Rw/l, where the resistance R was measured
using a digital multimeter (UT61E, Uni-Trend Technology (China) Co., Ltd., China), and w and l are
the electrode width and length, respectively. The thickness of the silver membrane was measured
from the cross-sectional views using an optical microscope (Leica DM6000 M, Leica Microsystems
GmbH, Germany). For RF performance testing, SubMiniature version A (SMA, pin diameter: 1.24 mm,
medium diameter: 4.10 mm) connectors were used to mount the MS line samples to a cable. Conductive
silver paste was used to enable solid contact between the silver conductors and SMA connectors.
The RF performance of the microstrip lines was examined using a vector network analyzer (E5071C,
Keysight Technologies, United States) from 0.3 GHz to 18 GHz. The port impedance of the vector
network analyzer was kept as the standard impendence of 50 Ω.
3. Results and Discussions
3.1. Morphology and Characteristics of Silver Membrane
The laser-scripted MS transmission line on the PI film is demonstrated in Figure 2a. The strip
conductor was fabricated by using a continuous wave laser to irradiate the silver ink on a flexible PI
sheet. The laser beam was tightly focused onto the sample surface to promote silver reduction and
nucleation. The obtained conductor shows a metallic gray color, which implies the formation of a
silver membrane. Figure 2b shows a microscope image of the silver membrane. The ribbon pattern of
the silver membrane can be attributed to the line sweep stratagem for the laser patterning. The inset in
Figure 2b shows a cross-sectional view of the silver membrane. The thickness of the produced silver
membrane was kept around 4 µm at a laser power above 37.5 mW, due to the sufficient laser power
that was able to transfer the entire layer of silver ink to the silver membrane at the irradiated area.
The thickness of the silver membrane was dominated by the thickness of the silver ink film rather
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Detailed investigations of the laser-scripted silver membrane as a function of laser power are
Detailed investigations of the laser-scripted silver membrane as a function of laser power are
shown in Figure 3. At a laser power where reduction of silver begins, the reduction of the silver ink
shown in Figure 3. At a laser power where reduction of silver begins, the reduction of the silver ink
can produce silver nanoparticles (Ag NPs) but is not sintered [7,18]. At a laser power of 50 mW, necks
can produce silver nanoparticles (Ag NPs) but is not sintered [7,18]. At a laser power of 50 mW, necks
between Ag NPs with an average size of 61 nm were observed, revealing that sintering of the Ag
between Ag NPs with an average size of 61 nm were observed, revealing that sintering of the Ag NPs
NPs took place. This sintering led to the formation of silver nanoclusters, as shown in Figure 1a,b.
took place. This sintering led to the formation of silver nanoclusters, as shown in Figure 1a,b. The
The increase of laser power to 100 mW (Figure 1c,d) led to a significantly smoother and more
increase of laser power to 100 mW (Figure 1c,d) led to a significantly smoother and more continuous
continuous silver membrane, indicating that both the sintering and melting of silver clusters took
silver membrane, indicating that both the sintering and melting of silver clusters took place during
place during the laser irradiation. At a laser power of 150 mW (Figure 1e,f), a few silver nanospheres
the laser irradiation. At a laser power of 150 mW (Figure 1e,f), a few silver nanospheres (typical
(typical diameter of approximately 250 nm) scattered on top of the silver membrane, revealing that a
diameter of approximately 250 nm) scattered on top of the silver membrane, revealing that a
significant photo-thermal effect led to the melting of the silver membrane. Further increasing laser
significant photo-thermal effect led to the melting of the silver membrane. Further increasing laser
power to 200 mW (Figure 1g,h) damaged the PI substrate with flake-like porous carbon [8] distributed
power to 200 mW (Figure 1g,h) damaged the PI substrate with flake-like porous carbon [8] distributed
in the laser irradiation area. The silver membrane was largely ablated from the PI substrate, while a
in the laser irradiation area. The silver membrane was largely ablated from the PI substrate, while a
few silver spheres remained among the carbon flakes. The laser irradiation regimes ultimately turned
few silver spheres remained among the carbon flakes. The laser irradiation regimes ultimately turned
to black. Laser carbonization of PI has been investigated previously [8,11]. Here, we focused on the
to black. Laser carbonization of PI has been investigated previously [8,11]. Here, we focused on the
laser procession of silver, since the design of the MS lines were all based on the silver membrane.
laser procession of silver, since the design of the MS lines were all based on the silver membrane.
From a mechanical prospective, laser reduction of the silver citrate with the presence of PVP has
From a mechanical prospective, laser reduction of the silver citrate with the presence of PVP has
been analyzed in previous studies [18]. In our study, the mix of AgNO3 to a mixed sodium citrate
been analyzed in previous studies [18]. In our study, the mix of AgNO3 to a mixed sodium citrate and
and PVP aqueous solution enabled an ion-exchange reaction that produced silver citrate. Thus, the
PVP aqueous solution enabled an ion-exchange reaction that produced silver citrate. Thus, the
obtained silver ink contained silver citrate, sodium nitrate, and PVP. During laser irradiation, the
obtained silver ink contained silver citrate, sodium nitrate, and PVP. During laser irradiation, the
presence of PVP enabled silver reduction and nucleation within the synergy of the PVP−silver ion
presence of PVP enabled silver reduction and nucleation within the synergy of the PVP−silver ion
complex and produced small silver particles. Meanwhile, PVP capped on the surface of the Ag NPs
complex and produced small silver particles. Meanwhile, PVP capped on the surface of the Ag NPs
through chemical and physical bonding [19]. This result produced two consequences. Firstly, the PVP
through chemical and physical bonding [19]. This result produced two consequences. Firstly, the PVP
present at the interfaces between Ag NPs and PI can serve as a binder to provide robust bonding
present at the interfaces between Ag NPs and PI can serve as a binder to provide robust bonding
between the silver membrane and the substrate [20]. Secondly, however, the thin PVP that presented
between the silver membrane and the substrate [20]. Secondly, however, the thin PVP that presented
at the interfaces between Ag NPs can restrain the sintering of Ag NPs. The direct interconnections of
at the interfaces between Ag NPs can restrain the sintering of Ag NPs. The direct interconnections of
Ag NPs are limited, resulting in minor conduction passes for electrons passing through [20].
Ag NPs are limited, resulting in minor conduction passes for electrons passing through [20].
Laser irritation of the Ag NP membrane promoted sintering. When laser irradiated the Ag NPs,
Laser irritation of the Ag NP membrane promoted sintering. When laser irradiated the Ag NPs,
surface plasmon [21] was excited among Ag NPs and generated strong heat through absorption [22,23].
surface plasmon [21] was excited among Ag NPs and generated strong heat through absorption
This thermal effect can trigger the decomposition of the PVP capping layer and the surface melting of
[22,23]. This thermal effect can trigger the decomposition of the PVP capping layer and the surface
Ag NPs. Both effects contributed to the sintering of the Ag NPs. This sintering process was dramatically
melting of Ag NPs. Both effects contributed to the sintering of the Ag NPs. This sintering process was
more pronounced with an increase in laser power. Further increasing the laser power lead to the
dramatically more pronounced with an increase in laser power. Further increasing the laser power
melting of Ag NPs because the melting temperature of nanoparticles is significantly lower than that of
lead to the melting of Ag NPs because the melting temperature of nanoparticles is significantly lower
bulk material [24]. In this case, the temperature beneath the focal point at the PI surface can be lower
than that of bulk material [24]. In this case, the temperature beneath the focal point at the PI surface
than the decomposition temperature of PI, which can minimize damage to the PI substrate. This is
can be lower than the decomposition temperature of PI, which can minimize damage to the PI
substrate. This is consistent with the experimental results, where the melting of Ag NPs was observed
at a laser power of 100 mW, whereas the carbonization of the PI substrate occurred at a laser power
above 250 mW.
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Ultimately, the sintering and melting of the Ag NPs could increase the conduction passes and,
Ultimately, the sintering and melting of the Ag NPs could increase the conduction passes and,
therefore, tune the resistance of the Ag membrane. The sheet resistance, which is crucial for RF devices,
therefore, tune the resistance of the Ag membrane. The sheet resistance, which is crucial for RF
is plotted in Figure 4. When the Ag membrane was fabricated at a laser power of 37.5 mW, the sheet
devices, is plotted in Figure 4. When the Ag
membrane was fabricated at a laser power of 37.5 mW,
resistance was at a magnitude around 103 Ω/. The
increase of laser power lead to a rapid drop in
the sheet resistance was at a magnitude around 103 Ω/□. The increase of laser power lead to a rapid
sheet resistance by two orders of magnitude, indicating the sintering of the Ag NPs. When the laser
drop in sheet resistance by two orders of magnitude, indicating the sintering of the Ag NPs. When
power exceeded 75 mW, the decrease of sheet resistance gradually slowed down, with a minimal
the laser power exceeded 75 mW, the decrease of sheet resistance gradually slowed down, with a
average value of 0.25 Ω/ (200 mW). This is consistent with the formation of the continuous silver
minimal average value of 0.25 Ω/□ (200 mW). This is consistent with the formation of the continuous6
membrane via sintering and melting (shown in Figure 4c). The corresponding conductivity was 10
silver membrane via sintering and melting (shown in Figure 4c). The corresponding conductivity was
S/m (200 mW), which is comparable to the previous studies. The dramatic rise of the sheet resistance
106 S/m (200 mW), which is comparable to the previous studies. The dramatic rise of the sheet
at 250 mW was mainly due to the break of the highly conductive path in the silver membrane via laser
resistance at 250 mW was mainly due to the break of the highly conductive path in the silver
ablation. The electrons were transported through the porous carbon flacks with a significantly lower
membrane via laser ablation. The electrons were transported through the porous carbon flacks with
conductivity than the silver membrane. Consequently, it is possible to tune the sheet resistance of the
a significantly lower conductivity than the silver membrane. Consequently, it is possible to tune the
silver membrane with a variation of the laser power.
sheet resistance of the silver membrane with a variation of the laser power.
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3.2. RF Characteristics of MS lines
RF components, such as antennas, couplers, and filters, can be formed from MS lines, whereas the
resistance of the strip conductors becomes a considerable parameter for laser-scribed MS lines. In this
regard, the S-parameters, which quantify how RF signals react with MS lines, were monitored using a
vector network analyzer. Moreover, three-dimensional electromagnetic simulations were conducted
using CST Studio Suit at a frequency range from 1 GHz to 18 GHz. The parameters for the simulations
are according to Table 1.
The S21 spectra, which presents the transmission of RF signals through MS lines, is shown
in Figure 5. Here, five MS line samples with sheet resistances of 0.25 Ω/, 0.32 Ω/, 0.52 Ω/,
4.61 Ω/, and 186.3 Ω/ were chosen for the simulation and test. The corresponding laser powers
were 200 mW, 150 mW, 100 mW, 75 mW, 50 mW, and 37.5 mW, respectively. Figure 5a plots the
simulation results. The black dash line shows the idea conditions where the sheet resistance is set as
zero. The slightly decrease of S21 at a frequency below 7 GHz and the wavy shaped curves at higher
frequencies are mainly attributed to the impedance discontinuities between the SMA connectors and
the MS line. When sheet resistance is below 0.52 Ω/, the S21 spectra illustrates a similar variation
trend to the idea case. The minute differences between curves are partially due to the ohmic losses
from the strip conductors that convert electromagnetic waves to Joule heat [13,14]. Further increasing
the sheet resistance to 4.61 Ω/ tremendously reduced the signals transmitted through the MS lines.
The S21 values decreased to around −12 dB, accordingly. Given a more extreme example with a sheet
resistance of 183.6 Ω/, the S21 values dropped well below −20 dB, and even smaller than −40dB at a
frequency below 9 GHz. Note that the presence of resistance can result in an impendence mismatch,
whereby the reflection will also reduce the transmit signal lead to a drop of S21 . The reflection will be
discussed with the S11 parameter.
The experimental results plotted in Figure 5b are consistent with the simulation results.
Compared with the simulations, faster decreases of the S21 values with an increasing frequency
can be attributed to the non-uniformity and discontinuity of the laser-scripted conductors on a micro
scale, which increased losses and reflections in higher frequencies. This result also explains the
significantly lower S21 at sheet resistances exceeding 0.52 Ω/. The surface roughness of the samples
prepared with a lower laser power is obviously higher than those prepared with a relatively higher
laser power.
The S11 spectra illustrates the reflection of RF signals (shown in Figure 6). The periodic curves can
be attributed to the discontinuities between the MS line and connectors, which are consisted with the
S21 spectra in Figure 5. The reflection is approximate to the idea of conduction (sheet resistance is zero),
with sheet resistances below 0.52 Ω/ for simulations and below 0.32 Ω/ for experiments. On the
other hand, the reflection of the signal is more pronounced if we further increase the sheet resistance.
S11 values around −10 dB and above −5 dB were observed when the sheet resistances were 4.61 Ω/
and 183.60 Ω/, respectively.

Appl. Sci. 2019, 9, 415
Appl. Sci. 2019, 9, x FOR PEER REVIEW

7 of 10
7 of 10

Figure
S21 spectra
at various
sheet
resistances:
(a) simulation
results;
(b) experiment
results.
Figure
5. S5.
21 spectra
at various
sheet
resistances:
(a) simulation
results;
(b) experiment
results.

For
transmission line with a relatively low resistive loss, such as 0.25 Ω/ or 0.32 Ω/,
The aSlossy
11 spectra illustrates the reflection of RF signals (shown in Figure 6). The periodic curves
the
characteristic
impedance
Z0 can be between
written as
[13]
can be attributed to
the discontinuities
the
MS line and connectors, which are consisted with
s
the S21 spectra in Figure 5. The reflection is approximate
to the idea of conduction (sheet resistance is
R + jωL
zero), with sheet resistances below 0.52 Ω/□
(1)
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G + jωC
the other hand, the reflection of the signal is more pronounced if we further increase the sheet
resistance. S11 values around −10 dB and above −5 dB were observed when the sheet resistances were
where R, G, L, and C are the resistance, conductance, inductance, and capacitance per unit length of
4.61 Ω/□ and 183.60 Ω/□, respectively.
the MS line, and ω is the angular frequency of the RF signal. Given a load impendence of ZL , The
reflection coefficient Γ0 is written as [13]
Γ0 =

ZL − Z0
ZL + Z0

(2)

From Equation (1) and (2), we can deduce that the presence of sheet resistance leads to a complex
characteristic impedance. For our test systems, the ZL is typically set as a standard impendence of 50
Ω. The complex Z0 leads to a nonzero Γ0 , which implies the reflection of the RF signal. This reflection
will be more significant if we further increase the resistive part for the MS lines. Thus, minimizing
the resistance could reduce the reflection of the RF signal for an MS line. Otherwise, complicated
matching networks are indispensable to reducing reflection for practical applications. In our case,
sheet resistance below 0.32 Ω/ with a corresponding laser power of 150 mW is preferable for
interconnection applications. On the other hand, the transmission and reflections can be tuned via
a simple variation of the laser power, which is beneficial to a more flexible design for RF devices.
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where R, G, L, and C are the resistance, conductance, inductance, and capacitance per unit length of
simulation data. When the sheet resistance was not above 0.32 Ω/, the transmission characteristics
the MS line, and 𝜔 is the angular frequency of the RF signal. Given a load impendence of ZL, The
of the MS lines were insensitive to the sheet resistance and similar to an ideal condition. Moreover, the
reflection coefficient 𝛤0 is written as [13]
transmission and reflection characteristics of the MS lines could be simply modified by accommodating
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characteristic impedance. For our test systems, the ZL is typically set as a standard impendence of 50
Ω. The complex Z0 leads to a nonzero 𝛤0, which implies the reflection of the RF signal. This reflection
will be more significant if we further increase the resistive part for the MS lines. Thus, minimizing
the resistance could reduce the reflection of the RF signal for an MS line. Otherwise, complicated
matching networks are indispensable to reducing reflection for practical applications. In our case,
sheet resistance below 0.32 Ω/□ with a corresponding laser power of 150 mW is preferable for
interconnection applications. On the other hand, the transmission and reflections can be tuned via a
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