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bstract. Direct write technologies on circuits of printed circuit
oards are attractive since the circuit pattern can be altered and
anufactured almost instantaneously. In this article, microstrip lines
ere patterned by using electrohydrodynamic jet printing of silver
anoparticles as one type of direct write technologies. Characteristic

mpedance and insertion loss of a microstrip line were measured.
he characteristic impedance was about 23 Ω, which agreed well
ith the calculated value of 21 Ω. The insertion loss was below
dB for frequencies below 1.8 GHz. This article demonstrated the

ossibility of using electrohydrodynamic jet printing of silver
anoparticles to obtain microstrip lines on circuit boards. © 2009
ociety for Imaging Science and Technology.
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NTRODUCTION
irect write technologies are the latest approaches to form
ne patterns whose line widths range from mesoscale to
anoscales.1 With a direct write approach, patterns or struc-

ures can be obtained directly without the use of variable
abrication processes, masks, and liquids for etching. Direct
rite technologies, therefore, are the low cost, high speed,
oncontact, and environmental friendly processes.2 The di-
ect writing of circuits on a printed circuit board is very
ttractive since circuit pattern designs can be altered and
anufactured almost instantaneously.

As one of the direct write technologies, electrohydrody-
amic jet printing can be used to obtain lines onto a sub-
trate. Electrohydrodynamic jet printing is a pattern method
hat uses a nanocolloid jet generated at the apex of liquid
one in the cone-jet mode of an electrospray. Nanoparticle
eposition by electrohydrodynamic jet printing offers advan-

ages in patterning. Because the diameter of the nozzle
�100 �m� used is much larger than that of ink jet print-

eceived Nov. 23, 2008; accepted for publication Feb. 11, 2009; published
nline May 29, 2009.
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ng (about 20 �m), blockages are prevented and the highly
iscous colloid containing solid particles can be easily pro-
essed. Additionally, electrohydrodynamic jet printing cre-
tes patterns directly onto the surface of a substrate without
ithography and does not require expensive equipment,
hile a laser-guided direct writing method or dip-pen
anolithography method requires a laser or atomic force
icroscope, respectively.

Recently, several studies3–7 have recognized the potential
f electrohydrodynamic jet printing of nanoparticles.
ekitani et al.3 obtained organic transistors by using the elec-
rohydrodynamic jet printing with subfemtoliter accuracy.
ark et al.4 attempted to structure complex patterns of con-
ucting polymers, silicon nanoparticles, and carbon
anotubes by using the electrohydrodynamic jet printing.
ee et al.5,6 structured one-dimensional (pattern widths:
2–165 �m, pattern heights: 0.3–5 �m) and two-
imensional patterns (pattern widths: 100–250 �m, pat-

ern heights: 0.1–0.3 �m) of metallic nanoparticles, respec-
ively, and showed that the resistivities of the patterns were
ow enough to be electrically conductive. Additionally, Lee
t al.7 obtained ceramic nanoparticle patterns with uniform
idths as fine as 25 �m, although a nozzle diameter

920 �m� much larger than the conventional ink jet nozzle
iameter (approximately 20 �m) was used.

The transmission line is a part of the design consider-
tions of circuits in various applications including printed
ircuit boards, packages, and microwave multichip modules.
ue to the importance of transmission lines in many appli-

ations, their electrical characteristics (characteristic imped-
nce and insertion loss) should be analyzed. In this article, as
ne type of planar transmission line microstrip lines were
rinted by using electrohydrodynamic jet printing of silver
anoparticles. A microstrip line is a thin flat electrical con-
uctor separated from a ground plane by a dielectric layer.8

he electrical characteristics of the resulting lines were mea-
ured. Figure 1 shows the experimental setup of electrohy-
rodynamic jet printing.
Jul.-Aug. 20091
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XPERIMENTAL SETUP AND PROCEDURE
lectrohydrodynamic Printing
he experimental setup to obtain microstrip lines consisted
f a liquid supply system including a syringe pump and
ozzle, visualization system including camera and light-
mitting diode (LED), electrical system, and moving stage
ystem (Fig. 1). The electrical system consisted of a power
upply, stainless steel nozzle, guide ring, and pin-type elec-
rode. Both the nozzle and the guide ring were used as an-
de. The guide ring (inner diameter: 180 �m, outer diam-
ter: 320 �m) was located 0.03 mm below the nozzle. The
uide ring was installed to reduce the chaotic motion of the
et and prevented the jet from digressing from the
enterline.5 The pin-type electrode (400 nm in diameter)
ocated 3.8 mm below the nozzle was used as the ground
lectrode to focus the jet onto the substrate, which was lo-
ated 1.08 mm below the guide ring. The moving stage sys-
em consisted of an X-Y moving stage and digital control
ystem. The stage was moved at 10 mm/s. The control sys-
em used a programmable motion-controller that commu-
icated directly with a personal computer. The camera and
ED in the visualization system were employed to monitor

he cone-jet mode during the printing. The inset (“A”) of
ig. 1 shows a Taylor9 cone and a stable jet (cone-jet mode)
hen the applied voltage and flow rate were 5 kV and
�l /min, respectively. The diameter of jet was about

0 �m. The silver nanocolloid consisted of 20% silver
anoparticles (20 nm) and about 80% ethylene glycol in
eight.

Figure 2 shows the experimental setup for electrical
haracterization. For structuring the lines, first the cone-jet
ode was obtained with a high voltage, after silver nanocol-

oid was supplied to the nozzle by a syringe pump. Then,
ines were printed on polyimide film (thickness: 25 �m),
hen the applied voltage and flow rate were 5 kV and
�l /min, respectively. After a set of silver lines was printed,

he printed lines were sintered by heating at 220°C for 20
in in a convection oven. The polyimide film with sintered

ilver lines was placed on an aluminum block. The width

Figure 1. Experimental setup for electrohydrodynamic jet printing.
nd thickness of the lines were measured using a laser scan-

. Imaging Sci. Technol. 041203-
ing microscope (5 Pa, Carl Zeiss) and an atomic force mi-
roscope (SPA 400, Seiko), respectively.

lectrical Characterization

(1) Characteristic impedance. For the measurement of
characteristic impedance, the time domain reflecto-
metry (TDR) method was employed using an os-
cilloscope (86100C, Agilent) with TDR plug-in
module (54754A, Agilent). Subminiature version A
(SMA) connectors, on both sides of the block al-
lowed reliable connection of the line sample with
the measurement equipment. As shown in
Fig. 2(a), a 50 � terminator was used for the ref-
erence. The diagram of the measurement setup is
shown in Fig. 2(a). The characteristic impedance
�Z0� was also calculated by using

Z0 =
120�

��e�W/h + 1.393 + 0.667 ln�W/h + 1.444��
,

�1�

where W is the width of a line and �e is the effective
dielectric constant of the line, which is given by

�e =
�r + 1

2
+

�r − 1

2
−

1

�1 + 12h/W
�2�

in which h and �r are the thickness and relative
permittivity of the substrate, respectively.8

(2) Insertion loss. To investigate the frequency charac-
teristics of the line up to 6 GHz, we measured the
insertion loss (S21 parameter) of the line by using a
vector network analyzer (E8364A, Agilent). As
shown in Fig. 2(b), the line was connected to the
vector network analyzer using the SMA connectors.

Figure 2. Experimental setup for electrical characterization.
The S21 parameter of the line was also simulated by
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using a commercial solver model [momentum in
Advanced Design System (ADS) 2002, Agilent]
based on the geometric characteristics of the line.

XPERIMENTAL RESULTS AND DISCUSSION
igure 3(a) shows a magnified photo of a line after the sin-

ering process. The average linewidth was about 200 �m.
ig. 3(b) shows the thickness profile of the dash line (“B”) in
igure 3(a). The average thickness and root-mean-square
oughness of the line were about 400 nm and 51 nm, respec-
ively. Fig. 3 (color online) shows the (a) photoimage and
b) roughness profile of the silver line.

Figure 4 illustrates the characteristic impedance of a
icrostrip line while Figure 5 presents the insertion loss of
icrostrip line from 0 to 6 GHz. Fig. 4 shows that when the
DR module on the oscilloscope was stimulated for the
DR analysis, the characteristic impedance, which was ini-

ially about 53 �, decreased to 23 �, but recovered soon.
he minimum value, corresponding to the characteristic im-
edance of the line, agreed well with the theoretical charac-

eristic impedance of 21 � calculated by Eq. (1). The stan-
ard deviation of impedance for five repeated measurements
as 0.8 �. The measurements were carried out for a finite

ength of the line, 20 mm. Fig. 5 shows the results of the
nsertion loss for applied frequencies of 0 to 6 GHz. The
nsertion loss was less than 3 dB for frequencies below 1.8

Hz but started to increase for frequencies above 2 GHz.

Figure 4. Characteristic impedance of a microstrip line.

igure 3. �a� Microphotographic image and �b� roughness profile of the
ilver line.
herefore, the printed microstrip line had a bandwidth of

. Imaging Sci. Technol. 041203-
.8 GHz. The standard deviation of bandwidth for five re-
eated measurements was 0.02 GHz. Fig. 5 also shows that

he simulated results do not match the data for frequencies
igher than 2 GHz. The simulation was based on a line
aving no roughness and porosity. However, when
anoparticles are printed onto a substrate, pores—which
ause rough and porous morphology of a line—are inevita-
ly generated.10 The rough and porous morphology of the

ine causes additional losses in the electrical characteristics
nd the losses increase as the operating frequency
ncreases.11,12

ONCLUSIONS
n this article, microstrip lines were patterned using electro-
ydrodynamic jet printing of silver nanoparticles, as a direct
rite technology. The microstrip lines were printed on a
olyimide film (thickness: 25 �m) at applied voltage and
ow rate of 5 kV and 2 �l /min, respectively. After the sin-

ering process (220°C for 20 min), the average linewidth
nd thickness were about 200 �m and 400 nm, respectively.
haracteristic impedance and insertion loss of a microstrip

ine were measured by using an oscilloscope and vector net-
ork analyzer, respectively. The characteristic impedance
as about 23 �, which agreed well with the calculated value
f 21 �. The insertion loss was below 3 dB for frequencies
elow 1.8 GHz but started to increase for frequencies above

GHz attributed to the roughness and porosity of the
rinted lines. The printed microstrip line had a bandwidth
f 1.8 GHz.
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