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ABSTRACT: In this article, we report the first continuous fabrication of inkjet-printed polyimide films, which were used as insulating
layers for the production of capacitors. The polyimide ink was prepared from its precursor poly(amic) acid, and directly printed on
to a hot substrate (at around 160 °C) to initialize a rapid thermal imidization. By carefully adjusting the substrate temperature, drop-
let spacing, droplet velocity, and other printing parameters, polyimide films with good surface morphologies were printed between
two conducting layers to fabricate capacitors. In this work, the highest capacitance value, 2.82 = 0.64 nF, was achieved by capacitors
(10 mm X 10 mm) with polyimide insulating layers thinner than 1 pm, suggesting that the polyimide inkjet printing approach is an
efficient way for producing dielectric components of microelectronic devices. © 2016 The Authors Journal of Applied Polymer Science Pub-

lished by Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43361.
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INTRODUCTION

Polyimides (PIs) are a class of polymers with excellent thermal
stability, chemical resistance, mechanical and electrical proper-
ties.'™ Due to these outstanding properties, PIs have been consid-
ered to be suitable candidates for microelectronic applications,
such as interlayer dielectrics® and protective layers in integrated
circuit fabrication and MEMS devices.’

Polyimide can be prepared from its precursor poly(amic) acid
(PAA) upon heating or chemical treatment,' which allows the
use of spin coating to prepare PI thin films followed by lithog-
raphy to fabricate MEMS parts.® However, conventional lithog-
raphy methods require the use of photoresist as well as
complicated processing steps (including soft bake, hard bake,
developing of photoresist, etc.),”® which make part fabrication
a slow, costly, and an environmentally unfriendly process.
Therefore, there is a need to bypass these fabrication steps and
seek a more efficient way for high-precision PI fabrication.

In recent publications, PI films have been fabricated using inkjet
printing (IJP) technology to act as the insulating layers in
capacitors’ and biosensors.® IJP can also be used as a potential

additive manufacturing (AM) process, during which one drop
of material is deposited at a time to build three dimensional
structures.” IJP techniques are considered to be especially
suitable for fabricating microelectronic devices due to their vari-
ous advantages, such as simplicity of fabrication, compatibility
with various substrates,” noncontact process and low cost.'!
Recently, there have been some advances in producing alterna-
tive metallic conducting inks that can be fabricated using IJP,
such as the low temperature reactive silver ink reported by
Walker and Lewis.'* These advances, in tandem with being able
to IJP PI insulating inks, offers IJP as a promising route to
alternative fabrication methods for microelectronic devices.

Prior research has shown the use of printed PI layers in elec-
tronic devices”® through a two-step method, during which
PAA solutions were jetted followed by a thermal imidization
process. However, no detailed printing procedures and product
qualities, including morphology and electronic properties,
were reported in their work. Determining the film quality is a
high priority before applying PI insulating layers on microelec-
tronics, especially for ultrathin layers, where tiny pinholes or
surface waviness can result in reduced properties. In this
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Figure 1. Thermal imidization process of forming PI from its precursor PAA.
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Figure 2. (a) A parallel plate capacitor structure formed by sandwiching PI layer with Ag layer and aluminum substrate; (b) a normal pattern; and (c) a

(c)

pattern with 30% overlap between connecting lines. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

article, a one-step IJP process to prepare a PI insulating layer
is reported, including a comprehensive study of the printabil-
ity of the inks, their required printing parameters and result-
ant film qualities.

METHODOLOGY

Ink Preparations

Poly(pyromellitic dianhydride-co—4,'-oxydianiline) amic acid
(PAA) solution (12.8 wt % = 0.5 wt % PAA in 80% 1-methyl-2-
pyrrolidinone (NMP)/20% aromatic hydrocarbon, Sigma-
Aldrich) was directly diluted using NMP (>99.0%, Sigma-
Aldrich) to make 1 wt %, 3 wt %, and 5 wt % solutions. The solu-
tions were stirred at 800 rpm at room temperature for 10 min to
improve the dispersion of PAA, followed by ultrasonication for 30
min to remove bubbles and to further disperse the PAA.

Printability Assessment
The printability of an ink can be estimated by the Z number,"
which is defined as

z:*/T (1)

where p is the density (g cm %), ris the orifice diameter (um),
y is the surface tension of the fluid (mN m™?'), and p is the vis-
cosity of the ink (mPa S). An ink can be considered to be print-
able when Z falls between 1 and 10."* The viscosity and surface
tension of the PAA/NMP inks were measured to determine the
Z number. The viscosity was assessed using a cone plate rheom-
eter (Malvern Kinexus Pro) with a shear rate sweep between 10
and 1000 s~ ' within a temperature range of 20 °C to 70 °C,
while the surface tension and contact angle were measured at 20
°C using a Kruss DSA100S pendant drop shape analyser.
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Thermal Imidization Conditions

After printing the PAA/NMP ink, a thermal imidization process
was necessary to convert PAA to PI* (Figure 1). The imidization
process was monitored using Fourier Transform-Infrared Red (FT-
IR) spectroscopy, during which a Bruker Tensor 27 FT-IR with a
Specac heated golden gate attenuated total reflectance (ATR)
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Figure 3. Viscosities of 1 wt %, 3 wt %, and 5 wt % PAA/NMP inks
tested from 20 °C to 70 °C with shear rate range between 1 s~' and
1000 s~
able at wileyonlinelibrary.com.]

! [Color figure can be viewed in the online issue, which is avail-

Table I. Material Properties and Printability Index Z of the 1 wt %
PAA/NMP Ink

Nozzle Viscosity Surface

diameter Density (at 21000 s™%) tension Z
Sample (um) (gcm™3) (mPaS) (mMNm=1) (Oh™}
1wt% 21 1.03 511 39.37 571
ink
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Figure 4. Sequence of images for drop deposition and solvent evaporation with a time scale in ms; the observation angle of camera was set at around

10° from the horizontal substrate.

accessory was employed. A series of PAA/NMP inks were cast and
dried at 100 °C, these samples were then heat treated at different
temperatures (140 °C, 160 °C, 180 °C, and 200 °C) for up to 60
min. A reference PI film with a theoretical 100% conversion rate
was prepared by subsequently heating the PAA films in air at 200
°C and 250 °C for 0.5 h and 350 °C for 1 h."

Inkjet Deposition Assessment

Following printability assessment, the PAA/NMP inks were
printed using a Dimatix DMP 2830 printer (Fujifilm). The pre-
pared 1 wt %, 3 wt %, and 5 wt % inks were filtrated (HPLC
Nylon 5.0 um syringe filters, Cole-Parmer) and injected into the
print cartridge (DMC-11610, 10 pl), which was fixed to a print-
head consisting of 16 nozzles (21 um in diameter). After obtain-
ing a stable droplet by setting cartridge temperature to 30 °C,
using a dual-peak printing waveform and printing voltages
between 20 V and 28 V, different patterns (individual droplets,
lines, and films) were printed on glass substrates (microscope
slides, Cole-Parmer) to study the printing quality. The micro-
scope slides were sonicated with isopropanol before using. Pat-
terns were printed using different droplet velocities (6 m s, 8
m s~ ', 10 m s~ ') and droplet spacings (20 um, 30 um, 40 um,
60 um). The glass substrates were heated and held at different
temperatures (100 °C, 140 °C, 160 °C) during the printing pro-
cess to enable the solvent evaporation and thermal imidization.
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Figure 5. IR spectra of PAA film before (PAA init) and after (PI imid) the
thermal imidization process. Two peaks, marked a and b, were identified
at around 1375 cm™ "' (C-N stretch of the imide group) and at 1235 cm ™'
(C-O stretch of phenyl ether), and used to ascertain the degree of conver-
sion to PI. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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Droplet Formation Process

The droplet formation process was continuously recorded using a
high speed camera (Photron APX RS Fastcam) at 3000 frame per
second (fps) and a shutter speed of 1/40,000 s. The droplets were
deposited onto a glass substrate using either a Dimatix cartridge or
a syringe, and the glass substrate was heated to 160 °C and 140 °C,
respectively, with a thin film heater (KHLV-103/5 Kapton insulated
flexible heater, Omega).

Morphology of Printed PI Films

A Nikon Reichert-Jung MEF3 optical microscope was used to
characterise the dot sizes, bead widths as well as the general sur-
face morphology of printed samples. Detailed surface morphol-
ogy of the printed samples was characterised using a Fogale
Photomap 3D Interferometer.

Dielectric Properties of PI Films

A series of parallel plate capacitors were printed to determine the
dielectric properties of the printed PI thin films as illustrated in Fig-
ure 2(a). Two, three, and four layers of PI squares (size 7 mm X
7 mm) were printed on to Aluminum substrates, followed by three
layers of silver nanoparticle ink (Advanced Nano Products Co. Ltd)
printed (5 mm X 5 mm) on top of the PI. Apart from using a nor-
mal pattern in Figure 2(b), a pattern with 30% overlap between
each line was also employed to reduce any surface undulations
and defects of the PI film surface, as illustrated in Figure 2(c).
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Figure 6. Effect of heating duration on the imidization degrees of PAA/NMP
solutions heated at 140 °C, 160 °C, 180 °C, and 200 °C. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 7. (a) Optical microscopy result of deposited and solidified PAA/PI printed with different droplet velocities and substrate temperatures.

(b) Effects of droplet velocity and substrate temperatures on the droplet diameter. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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Figure 8. (a) Solvent evaporation process of a deposited droplet on glass substrate at 140 °C and (b) surface profiling results of droplets deposited on
glass substrates at 100 °C, 140 °C and 160 °C. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

A reference capacitor (10 mm X 10 mm) with a 25-um thick PI
layer was printed to calculate the dielectric constant of the printed
PI polymer. All the capacitance values were measured using a LCR
meter (R&S HM8018) at 1 kHz.

RESULTS AND DISCUSSION

Ink Printability

As can be seen from the results shown in Figure 3, the viscosity of
PAA/NMP inks increased with increasing PAA content, but reduced
with increasing temperature. The viscosity ranges for 1 wt %, 3 wt
%, and 5 wt % solutions were found to be within 0.001 to 0.005
Pa s, 0.005 to 0.018 Pa s, and 0.014 to 0.040 Pa s, respectively. The
initial test results showed that 5 wt % ink was not printable even at
70 °C, which may have been due to solvent evaporation leading to
PAA precipitating around the nozzle and causing clogging. For 3 wt

Maﬁ‘%},& WWW.MATERIALSVIEWS.COM
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% ink, stable droplets were achieved at temperatures above 50 °C.
However, it was found that in later tests that at such high tempera-
tures the print head could be damaged by the strong organic solvent
NMP. As a result the 1 wt % ink was chosen due to it having the
lowest viscosity being printable at 20 °C. This ink formed stable
droplets without obvious damage to the print head.

After measuring the density and surface tension of the 1 wt %
ink at 20 °C, the printability index Z number was calculated to
be 5.71, as shown in Table I. This ink was subsequently demon-
strated to be printable.

Droplet Formation Process

As a solvent based ink, the droplet formation process of PAA/NMP
ink can be further divided into three sub-steps: droplet pinning, sol-
vent evaporation, and the thermal imidization.* Due to the

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43361
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Figure 9. (a) Optical microscopy result of line formation for PAA/PI printed with different droplet spacings and substrate temperatures. (b) Effects of droplet
spacing and substrate temperature on the bead widths. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 10. Optical microscopy result of printed PAA/PI films with different droplet spacings and substrate temperatures. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

limitation of the experimental apparatus, the detailed droplet
impaction process could not be observed. However, the approxi-
mate time scale for each sub-step can be observed from Figure 4.

It can be reasoned from Figure 4 that the droplet impacted and
fixed to the substrate within 16 ms, which is similar to the results
reported by Dong et al."® The solvent evaporation took much lon-
ger time than droplet pinning, which was approximately 1400 ms.
Solvent evaporation is a physical process that fixes the solid compo-
nent following deposition, while thermal imidization is the chemi-
cal process during which PAA loses water molecules to form PI.
These two subprocesses may take place simultaneously, and any
remaining solvent can act as an effective plasticizer for the imidiza-
tion.* The thermal imidization subprocess requires much longer
time to reach a reasonable high conversion rate, which will be dis-
cussed in the next section.

Thermal Imidization Process
Figure 5 shows the IR spectra of PAA film dried at 100 °C (PAA
init) and the reference PI film (PI imid). A sharp peak at around
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40um
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(h)

1375 cm™ ' (peak a) assignable as a C-N stretch of the imide
group was observed in PI but not in PAA, indicating the forma-
tion of PI. The peak at 1235 cm ™' (peak b), which was assigned
to the C-O stretch of phenyl ether, was selected as the reference
peak, as this structure would remain the same before and after
the reaction, and would not be influenced by the solvent.* By
comparing the intensities of these two peaks, the degree of imid-
ization was determined using the following equation.*'®!”
a/b[se.lm.ple] - a/b. ['1n1t] X 100%
a/blimid] — a/b[init]

(2)
where [sample] stands for the PAA films heat treated at differ-
ent conditions; [init] is the PAA ink dried at 100 °C without
imidization; [imid] is the reference PI film which is fully cured
at 350 °C for 1 h.

Degree of imidization (%)=

Figure 6 shows the effects of heating temperature and duration on
the degree of imidization of PI films. As the temperature increased
from 140 °C to 200 °C, the time required for maximum degree of
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imidization reduced from 40 min to 3 min. The maximum degree
of imidization showed little change with different heating tempera-
tures. For samples heated at and above 180 °C, the degree of imid-
ization was seen to be close to 100% within 10 min. These results
suggested the possibility of continuously printing PI films by print-
ing directly on to higher temperature substrates, which will be
introduced in the following sections.

Droplet Deposition

The substrate temperature is a key variable since solidification of
PAA inks is based on a solvent evaporation process. The effects
of substrate temperature and droplet velocity on the deposited
ink droplet were observed using optical microscopy as shown in
Figure 7(a), and their corresponding droplet sizes were measured
[Figure 7(b)]. Three substrate temperatures, 100 °C, 140 °C, and
160 °C, were chosen. At 100 °C, the NMP solvent of the PI ink
evaporates slowly, allowing the ink to flow before curing. At 140
°C, the ink cures much faster than at 100 °C. 160 °C is the tem-
perature for full imidization, which allows PI to be directly
printed without the need for post thermal treatment.

It was observed from Figure 7(b) that the droplet sizes reduced
with decreasing droplet velocity and increasing temperature. A
higher droplet velocity caused a stronger impact during the
printing process, making the ink spread to a larger area.'’
According to the results, both 6 m s™' and 8 m s~ of droplet
velocities showed a good consistency of droplet formation,
which are selected for printing.

The solvent evaporation process of a deposited droplet on glass
substrate at 140 °C was recorded with a high speed camera as
shown in Figure 8(a), it can be seen from which that the ink
tended to move outward during this process, resulting in larger
droplet sizes."” Higher temperatures increased the evaporation
rate of the solvent, leaving the ink less time to spread and
resulting in a reduced observed deposition diameter. The surface
profiling results of the deposited droplets are shown in Figure
8(b), from which ring-like deposits are observed in all dried
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Figure 11. Surface profiling results of (a) bulges on film printed at 100 °C with 30 um droplet spacing and (b) regular waviness on film printed at 160
°C with 30 pum droplet spacing. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

droplets due to Coffee ring effects.'®'® The widths of ring walls
became thicker as the substrate temperature increased from 100
°C to 160 °C, likely leading to a reduction in the deposition
diameter while the solid content remained unchanged.

Line Formation

Droplet spacing, which is the distance between adjacent droplets, is
an important factor that determines the quality of the printed lines
or films. The degree of droplet spacing is normally determined by
the value of the droplet diameter. In order to study the effects of
the droplet spacing, lines with various droplet spacing values were
printed at different substrate temperatures, and three droplet spac-
ing values, 20 um, 40 um, and 60 um, were chosen, with the drop-
let velocity set at 8§ m's™ ', as shown in Figure 9(a,b).

Firstly, it was first found that the bead width decreased with increas-
ing substrate temperature, which was due to the reduction of drop-
let diameter at higher temperatures, as discussed in the Ink
Printability section. Secondly, it was also observed that increased
droplet spacing caused a decreased bead width. This is because a
low droplet spacing (i.e., 20 pum) may cause overlapping of the
droplets, resulting in a large volume of ink within the area.”® If the
volume of the ink within the area was too large and the contact
angle was larger than the advancing angle, the ink would tend to
move outwards, increasing the bead width.*® A high droplet spacing
(i.e. 60 um) would result in narrow or even discontinuous lines, as
there was not enough ink to fill the whole printing area. Therefore,
a suitable droplet spacing is essential for the good results. As can be
seen from Figure 9(a), continuous lines were obtained using both
20 um and 40 pm droplet spacings.

Film Formation

For film formation, the droplet spacing not only determines the
quality of separate lines as discussed in the Droplet Formation
Process section, but also affects the interfaces between these
lines. In this section, films with three different droplet spacings,
20 um, 30 um, and 40 um, were printed at various tempera-
tures, with their optical microscopy images shown in Figure 10.

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43361
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Figure 12. (a) Pattern with no overlapping (left) and pattern with 30% overlapping between each line (right); (b) two-dimensional surface profile results;
and (c) their corresponding one-dimensional profile results across the marked positions of the printed PI films with no overlapping (left) and 30% over-
lapping (right); and (d) optical microscopy images of printed films with no overlapping (left) and 30% overlapping (right). [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

As can be seen from the results, crater-like formations were observed
in all films printed at 100 °C (a—c), which was probably due to the
slow solvent evaporation and too small droplet spacing. According to
Gao and Sonin, who reported similar phenomenon during the print-
ing of wax, a too small droplet spacing would cause the ink to
become unstable and begin to swell.”' For films printed with droplet
spacings of 20 yum and 40 um, the bead widths at 100 °C were meas-
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ured to be around 110 pum and 76 um, respectively, which were
much larger than the droplet spacing values. At this temperature, the
printed droplet tended to merge with previously unsolidified ink due
to the relatively slow solvent evaporation, causing a large volume of
ink within the area, as illustrated in Figure 11(a). During the curing
process, this large volume of ink tended to swell to reduce the surface
tension,”**! leaving crater-like formations on the film surface.
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Table II. R, and R, Measures of the Non-Overlapping Film, the Consist-
ent Printing Regions of the 30% Overlapping Film and the “Build-Up”
Regions of the Overlapping Film

30% Overlapping 30% Overlapping
Non-overlapping film - consistent  film - areas of

film printing areas ‘build-up’
Ry (um) 0.19+0.019 0.19+0.016 1.1+014
R, (um) 3.2+0.70 1.9+0.15 25+0.59

As shown in Figure 11(b), crater-like formations disappeared when
substrate temperatures reached 140 °C and 160 °C, as at such tem-
peratures, the droplet solidified before the next row of ink was jet-
ted. However, in this case, a boundary interface between two rows
appeared, resulting in periodic ridges in all of these films. As the
substrate temperature increased, the printed ink droplet evaporated
more rapidly, leaving the solvent less time to dissolve the solidified
thread, making the periodic ridge pattern more regular.”* These
ridges may not be significant for a film with only one layer, however,
as the number of layers increases, the periodic ridges could build up
and significantly reduce the insulating properties of the PI films.

Effect of Overlapping

Due to the periodic ridges shown on the film surface, some parts
of the film were thinner than others, which reduced the insulat-
ing properties of the whole film. Therefore, a 30% overlapping
between each line was employed to reduce the ridge effects and
defects of the film surface, as illustrated in Figure 12.

Because of the Coffee ring effects and the fact that separated adja-
cent drops were printed with smaller separations, periodic ridges
were formed at the edges of lines instead of crater-like forma-
tions.’#1%% As illustrated in Figure 12(a) (left), these ridges could
build up during the printing process, causing negative effects to the
insulating properties of the films. By introducing 30% overlapping
into the pattern [Figure 12(a); right], these ridges could be reduced
by being distributed across the whole film. As can be observed
from Figure 12(b—d), films with overlapping patterns showed
reduced distance between ridges, meaning there was a higher den-
sity of printed lines in the Y direction. Surface profiling of PI films

(a)

Figure 13. (a) Parallel plate capacitors fabricated using inkjet printing; (b) capacitance values and corresponding PI equivalent thicknesses of the printed

WILEYONLINELIBRARY.COM/APP

Applied Polymer

IENCE

with and without overlap shows that the difference between
“ridges” and “valleys” can be reduced. For example, for printing
three layers without overlap the height of the ridges was
1.040 = 0.196 um, with a valley height of 0.016 = 0.009 um. By
introducing 30% overlapping into the films, the height of the
ridges decreased to 0.827 = 0.193 pm, while the valley increased to
0.130 = 0.059 pum, demonstrating the possible reduction in range
of heights when overlapping. This potential for building up the
layer in a more consistent manner does come with some disadvan-
tages however, as more complex topologies may emerge [Figure
12(b)]. Results of a surface analysis of the two types of morpholo-
gies are shown in Table I. For the overlapping film, measurements
were made on regions of “build-up” and regions of consistent line
printing, to avoid any systematic errors. As a result, Table I shows a
comparison of the average surface height, R, and average range
between peaks and valleys, R, for nonoverlapping, overlapping
regions with consistent line printing and overlapping regions with
“build-up.” This shows that away from the build-up zones, over-
lapping does not affect R, strongly, but does reduce R, significantly.
In regions where there is build up, the height is increased, but the
roughness is again smoothed. This approach suggests that by tun-
ing and optimizing the overlap, a more consistent surface can be
achieved and future efforts will need to focus on reducing the
potential for localized build up to occur and propagate in the film
Table II.

DIELECTRIC PROPERTY OF PRINTED PI FILMS

Effects of Overlapping on the Insulating Property

To test the dielectric properties, the PI ink was printed onto
aluminum substrates instead of glass in order to incorporate
one of the electrodes as the substrate. The contact angles of the
PI ink on aluminum and glass substrates were found to be
9.6° £ 1.4° and 7.0° = 0.6°, respectively, suggesting that similar
morphologies on these substrates would be obtained.

Dielectric Constant of the Printed PI Film

A capacitor (10 mm X 10 mm) with a 25+ 0.2 um thick PI
layer was printed as a reference sample to calculate the dielectric
constant of the PI polymer [Figure 2(a)]. The capacitance value
at 1 kHz was evaluated to be around 103 pF, which led to a rel-
ative permittivity of 2.90 = 0.02.
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(b)

capacitors. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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where C is the capacitance, d is the thickness, A is the area, and
&o is the dielectric constant of free space. This compares well
with reference results that lie in the range between 2.8 and
3.2.** Therefore, a dielectric constant of 2.90 was used for the
following experiments.

Thin Film Capacitors

A series of capacitors with various PI thicknesses (two, three,
and four layers of PI) were printed as shown in Figure 13(a).
For each thickness, 24 samples were prepared and tested, with
their capacitance results at 1 kHz frequency shown in Figure
10(b). Using these results, the “equivalent thicknesses” of the PI
layers were calculated. Equivalent thickness is an indication of
the quality of the PI layer. The capacitance value reduced with
increasing layer number, and the highest capacitance was
achieved by two layers of PI, which was 2.82 £ 0.64 nE These
results showed that inkjet printing method can be used to fabri-
cate PI insulating layer thinner than 1 pm, suggesting wide
applications in many electronic devices such as diode, transistor,
etc.

CONCLUSIONS

In this article, PI insulating layers were successfully prepared
using inkjet printing method from its precursor PAA. FTI-IR
results showed that PAA could convert to PI by heating above
160 °C for more than 15 min, making it possible to print PI
samples continuously. The printability of PAA ink was system-
atically studied, with the effects of droplet velocity, substrate
temperature, and droplet spacing on the surface morphology of
the samples carefully compared and examined. It was observed
that as the substrate temperature increased, the film surface
tended to show regular waviness rather than random bulges,
and this predictable waviness was compensated by introducing
30% overlapping between lines. The insulting property of the
printed PI layer was examined by sandwiching it between two
conducting layers, and 24 parallel samples were prepared for
each setting to confirm the repeatability of the results. The thin-
nest PI insulating layer was achieved by two layers of PI, which
showed a capacitance value of 2.82 = 0.64 nF, with an equiva-
lent thickness below 1um. The results of this work showed the
possibility of preparing PI insulating layer using inkjet method.
This new continuous PI printing process potentially provides a
more versatile and efficient way for the fabrication of microelec-
tronic devices compared with the traditional methods.
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