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bstract. We have developed a digital fabrication process using
igh-resolution liquid toner electrophotography, consisting of fine liq-
id toner, a high-resolution exposure system, and nonelectrical

ransfer. Fine pitch multiline patterns of Cu wiring can be obtained
y printing fine lines with seed toners and by electroless plating
eposited on lines. Submicron-diameter seed toners have superfine
onductive particles on their surfaces. Adhesion between the seed
oner layer and Cu layer was increased by applying surface modifi-
ation. Multiline patterns of 1 pixel line width (21.6 �m) with the
olume resistivity of 2.1�10−6 Ωcm were realized by using a 1200
pi resolution light-emitting diode. Furthermore, the development
rocess of multiline patterns with 2540 dpi resolution was examined
y numerical simulations based on the electrophoretic characteris-

ics of liquid toner and on the electrostatic forces. The capability of
ultiline-pattern formation of line and space (L/S)�10/10 �m was

onfirmed. The actual toner images of L/S�10/10 �m multiline pat-
ern were obtained by using a 2540 dpi resolution luster scanning
nit (LSU). Theoretical and experimental results confirm that the

abrication process using liquid toner electrophotography is avail-
ble for realizing high-resolution multiline patterns. © 2007 Society

or Imaging Science and Technology.
DOI: 10.2352/J.ImagingSci.Technol.�2007�51:5�465��

NTRODUCTION
ine-pitch-pattern formation of wiring circuit boards and
eduction in the cost of manufacturing processes are criti-
ally important requirements for electronic components and
emiconductor packages. Recently, digital fabrication of elec-
ronic components using printing technology has been
eported.1–4 Digital fabrication of circuit boards offers sev-
ral advantages, notably simple mask-less process, and re-
uced costs.

We have been developing a high resolution liquid toner
lectrophotographic imaging technology with the potential
o produce fine images equal in quality to those produced by
ffset printing.5–13 Extremely high resolution images have
een realized by our technology that includes a full color
mage-On-Image (IOI) development process, high-
esolution LSU with 2540 dpi, and the non-electric transfer
rocess called “shearing transfer”.

In this paper, we applied our imaging technology to a
ew digital fabrication process for an electronic circuit
oard.14 The capability of fine line-pattern formation by us-

IS&T Member

eceived Mar. 5, 2007; accepted for publication Jun. 7, 2007.
062-3701/2007/51�5�/465/8/$20.00.
ng liquid toner electrophotographic technology was verified
heoretically and experimentally.

IGH-RESOLUTION LIQUID TONER IMAGING
ROCESS
igure 1 shows a typical configuration of our liquid toner
lectrophotographic imaging system. It includes a photore-
eptor drum, a scorotron charger, an exposure unit, a devel-
pment unit, a dryer, and a transfer unit at the periphery of
he photoreceptor drum. The toner image is dried properly
y the dryer on the photoreceptor and is transferred to the

ntermediate transfer roller by the non-electric transfer pro-
ess, and then secondary transferred to and thermally fixed
n a substrate. The highly efficient performance of the
hearing transfer is realized for the drying states in which the
oner layer includes the solvent in the range of
–15 wt %.7,8

The searing transfer method is the nonelectrostatic pro-
ess, which is used in the newly developed liquid toner
lectrophotograpy.5–10 The intermediate transfer roller con-
ists of a metal roller with 0.2 mm thick elastic layer of
ilicone rubber on the surface. The shearing transfer does
ot depend on an adhesive force of the elastic layer of the

ntermediate transfer roller. Figure 2 shows a schematic de-
cription of the mechanism of this method. In this method,
he velocity of the surface of the intermediate transfer roller
s slower than that of the surface of the photoreceptor drum
y several percent. A distortion occurs in the nip of the
lastic layer due to the difference of the velocities, and a
Figure 1. Configuration of liquid toner electrophotographic technology.

465



r
a
a
t
[
c
t
T
r
w

f
m
m
o
n
t

F
t
t
o
(
2

D
T
f
b
c
c
l
f
P
t
l
r
t

I
T
t
c
m
e
T
a
f

F
t
t
s
a

F
�
f
t

F
C

Iida et al.: Digital fabrication using high-resolution liquid toner electrophotography

4

estoration occurs behind the nip [Fig. 2(a)]. The restoration
nd friction cause a shearing stress between the toner layer
nd the photoreceptor drum, which slides the toner layer on
he photoreceptor and transfers it to the intermediate roller
Fig. 2(b)]. The toner layer moves in unity by the capillary
ondensation because the toner particles are covered with a
hin film of the solvent during the transfer performance.7,8,15

he method is effective and well directed for a high-
esolution image because there is no degradation in quality
ithout toner scattering in an electric transfer method.

Figure 3 shows the comparison of the toner images be-
ore and after the transfer process observed by a stereoscopic

icroscope. The toner image on the paper is in good agree-
ent with that on the photoreceptor surface. The difference

f their line widths was observed, but image destruction did
ot occur due to the transfer. The observation confirms that

he shearing transfer method is an excellent method.

igure 2. A schematic of the mechanism of shearing transfer: �a� Distor-
ion in the nip area and restoration in the backward of the nip occur by
he difference of the velocities. �b� The restoration and friction cause a
hearing stress. Shearing stress slides the toner layer on the photoreceptor
nd transfers it to the transfer roller.

igure 3. Comparison of the images before and after the transfer process
2540 dpi, 1 point Chinese character�: �a� Toner image before the trans-
er �on the photoreceptor drum� and �b� toner image after the transfer �on
che paper�.

66
A printed image realized by our technology is shown in
igure 4(a). Comparison to a printed image realized by dry
oner reveals that a finer pitch line was obtained by our
echnology. Figure 4(b) shows an image of a toner particle
bserved by a field emission scanning electron microscope
FE-SEM). The average diameter of toner particles was
00 nm.

IGITAL FABRICATION PROCESS
he digital fabrication process shown in Figure 5 proceeds as

ollows: first, fine-pitch patterns are printed on the substrate
y using seed toners [Fig. 5(a)], and then a surface modifi-
ation is added on the printed pattern [Fig. 5(b)]. Finally,
onductive layers are deposited on the substrate by electro-
ess plating [Fig. 5(c)]. The same electrophotographic system
or imaging technology can be used for digital fabrication.
atterns formed on the photoreceptor can be transferred to

he substrate, which is almost or partly covered with metallic
ayers, by using shearing transfer. Silicon wafers, glass, and
esin films (such as polyimide, glass epoxy, or polyethylene
erephthalate) are used for the substrate.

mage Formation of Fine-pitch Patterns
he basic particle of the seed toner was composed of acrylic

hermoplastic resin. The superfine conductive particles were
hosen from the metal particles of Ag, Cu, Pd, or any other
aterials with the catalytic ability to perform as seed for

lectroless plating. Their average diameters were 20–80 nm.
oner particles prepared by adding a charge controlling
gent were dispersed in an insulative solvent, Isopar® manu-
actured by ExxonMobil Chemical Japan Pte. Ltd.

A positively charged organic photoreceptor with a single

igure 4. Printed image obtained by liquid toner electrophotography: �a�
omparison of the printed images on the paper and �b� toner particle.
oated layer of the phthalocyanine pigment was used. The

J. Imaging Sci. Technol. 51�5�/Sep.-Oct. 2007
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hotoreceptor drum rotating at a speed of 100 mm/sec was
harged uniformly at +700 V by a charger, and a latent im-
ge was formed on the photoreceptor by a 1200 dpi LED
xposure system. The exposure time was 1.6 �s. Then, the
atent image was visualized by a development unit. The volt-
ge applied to the development roller was +550 V. Excess
iquid included in the image was removed by a squeeze
oller, and the image was dried by an air dryer. Next, the
mage was transferred to an intermediate transfer roller un-
er pressure of 0.74 MPa at the 100°C without electrostatic

orces. The velocity of the surface of the intermediate trans-
er roller was slower than that of the surface of the photore-
eptor drum by 2.5%. Finally, the image was transferred to a
ubstrate under pressure of 0.74 MPa by a backup roller at
00°C.

Fine-pitch pattern of L /S=1 pixel/1 pixel
=21.6 �m/21.6 �m� with 1200 dpi resolution was printed
n polyimide film as shown in Figure 6. The fine-pitch pat-
ern formed on the photoreceptor surface was transferred to
he substrate without deterioration during our transfer
rocess.

In the case of the dry toner electrophotographic system,
he toner particle size is 4−8 �m in diameter.3,4 The limit of
he L /S using dry toner is about 80/80 �m and the line
dge shows a ragged shape in the range of several tens of
m. Compared with the dry toner electrophotography, it is
ossible to achieve higher resolution patterns owing to edge
harpness and to provide higher performance in electroless
lating owing to uniform dispersion of conductive particles
ver the printed pattern. Additionaly, the amount of scat-
ered particles in the vicinity of the line, in the case of using
he shearing transfer process, is considerably less than that in
he case of using the electric transfer process.

igure 5. Digital fabrication process: �a� Printing seed toner, �b� surface
odification, �c� electroless plating.
. Imaging Sci. Technol. 51�5�/Sep.-Oct. 2007
urface Modification after Printing Pattern
iquid toner imaging technology is advantageous for realiz-

ng a flat and smooth surface for printed patterns. However,
surface modification is required in order to successfully use

he electroless plating process. The dry etching process was
pplied to the patterns after printing to form a surface with
rregularities. Plasma etch system TE-7500M of Tokyo
lectron Ltd. was used for plasma etching with fluorocarbon
nd oxygen mixture gases. The rate of mixture gases was
sccm for C4F8 and 10 sccm for O2, and the total gas pres-

ure was 7.3 Pa. The applied power was 50 W, and etching
ime was 10 sec. The fluoride deposition was removed by
leaning with HCl solution after plasma etching.

Figure 7 shows the SEM images of the pattern surface,
oth of as printed [Fig. 7(a)] and after adding surface modi-
cation [Fig. 7(b)]. The pattern was printed on the silicon
afer with an insulating coating of epoxy resin film. A

lightly rough surface after surface modification is observed,
s shown in Fig. 7(b). The resin of the surface was selectively
ecomposed, and the superfine conductive particles re-
ained after the dry eching process. The weight of the resin

ecreased by 5%, and the amount of exposed superfine con-
uctive particles increased at the surface.

In the case of the as-printed pattern without any surface
odification, however, the Cu film was deposited on it at the

nitial state of the electroless plating process and the adhe-
ion of the Cu film was insufficient. The deposited Cu film
as removed during the electroless plating process. It was
ot necessary to add the special etching process whenever

he line width was more than 50 �m using conductive par-
icles of several hundred nanometers in diameter, the Cu
lm was deposited successfully without the plasma etching

n that case.
The failure of the electroless plating was considered to

e attributable to two factors, namely, only a small area of
he superfine conductive particles was exposed for electroless
lating solution and the “anchor effect” was not obtained
ufficiently for the flat surface of the as-printed pattern.
herefore, surface modification as described above was
eeded before electroless plating.

igure 6. Line/space=1/1 pixel multiline pattern with 1200 dpi expo-
ure system.
467
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lectroless Plating
amples were prepared by cleaning in low-concentration
cid before electroless plating. The Cu layer was deposited
n the printed surface by using a plating solution based on
thylenediamine-tetraacetic acid. Samples were dipped in
hru-Cup ELC-SP®, provided by C. Uyemura & Co., Ltd., at
0°C.

SEM images of Cu conductive pattern are shown in
igure 8. The thickness of the toner layer was �1 �m and
hat of Cu layer was �3 �m. Figure 8(b) shows an edge of
he Cu line. The raggedness of the line edge was �2 �m. Cu
ines were clearly isolated from one another. The amount of
cattered particles between the printed lines was decreased
y applying the surface modification, as shown in Fig. 6. A
igh-resolution multiline pattern was obtained by using our

abrication process.
Figure 9 shows the SEM cross-sectional view of the Cu

ine. The cross section of the seed toner layer has fine irregu-
arities whose maximum height (Rz) per reference length �c
where �c=1 �m) is 300 nm. The very fine irregularities
ere obtained by the plasma etching. Adhesion between the

eed toner layer and Cu layer was increased dramatically by
pplying surface modification. No peeling off of the layers
as observed during the electroless plating.

The volume resistivity of the Cu line was
−6

igure 7. SEM images of pattern surface of seed toner layer: �a� Printed
attern and �b� after surface modification.

igure 8. SEM images of L/S=1/1 pixel Cu conductive lines. Sub-
trate: Si wafer with insulation film of epoxy resin. �a� Cu conductive
attern and �b� edge of Cu line.
.1�10 � cm, which is 1.2 times as high as that of bulk b

68
u. The volume resistivity was slightly higher than that of
ulk Cu because the fabrication process was insufficiently
ptimized in the present study. That is an issue to be tackled

n the next phase of this research.

eliability Test
reliability test was carried out. Change of the resistance of

he wiring patterns for L /S=2 pixel/4 pixel shown in
igure 10(a) was measured after applying the reflow test.
amples were covered with Au �t=50 nm� /Ni �t=4 �m�

ayers by additional electroless plating. The reflow condition
as set up for a peak temperature of 260°C, as shown in
ig. 10(b), which is the usual condition for a lead-free solder
ump. The reflow test is shown schematically in Fig. 10(c).

Results of the reflow test are shown in Figure 11. The
ates of resistance change were �10% for every sample after
he reflow test had been performed eight times. The reflow
est is severe in the case of the samples including the resin
ayer. Though the surface of the insulating film was partly
ecomposed after the reflow test had been performed a few
imes, the resistance values were stable. The circuits will ac-
ordingly be compatible with the conventional bump assem-

igure 10. Reliability test: �a� Test pattern �L/S=2/4 pixel�, �b� reflow
ven condition, and �c� reflow test.

Figure 9. SEM cross-sectional view of Cu conductive line.
ly process.

J. Imaging Sci. Technol. 51�5�/Sep.-Oct. 2007
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Furthermore, for the purpose of examining the capabil-
ty of multiline-pattern formation using liquid development
ith a 2450 dpi resolution exposure system, a theoretical

nalysis is discussed in the next section.

HEORETICAL ANALYSIS OF MULTILINE-PATTERN
ORMATION USING LIQUID TONER
EVELOPMENT

n our previous study,9–13 the high-resolution liquid toner
evelopment process of a very fine single dot with 2540 dpi
esolution was analyzed theoretically and experimentally. In
he present study, the development processes of
/S=1 pixel/1 pixel multiline patterns formed with the
540 dpi resolution exposure system are analyzed.

nalysis Models
n analyzed model is a multiline pattern including ten lines,
hose line width is 1 pixel �=10 �m� and space is 10 �m

nd 20 �m in each case. The development area illustrated in
igure 12 is defined as the rectangle of 300 �m for
/S=10/10 �m and 380 �m for L /S=10/20 �m, respec-

ively, on the x-axis and 150 �m on the y-axis. The surface
otential distributions on the photoreceptor Vp determined

rom the exposure energy distribution and the photo-
nduced discharge curve (PIDC) of the positively charged
hotoreceptor are shown in Figure 13 (V0 =700 V,

d =400 V).9–13,16 However, Vp for L /S=10/20 �m were
ufficiently isolated from each other, but those for

igure 12. Analysis model of the development area: Vp�x�, surface po-
ential distribution of photoreceptor; Vd, development bias; Ex, Ey, electric
eld in the development area; and �t�x ,y�, potential distribution in the
evelopment area.

Figure 11. Results of the resistance change after the reflow test.
/S=10/10 �m were lower because of the narrow space.

. Imaging Sci. Technol. 51�5�/Sep.-Oct. 2007
wo-Dimensional Liquid Development Model
he toner particles migrate toward the latent image due to

he effect of the electric field E originated from the surface
otential on the photoreceptor Vp and the development bias

d. The space and time distributions of the charge density
re brought about by the continuity equations [Eqs. (1) and
2)] and Poisson’s equation [Eq. (3)].9–13,17–19 The calcula-
ion was performed using differential equations. The charge
ensity of the toner particles �p is positive, and the charge
ensity of the counter ions �n is negative. In the initial state
f the development process, both the charge densities, �p

nd �n, are homogeneous in the area of analysis and their
bsolute values P0 are the same. The values used in the
nalysis are listed in Table I

��p

�t
= −

���p�pEx�

�x
−

���p�pEy�

�y
, �1�

��n

�t
= +

���n�nEx�

�x
+

���n�nEy�

�y
, �2�

�2�t

�x2
+

�2�t

�y2
= − � �Ex

�x
+

�Ey

�y
� = −

��p + �n�

	t

. �3�

Table I. Parameters for numerical simulation.

arameters Symbol Value Unit

evelopment time Td 48 msec

nitial charge density of liquid toner P0 1.54 C / m3

elative dielectric constant of liquid toner 
t 2.03 -

evelopment gap dt 150 µm

obility of toner particle µp 4.00�10−10 m2 / Vsec

obility of counter ion µn 2.00�10−10 m2 / Vsec

igure 13. Surface potential distributions Vp of 2540 dpi multiline pat-
ern: �a� L/S=10/10 �m and �b� L/S=10/20 �m.
469
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otential and Charge Density Distribution of Multiline
attern
he calculated potential distributions in the development
rea for L /S=10/10 �m and 10/20 �m, respectively, are
hown three-dimensionally in Figure 14. The x-axis indicates
he position in subscanning direction on the photoreceptor
urface, and the y-axis indicates the development gap be-
ween the photoreceptor and the development roller. It in-
icates that the potential gradient in the positive direction of
-axis is low except in the vicinity of the photoreceptor sur-
ace.

Figure 15 shows the time dependence of toner distribu-
ion for L /S=10/10 �m. Clear contrast of the charge den-
ity was observed in the vicinity of the photoreceptor sur-

igure 14. Calculated potential distributions in the development area:
a� L/S=10/10 �m and �b� L/S=10/20 �m.
ace. The multiline pattern formed gradually by migration of �

70
oner particles. Toner particles deposited almost equally on
ach line in the early stage of the development process
t=1 msec�. However, toner density of the area outside the

ultiline pattern decreased rapidly and the depletion area
ecame wider as the development process proceeded. The
mounts of deposited toner on both outer lines were less
han those of deposited toner on inner lines in the last stage
f the development process �t=48 msec�.

ultiline Formation
igure 16 shows the L /S dependence of toner distribution in
he case of L /S=10/10 �m and 10/20 �m, respectively. Al-
hough the surface potential Vp for L /S=10/10 �m be-
omes lower, the lines formed on the photoreceptor are suf-
ciently isolated from one another.

In this result, the above mentioned “edge effects” were
lso observed. In particular, the edge effects are rather sig-
ificant for the fine-pitch mode.

igure 15. Time dependence of toner distributions for L/S
10/10 �m: �a� 1 msec, �b� 5 msec, and �c� 48 msec.

igure 16. L/S dependence of toner distributions for multiline pattern:

a� L/S=10/10 �m and �b� L/S=10/20 �m.

J. Imaging Sci. Technol. 51�5�/Sep.-Oct. 2007
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XPERIMENTAL RESULTS
he seed toner images of L /S=10/10 �m multiline pattern
ere realized by using the real 2540 dpi resolution LSU.
igure 17 shows the lines printed on Si wafer with the insu-

ating coating. Figure 18(a) shows the lines on the polyimide
lm. Width and height of the lines were measured by laser
icroscope [Fig. 18(b)]. The edge effect is observed; the

mount of deposited toner for the outer line (line No. 1) was
ess than that of deposited toner for inner lines (Nos. 2–4).

Figure 17. L/S=10/10 �m multiline pattern on the Si substrate.

igure 18. L/S=10/10 �m multiline pattern on the polyimide film: �a�
rinted pattern on the polyimide film and �b� line shape data measured by

aser microscope.

. Imaging Sci. Technol. 51�5�/Sep.-Oct. 2007
n order to obtain fine multiline patterns with a uniform line
idth, image processing will be required.

The numerical analysis of fine-pitch multiline patterns
grees well with that of the actual toner images obtained
xperimentally. We infer that the simulation results precisely
escribe the actual toner development system.

ONCLUSION
e have developed a digital fabrication process using high-

esolution liquid toner electrophotography. The multiline
attern of L /S=21.6/21.6 �m was formed by printing the
eed toner with a 1200 dpi resolution LED exposure system,
nd the Cu layer was deposited on the printed lines by elec-
roless plating after surface modification. The liquid toner
evelopment of multiline patterns formed with 2540 dpi
esolution LSU was analyzed theoretically. The numerical
nalysis agrees well with the experimental results. These re-
ults confirm that the fabrication process using liquid toner
lectrophotography is available for forming high-resolution
ultiline patterns.
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