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Micro Solder Bumps Forming by Gravure Offset Printing:

The design formulas for intaglio cell shape to print your desired bump diameters

Shunichi Haraguchi®, Chisato Oyama’, Kotarou Usuda’,

Yoshihiro Ohyama'and Hideki Ikeda’

Abstract Gravure offset printing succeeded in forming bumps with a minimum diameter of 6 pm within 5%

errors. We attempted to derive the design formulas for the intaglio cell shape in order to accurately print to the

specified bump diameter. As a result of experiments, it is found that tapering the cell openings increased the

amount of paste released from the intaglio. If the bore diameter of the cell was less than 10 pm, the printed

bumps diameter depended on the aperture diameter, about our developed solder paste. We generalized what we

reported at IDW '23 and derived the design formulas that are applied to any paste or printing conditions. We

applied the design formulas to a specific example and verified them usefulness.
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1. Introduction

Micro LED is expected to be applied to products that
require a high-pixel, such as display devices and
automotive equipment 2. Examples include ultra-high
resolution TV monitors, small screens such as smart
watches, or VR/AR goggles with short viewing distances.

In the manufacture of these high-pixel products, it is
important to bond a large number of micro LED chips on
the substrate accurately, quickly and reliably. In
particular, micro LEDs have three technical issues:
small size, fine pitch, and large quantity. First, the chip
size defined as micro LEDs are less than 100 pm, and
the electrode size is about one third of that, making it a
small contact ranging from a few micron to 30 pm.
Second, since LEDs are arranged at a fine pitch, the
spacing between the electrodes is narrow, and bonding
positional precision is required. Third, the yield must be
high so that the entire display surface is free of defects.

1.1 Problems with conventional method for

bonding

Currently, ACF (anisotropic conductive film) is used
for bonding micro-LEDs. It is made of dispersing
conductive particles in resin. It is sandwiched between
electrodes and bonded under thermo compression.
Electrical conduction occurs when the conductive

particles contact the electrode under pressure, and the
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surrounding resin prevents shorting with adjacent
electrodes. Since contact is made only at the pressure
point, positioning accuracy is determined by simply
aligning the upper and lower electrodes during crimping,
which has the advantage of not requiring positioning
when ACF affixing. However, with ACF bonding, there is
a risk of chip damage due to the pressure. Once crimped,
it is difficult to rework defective bonding and there is a
risk of lower yield.

Therefore, solder bonding is desired. This method uses
solder, a low melting point alloy, to bond electrodes and
LED terminals. Because it is diffusion bonding using
molten metal, the electrical resistance at the bonding
point is lower than that of ACF. The yield advantage is
that by locally heating the defective parts, only that chip
can be replaced and reworked. The comparisons are

summarized in Table 1.

Table 1 Bonding methods for micro LEDs.

Material Solder Paste
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Table 2 Particle size of solder paste.

solder Type Type4d Type5 Type6 Type7 Type8 Type9
ailts _ Ave or D50 O25um i ®18um ;i ®11um D8um O5um ®3um
P Size range(um) 20-38 ¢ 1525 i 5-15 2-11 1-8 1-5
SMT use
High Density Interconnect(HDI)
Application Substrate-like-PCB (SLP)
System in Package(SIP)
Typical methods for forming solder bumps on multiple 1. Doctoring > OFF 3. SET(Printing)

electrodes are ball mounting, plated bumps, and solder
paste printing. Ball mounting is a method in which
solder is preformed into a spherical shape to the size of
an electrode, and one ball is placed on each electrode. By
controlling the dimensional precision of the balls,
uniform bump formation is possible. However, currently
the minimum solder ball diameter is 30 pm 3, which is
too large for micro LEDs. On the other hand, the plating
bump method is superior in fine patterning. A mask is
formed with photoresist, and bumps are grown by
plating solder into the openings made at the electrode
positions. The disadvantage is that it takes time to form
and remove the mask, and to grow the plating, resulting
in poor production efficiency.

In contrast to these two methods, the solder paste
printing is able to achieve both miniaturization and
production efficiency. Solder paste is made by kneading
solder powder into resin to give it fluidity. It is printed
through holes in a mask called a stencil plate. As shown
in Table 2, solder powder classified as Type 9, having a
median diameter of around 3 pm, which is suitable for
micro LED electrode size, has been put into practical
use. Development of even more minute types 10 and 11
is also progressing. However, the disadvantage of this
method is that the positional precision is poor. The
reason is that the smaller the opening in the stencil, the
more pressure is required to squeeze out the paste,
which distorts the plate. The practical minimum
diameter for screen printing is about 45 ym, and the
positional precision is +10 pm. These are too large for
micro LEDs even if it expected self-alignment in which
the bonding position is naturally corrected due to the
surface tension of the molten solder.

1.2 Gravure offset printing

Gravure offset, shown in Fig. 1, is a printing method
with high positional precision. This is because gravure
plates do not have through-holes like stencil plates, so

they have high rigidity and are small deformation due to
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Fig. 1 Gravure offset printing.

pressure 3. Also, unlike direct gravure printing, printing
on hard substrates and wafers is possible by using a
flexible intermediate transfer medium called a blanket.
In the printed electronics, it is used as a technology for
patterning conductive paste to form circuit wiring 45

We have been working on research and development to
apply this printing method to bump formation. So far, we
have achieved flux printing with a diameter of 30 pm with
a positional precision of less than +5 pm for wafer-level
BGA (ball grid array) applications 3. We have also
succeeded in printing even finer bumps with a diameter of
10 pm for FHE (flexible hybrid electronics) applications 9.
The electrode size of micro LEDs is the same as or smaller
than these, and it is expected that solder bump formation
by gravure offset printing can be applied as well.

The purpose of this research is forming finer solder
bumps with a diameter of 10 pm or less for micro LED
solder bumps by gravure offset printing. An important
evaluation point is the accuracy of the printed bumps
diameter. This is because if the diameter is too large,
there is a high risk of short circuiting, and if the
diameter is too small, the bonding reliability will be lost.
On the other hand, the height of the bumps can be
adjusted by repeatedly prints on the same position ©.
Diameter accuracy is equally important in multiple
printing. Therefore, in this paper, we focused on
diameter control in single-layer printing.

The size of bumps printed with gravure offset depends



J-STAGE

57TV — IO REINER—AMDEL

HEEADIRENIARET 5, HIRIEN 2 LT

5 LRI OB EIZEZ 2EEDRHZDS, T T

VY NOERELIEZ 53, BIZLEDEBO X
D RMEIZEIRIT 254, 77 V7Y MRODM
EIZEAML TWS5EL. EMOMNEIZEML T
WBBETIE, BEBIEOVBRONDS, LD
2T, HRIEADE L RBIZONT, NEZ—VD
FEANKELRY, UBEEMETT S,

UZoT, FIRIEA%2TE S IHESEL NS,
SRIE T IELEPTILNEETH D, 1FA
PER—ANDKENE N -0, BNSELIZETZ
EMTEG, 4V &) A RIVOBEEIZAR—A b H%R
S2TW5, INXRA VR VAR INEFERT 55,
HIEIZ T HEREEDEERNAZ <, BHELOIT L,
UMoT, INEDNY T & IEREIZEIRIT 5 /2012
&, R—=AMDBERZIZEL B9 1 ZiEhe BEL T,
ARV FRIVDOBREZREFTILENRND D,

BINRDHRIEATEE 2 RE T2 2RI/
DIZ, A VRV AR NVOROESBELEITFEE WD T
AT 7 EilAlz, XV IERERNY TR % AI6E
25 IVREEFAREEZREL, BIEL 7=,

2. REFIE

2.1 > &) 7w IVEOEBOYEIED FHliFE O 2B L
IERED SR E LN L 2WIBEDETRHEE
RHEBEL, VAT 7OENMEEFTEL /2, K212
AT LD, PN—F ¥ ERaL RT7ERL, 1
VEVFRVRERT NG A—Z L UTEEY
Nd, LFDERTIE, V&%) AHEOES %
10pumZiE—L., T—N—A%45° [ZEZKEL -,

a=b=15unDEFR L. a=25umn. b=15umn
DT —IN=IRD2 DD IR % HEL L /=,

.HL-'
dq'a dq'a od
S <
.3
S "y
== — W
(a) Intaglio (b) Printed bump

M2 7uAv sy avostik

HFREEATR—ZA M ERB LU ZERNS, 102 )41
VORI EEHEL /-,

HESALV -V —BEMELAVT, BoAR—AMDREZ
BRU, TOEIEHEIEL /-,

PIFOEERTIX. TANTOHEIRIEERILSERIA Engi
neeringtt® o /'S Y74 7%y hEIRIEEPEPI0-F
128CEFAWTIT- 7=, 7574 71w MEHIRIZ
G UZIZAER—=A N ERAFK L. EoRHI A
EREICEHRILU 2, EAH, #E, KRERRERED
EIRIZRE L H SN UDBREINT W, THhH6D
fEl%, PREZEAREIZR—=ZARDES RN LS I
BEU, DFY, AR a =D

= 15 um THIRIU =35B&. EREICEHRS Nz
R—=ZAPMDEEA VR L RIVNSHIEI NN
—ANDEDHZEFERIZTLHILIZU A,

2.2 BERA VRV ARIVROEH A V&Y
TV —= b DRIIRE TV Y "NV T4 X
DR EERIIRD -, #IZ, FREDNV T
BREHRITE D L5 ICRER IR E RIS
5ERE. UTDOL S IZEHR I N D,

9. OB R T7BEERZIHEAEDHOET
TS 7 TV —beERELZ, ZLUT, Ih6D
TV — MI& o> THIRIX NNV TOER % T8
BEHAWTHEL 2, EIRIS NN TRARDSE
2RHTRWEGAIR. HEALOHDERZFERL
7o TNODHEIERERNS., BRI A —4
(3, D) &7V Y "INV TRIDERNESND, &5
EThHNE, EOEERIEEITO>IL T, 714V
TAVIDREENILSHEDIENTEX S,

=Ab+ B (1)

ala

Bk BT Tl 4D DEMIEE S 1) T
IZEHETX %, BREBAB L UBIE. R—Z MDFF
ME L CHRBREIERET S, 2V T YVIcE
DX, IDW 23 THEL., FERDOR—A L%
PFRIERATX 35— b I N8G5t BH L

Tzo FREDONY 7REERT D NREED
=012, BEINZERZR(DITRAT S,

d=3s (2)

UZno T, (D) &RQ) N SEEFAIENN
%,
a=(Ab+ B)s (3)

Next, we formulated the cell shape. The taper size ¢ is
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on the amount of paste released from the gravure plate
and the pressing force of the intermediate transfer
medium. Increasing the printing pressure tends to
increase the amount of mold release, but the amount of
blanket deformation also increases 3. Especially when
printing on convex surfaces such as LED electrodes,
there is a difference in the deformation field when the
blanket contacts the concave surface of the plate and
when it contacts the convex surface of the electrode.
Therefore, as the printing pressure increases, pattern
distortion increases and positional accuracy decreases 3.

Therefore, it is important to increase the amount of
mold release while keeping the printing pressure as low
as possible. Due to the high viscosity of the solder paste, it
cannot be completely released from the mold and some
paste remain on the wall of intaglio cell. If a small intaglio
cell is used, the ratio of the wall surface to the volume is
large, and it is easy to remain. Therefore, in order to
accurately print small-diameter bumps, it is necessary to
design the intaglio cell shape in anticipation of the size
reduction due to paste remaining.

In order to increase the amount of mold release with
minimal printing pressure, we tried the idea of widening
the aperture of the intaglio cell. We devised and verified
a cell shape design formula that allows for more

accurate bump diameter formation.

2. Proposal Method

2.1 Evaluation of intaglio cell aperture widening

The effectiveness of the idea was evaluated by
comparing the amount of mold release when the
aperture was widened and when it was not. As shown in
Fig. 2, the aperture diameter ¢ and bore diameter b are
defined as parameters to express the intaglio cell shape.
In the following experiments, the intaglio cell depth was
unified to 10 pm, and the taper angle was set to 45°.

We compared two cell shapes; a straight shape with a
=b =15 pum, and a tapered shape with a = 25 pm, b = 15

pm. Immediately after the paste was released mold by

—P
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(a) Intaglio (b) Printed bump

Fig. 2 Cross-sectional dimensions.
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the intermediate transfer medium, the inside of the
intaglio cell was observed. Using a confocal laser
microscope the surface of the remaining paste was
searched and the depth of it was measured.

In the following experiments, all printing tests were
performed using a gravure offset printing machine
PEPIO-F12SC manufactured by SERIA Engineering.
We developed a solder paste that was applied to gravure
offset printing and printed it on a flat glass substrate.
Printing conditions such as pressure, speed, and time
interval were preset. These values were set to ensure
that no paste remains on the intermediate transfer
medium. In other words, we decided to maximize the
ratio of the amount of paste printed on the substrate to
the amount of paste released from the intaglio cell when
printing with cell shape a = b = 15 pm.

2.2 Derivation of optimal intaglio cell shape

The relationship between the cell shape of the intaglio
plate and the printed bump size was experimentally
obtained. And conversely, a design formula that provides
an optimal cell shape so that desired bump diameter can
be printed is derived as follows.

First, gravure plates were made with various
combinations of cell aperture and bore diameters. And
the diameter of the bumps printed by these plates was
measured using a microscope. If the printed bump shape
was not a perfect circle, the diameter of the
circumscribed circle was used. From these measurement
results, the relationship between the cell shape
parameters (a, b) and the printed bump diameter d is
obtained. If necessary, the variance of the fitting can be
kept small by performing piecewise linear regression.

a

—-=Ab+B
F +

It is easy to calculate using only four arithmetic

(D

operations in the inverse analysis described later.
Coefficients A and B depend on paste characteristics and
printing conditions. Based on the content, we reported at
IDW'23 7, we have derived a generalized design formula
that can be applied to any paste and conditions. To obtain
a cell shape that achieves the desired bump diameter, the

specified diameteris substituted into the equations (1).
d=s (2)

Therefore, a design formula is derived from equations (1)

and (2).
a = (Ab+ B)s 3)

Next, we formulated the cell shape. The taper size ¢ is
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defined as follows.

t=a-> (4)

Methods for making the cell shape tapered are classified
into subtractive processing and additive processing such
as plating. In the case of subtractive processing, it is
necessary to specify chamfer ¢ and the diameter of the
prepared hole b. On the other hand, in the case of
additive processing, the prepared hole diameter a and
the build-up thickness ¢ must be specified. The design
formula that gives the diameter of additive processing is
obtained by substituting equation (4) into equation (3)
and solving for the aperture diameter a.

(B—At)s

T 1-4s
On the other hand, solving for bore diameter b, the

(5)

design formula of subtractive processing is obtained.
_ Bs—t
T 1-A4s

Finally, we derived the appropriate range of cell shape

(6)

parameters that can satisfy the requirements. In order
to follow the demands for durability and cell shape
accuracy of the gravure plate, the required wall
thicknessbetween the cells are limited by material
strength. Therefore, as shown in Fig. 2, there is an
upper limit to the aperture diameter with respect to the

specification of the pitch p between bumps.
as=p—w (7

On the other hand, the bore diameter must be larger
than the solder particle diameter. Therefore, there is a

lower limit m to the bore diameter.

b

I\

m (8)

Equations (5), (6) and inequations (7), (8) limit the

possible range of ¢.

if s <—, =t = 9)
if s 1 v u

if —1 t=B (10)
15—A, = Bs

1

ﬁ0<z<s, usSt=v 11)
fA=S0, t=u,v (12)
where

u=(mA+B)s—m (13)
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_As—l
~ As

Then, you select ¢ from these range. By substituting ¢ into

(14)

(p—W)+§

equations (5) and (6), cell shape (a, b) can be obtained.

2.3 Verification of the design formula

The proposed method was applied to a specific example
of design. We demonstrate how to use the proposal
method and verify its usefulness. Using a design formula
to the specified bumps diameter s, a gravure plate with
the optimal cell shape was made. The diameter of the
printed bumpswas measured using a microscope and the
errorto the specification value was evaluated.

d—s
S

(15)

e =

For example, the specified bump diameters were s = 6,
6.5, 7, 15, and 20 pm. Printing conditions and materials
are as described in 2.1. The lower limit of the bore
diameter was set to m = 3 pm. The gravure plate was
made of relatively inexpensive nickel electroforming. The
build-up thicknessof additive processing depends on the
plating processing time. Then, it must be taken into
consideration at the design that build-up thicknessis
constant for all cells in a single gravure plate. Because
nickel is a soft metal, the required wall thickness is large,
around 15 pm. Since the purpose of this paper is to verify
the accuracy of the printed bumps diameter, a sufficient
interval was provided without specifying the pitch.

In addition, a gravure plate was made of quartz glass
using the confirmed design values. Although this
material is expensive, it has the advantage of thin the

required wall thickness.

3. Results and Discussion

3.1 Effectiveness of intaglio cell aperture widening

Figure 3 shows a cross-sectional view of the cell after
paste was released from the intaglio using the blanket. The
thin curve represents the paste surface scanned by a laser
microscope, and the thick line represents the cell wall
surface. Pastes remained in the area surrounded by the
thin and thick lines. In cells (b) with tapered openings, the
depth of residual pastes was twice as deep as in straight
cells (a). Therefore, it was confirmed that mold releasability
was improved by widening the cell opening.

3.2 Applying design formulas

The relationship between the cell shape parameters
and the printed bump diameter was plotted in Fig. 4.
The vertical axis is the inverse of gain, it can be
interpreted as the aperture diameter necessary to obtain

the specified bump diameter. That is, with this solder
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Fig. 4 Relationship between printed bumps diameter and intaglio
cell shape.

paste, in order to obtain the same printing diameter, the
smaller the bore diameter, the larger the aperture must
be made. It can be seen that when the bore diameter is
10 ym or more, the dependence of the aperture diameter
on the bore diameter becomes slow. Therefore, by
linearly regressing these relationships into two lines
with bore diameter of 10 pm as a boundary, the

coefficients of equation (1) were obtained.
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Therefore, the design formula (5) is obtained and the
relationship curves are drawn in Fig. 5 with ¢ as a
parameter. Inequation (12) is applied to the possible
range of the taper size ¢. Since a sufficient interval was
provided without specified pitch, the upper limit for ¢ is
given by Equation (13). It is proportional to the specified
bump diameter. Therefore, the smallest specified bump
diameter imposes the most stringent limit on #. The red
line in Fig. 5 (b) is relational curves drawn using equation
(3) with b as a parameter. These lines express the upper
limit of ¢. We chose the taper size to be the highest.
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Table 3 Design examples.

Target Specified diameter s 6 6.5 7 15 20
Calculation Aperture a 11.1 11.6 12.1 17.7 23.0
Design Aperture a 11 11.5 12 18 23
(t =8) Bore b 35 4 10 15
Results Printed Bump (Average) d 57 59 8.1 13.8 19.3
Error e -3.5% 8.0% 16% -9.2% -5.0%
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Fig. 6 Printed bumps (pm).
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Table 3 Design examples.

Target Specified diameter s 6 6.5 7 15 20
Calculation Aperture a 11.1 11.6 12.1 17.7 23.0

Design Aperture a 11 115 12 18 23

(t =8) Bore b 3.5 4 10 15
Results Printed Bump (Average) d 5.7 5.9 8.1 13.8 19.3
Error e -3.5% 8.0% 16% -9.2% -5.0%
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t=8<u=(-01-3+2156-3=81 (7

From design formula (5), the aperture diameters are
obtained for all specified bump diameters.

3.3 Accuracy verification of printed bumps

diameter

Table 3 summarizes the values calculated using
equations (4), the design values we determined, and the
printing results. The target bump diameter of 6 pm was
achieved with errors of 5%, and the design formula is
useful. Although the error was large for a diameter of 7
pm, it is possible to modify the design equation by
updating the coefficients of equations (1) based on more
measurement results. Printed bumps with average
diameters of 6 and 15 are shown in Fig. 6. Also, the
bumps with the pitch of 16 ym were printed using a
quartz glass plate. The future challenge is to evaluate
them precision.

The method for deriving the design formula presented
in this paper is a general-purpose method, and it can be
derived based on test results for various pastes. This
design formula uses only four arithmetic operations, and
anyone can easily obtain an optimal solution using a

design diagram, so it is suitable for practical use.
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4. Conclusion

In this paper, we reported a method for forming solder
bumps with a high accuracy diameter of less than 10
um, which is suitable for the electrode size of micro
LEDs. Gravure offset printing succeeded in forming
solder bumps with a minimum diameter of 6 pm within
5% rrors. We discovered that the cell shape of the
gravure plate affects the amount of paste release, and
that a wider aperture is especially suitable when the
bore diameter is 10 pm or less. The optimal design
formula for cell shape that we have proposed is general-
purpose and can be derived using the same procedure for
different solder pastes. If solder pastes with even finer
particle sizes will develop, it will be possible to form
bumps smaller than 6 pm. Micro LEDs of various chip

sizes will be on the way to practical use.
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