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Laser Direct Ablation (LDA) for patterning printed wiring boards (PWB) is a new technology in
the industry. Unlike the Laser Direct Imaging (LDI) method, this unique approach to remove the di-
electric material by laser and embed the signal trace lines into the PWB allows the formation of re-
cessed signals to below 10pum (4pm demonstrated) and the creation of near padless vias to facilitate
a reduction in both package size and format [4, 5]. We have developed a vector scanning based laser
system for this application using a unique beam steering technology combined with a high repetition
rate ultrafast laser [1 - 3]. One requirement for this application is to control the width and depth of
the signal lines at the micron level. The system takes advantage of a proprietary tertiary beam posi-
tioning system that uses Acousto-Optic Deflectors (AODs) in addition to the conventional galva-
nometers and linear stages, and the scheme allows not only the accurate and high speed beam deliv-
ery but also precise material removal. This paper will introduce this new technology in fabricating
high density interconnect circuit patterns, the laser application requirement, and system architecture

for the application.
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1. Introduction

Recent technology advances in many different types of
electronics devices are quite astonishing. As we the con-
sumers continue to demand next generation devices to be
smaller, lighter, faster and cheaper, and to have more func-
tionalities, designers and manufacturers are pushing the
technologies forward to meet consumers’ expectations.
The circuit designs of multi-layer PWB for those devices
become more complex, require increased wiring density,
and often increased layer count. Whether reducing the layer
count by increasing the circuit density to cut cost, or main-
taining the layer count and increasing the density to add
more functionality, either way, maximizing the signal rout-
ing density is the biggest challenge. It requires reducing the
width of signal lines and spacing as well as reducing the
size of the capture pads.

We have developed a vector scanning based laser sys-
tem for the application using a unique beam steering tech-
nology combined with a high repetition rate ultrafast laser
[1 - 3]. The system takes advantage of a proprietary tertiary
beam positioning system that uses Acousto-Optic Deflec-
tors (AODs) in addition to conventional galvanometers
(galvos) and linear stages. The scheme allows not only ac-
curate and high speed beam delivery but also precise mate-
rial removal.

While maintaining required signal integrity, this inno-
vative technology utilizes laser ablation to form electrical
paths for signal propagation within the dielectric, as op-
posed to conventional technologies that form signal paths
above the dielectric [4, 5]. With this technology, the pack-
age manufacturers can take advantage of reduced
lines/pads geometries, improved adhesion of the copper
traces, improved electrical performance by better control of
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impedance and reduced crosstalk, and further, bypasses
photo-lithographical process steps. This represents a
breakthrough for substrate manufacturing.

2. Applications

The target application is multi-layer PWB patterning,
particularly for IC packaging (ICP) substrates. Typical line
width/spacing for such substrate is 15um, and the state of
the art design uses 12um. The target smallest line width is
less than 15um. The new concept of embedding trace lines
allows to control the volume of the trace line and allows
the signal line to be sandwiched between ground lines. The
ground lines can be wider and deeper. The signal line can
be connected to capture pad with a gradual change of the
line width. The system requirements for the applications
are:
Dynamical line width and depth control
X/Y precision: < 1um local
Depth: <+£10% of nominal
Minimum width: < 15um (< 25um for non ICP).

Fig. 1 illustrates the differences between the current
lamination process with semi-additive plating (SAP) and
the LDA process. In the figures, dielectric resin (yellow) is
laminated on a copper layer (green) with capture pads (or-
ange). The photolithographic process (step 4) to form the
circuit pattern is replaced by the LDA patterning process
(step ¢). With the currently used dielectric films, the whole
panel needs to be plated after the LDA patterning (step e).
The planarization / etch process (step f) will be added to
grind off and etch away the excessive copper from the sur-
face to define the circuit board pattern.
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Process Step Semi Additive LDA Process Process Step
Process
1. Laminate Dielectric a. Laminate Dielectric
2. Laser Drill b. Laser Drill
. LDA patterning
3. Desmear / ~— | d. Desmear /
Electroless Cu i | i— | Flectroless Cu
4. Apply Resist/Photo
exposure/development *
5. Pattern Plate -\ o I e. Panel Plate
6. Strip Resist
7. Etch R T v f. Planarization /
I Etch

Fig.1 Comparison of lamination process using semi-additive
plating process and LDA process

3. Laser System Approaches for LDA application
There are three types of system approaches to create the
circuit pattern by removing dielectric resin materials.

3.1 Mask projection system

The first approach uses a mask to project the whole
circuit pattern on to the dielectric resin via a high power
laser, typically an Excimer laser.

Pros:

e Flat and uniform dose makes precise material
removal for excellent depth control, works
particularly well when the signal lines cross.

e Process time independent of the circuit pat-
tern/density

Cons:

High cost and long lead time for the mask
Not flexible for circuit pattern design changes
Requires long setup time to switch to different
product to process

Not utilizing laser power efficiently

Requires multiple masks to process different
depth features in the dielectric layer

3.2 Raster Scanning System

The second approach scans the beam over the substrate
line by line (raster) - the architecture of choice of many
Laser Direct Imaging (LDI) systems [6]. The beam is
scanned through a focusing lens via a fast beam steering
mechanism such as a polygon mirror, and modulated on
and off quickly according to the circuit pattern.

Pros:

e  Maskless process

e Flexible for circuit pattern design changes

e Eagy to switch to different product to process

e  Process time independent of circuit pattern
Cons:

Need to scan entire area in most case
Ineffective if the circuit pattern is not dense
across the entire PWB

3.3 Vector Scanning System
The last approach scans the beam where the pattern needs
to be formed rather than scanning the entire area.
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Pros:
e  Maskless process
e  Flexible for circuit pattern design change
e FEasy to switch to different products to process
e  Flexible to form different depth features
e  Effective since scanning only required area
Cons:

Process time depends on the circuit pattern
Requires complex control mechanism

4. System Architecture

Fig. 2 illustrates the general architecture of the system,
which is based on conventional galvanometer scanner de-
flecting the beam over a stationary sample. After one
package process is completed, the work piece will be
moved to the next processing area by X/Y translation stage
(often referred to as “step-and-repeat mode”). Our unique
approach adds “tertiary” beam positioning technology,
acousto-optic deflectors (AODs) to meet the high through-
put and process requirements. Two AODs are placed or-
thogonally to generate the angle to rapidly translate the
beam in X/Y axis through the scan lens. It provides the
capability to not only rapidly vary the position but also
power. In a similar fashion to the traditional compound
beam positioning used in galvos and linear motors scheme,
where the two beam positioning systems are synchronized
to form a coordinated beam trajectory [7,8,9], the combina-
tion of AODs and galvos allows the process beam trajecto-
ry to be profiled at high speeds that exceed the bandwidth
and acceleration capabilities of the galvos themselves. The
galvos trajectories are profiled to provide the majority of
the required beam deflection, with the AODs commanded
to provide additional deflection and to correct for galvo
tracking errors.

Zero Order

Beam Dump
AOD Cells

AOD
deflection
angle

Process
Beam

| Galvo Mirrors

Scan Lens
AOD-dithered
spots
Process Spot
Galvo beam trajectory
Worksurface

Fig.2 General Architecture of the high speed beam delivery
scheme [10]

There are many systems/architectures available that can
scan the beam faster than 10m/sec. However, such high
speed scanning is achieved only for a straight line. When
turning tight corners, acceleration and bandwidth become
the dominating issues. Typical galvo control is limited to
about 2,000 to 4,000 g’s at the works surface, with a band-
width of around 2 — 3 kHz. With this new architecture,
these limits are basically removed — effectively, with accel-
eration of 1,000,000 g’s and bandwidth of IMHz. The ac-
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celeration and bandwidth constraints affect velocity indi-
rectly. An example of the capabilities of the new architec-
ture is shown in Fig. 3. The addition of AODs enables work
surface beam velocities exceeding 2m/sec with no inherent
limitations on turn radius, while maintaining excellent posi-
tioning repeatability.

Fig.3 Test pattern processed at 4m/sec (1mm square, 25um
width)

It also provides real-time power control so that power
can be maintained/modified for the same/different
width/depth. When the beam is deflected orthogonal with
respect to the galvo beam trajectory (dither), width of the
line can be dynamically changed. Note that a key point to
take advantage of this architecture is to have a high enough
laser Pulse Repetition Frequency (PRF) so that the pulse
overlap is sufficient.

5. Laser Material Process

Typical dielectric materials used for the packaging
substrate are silica particle filled Epoxy resins, such as
ABF from Ajinomoto. The thickness of the material is
~30-35um. For widely adapted laser via drilling applica-
tions, lasers are typically either pulsed CO, lasers or nano-
second (ns) solid state UV lasers. Due to the ever shrink-
ing feature size requirements, shorter wavelength lasers
have a significant advantage.

Ablation rate of organic polymers using UV laser is
commonly characterized by incident fluence, threshold
fluence and absorption coefficient based on the use of the
Beer-Lambert law. For characterizing ablation process by
moving Gaussian beam, we use the dose fluence, 0y, de-
fined as the cumulative fluence over the 1/e” spot area, 0:

0, =N Spot -0 - geometric _ factor W
NSpoz = 2?0 (2)
5 0 _2572,"2
2
geometric _ factor = —- Z o) 3)

0 n=—ow0

where Ny, is the number of pulses over the spot area,
wy 1s the 1/e” spot radius and ¢ is the spot to spot distance.
For a pulse overlap greater than approximately 60% (or
8/2m¢ <0.6), the dose fluence becomes flat with geometric

factor of ~0.627 and can be generalized to:

0, =2-0627 — L

-V, )
where P is the laser average power, and V' is the beam
scanning velocity (P/V is the linear dose).
We use fluence over the 1/¢” spot area for width characteri-
zation and center fluence of the Gaussian spot, which is
twice as high as thel/e” spot area, for depth characteriza-
tion.

Oy =20, 5)
If a constant fluence threshold exists, the spot diameter in

the material, R, can be estimated via optical spot size, peak
power, Py, and fluence [11].

I(r) =1, exp(— 2ri ) (6)
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Taking into the simple linear equation for fitting,

R* =k+b-In(P) (9)
The slope, k is
2
k;%ﬂ > o, =2k (10)

And the y intercept, b is

@, 2 N
b=—2In —5—F——
2 7w, 1, [[watt]

2 exp[— Zb] (11)
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Replacing R with Width, Fig. 4 shows the example of
two fits of equation (11) using two different optics configu-
rations to vary the focused spot size.

300
n estimated spot: 28.1ym
¢ 30um Config. Threshold dose_F: 2.27J/cm?
010um Config. <
250 f
y =98.489x - 1167.2
R?=0.9887
200
=
£
= 150
o~
=
S f
-
T 100
E estimated spot: 13.1ym
50 Threshold dose_F:2.15J/cm?

y=21.4x -219.85 Jﬁj
R? = 0.9008 H,F

0 5 10 15 20

LN (Py/[watt])

Fig. 4 Example of fits using two different optics configuration
varying power and velocity using ps UV laser
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The extracted threshold fluence is approximately the same
for both spot sizes as expected.

Fig. 5 is an example image of a laser scribed line formed in
the GX-13 ABF resin.

Fig.5 Scanning Electron Microscope images of processed resin

The line width and depth was measured with a light mi-
croscope. Measuring the depth with a light microscope is
very subjective and time-consuming. Fig. 6 shows alterna-
tive methods: Using a cross-sectional view is more accu-
rate; however, it takes even more time. On the other hand,
surface profilometers such as 3D laser scanning micro-
scopes are an excellent tool to measure wide areas of width
and depth. Some of these instruments can export height
data of each pixel making it possible to analyze data thor-
oughly and automatically. Having such a metrology tool is
crucial for checking the performance of the motion control
system as well as understanding process capability.

Fig. 6

Light microscope image of cross-sectioned sample
(above), and 3D scanning image by Violet Laser Scan-
ning Microscope (below). White part in the cross-
section image is copper layer.

Fig. 7 shows linear dose fluence vs. ablation depth at var-
ious velocities and powers using 29 ns and 50 picosecond
(ps) UV lasers (355nm). Spot size was varied by defocus-
ing the beam. Power and velocity range for the ns laser
were 0.1-0.2W at 70kHz and 70-160mm/sec, and 0.25-
0.5W at 80MHz and 250-1000mm/sec for the ps laser. The
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generic trend roughly matches for both lasers although op-
erating range of pulse energy and PRF are quite different.
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Fig. 7 Ablation depth vs. linear dose fluence with ns and ps UV
lasers

Fig. 8 is the approximated ablation depth per pulse based
on the number of pulses over the spot area with the beam
moving. The ablation of material becomes inefficient once
the beam center fluence drops below approximately
200mJ/cm” for the ns laser and approximately 10mJ/cm’
for the ps laser.
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Fig. 8 Ablation depth per pulse vs. spot center fluence with ns

and ps UV lasers

Fig. 9 shows the measured width and estimated spot
size ratio at different dose fluences. The shaded area shows
the 95% confidence range of the fitted equations. As seen
in the figure, there are many outliers for the fit but some
trends are nevertheless obvious. Changing the spot size by
defocusing the beam is most convenient; however, it intro-
duces complexities in estimating the effective spot diame-
ter accurately. Our calculation is based on a perfectly col-
limated beam focused without astigmatism/asymmetry er-
ror and having the same M” value for both axes. Instead of
changing beam size, width can be better controlled by us-
ing a fixed spot size at a single Z plane (around focal plane),
and by dithering the beam orthogonal to the moving direc-
tion. The new AOD technology does just that with a well
controlled process for arbitrary line width.
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Fig.9 Measured width and estimated spot diameter ratio vs.
Dose Fluence

Most polymers tend to decompose before evaporation.
Long chains of molecules are cut into fragments before
they are able to leave the bulk material. Thermal activation
of the ablation appears as a typical “Arrhenius tail” instead
of the definite ablation threshold [12]. The threshold flu-
ence decreases by increasing the absorption coefficient,
irrespective of whether this is related to a decrease in laser
wavelength, the addition of dopants, to the generation of
defects, or by decreasing the pulse duration. With shorter
pulses, the spatial dissipation of the excitation energy is
reduced and the threshold fluence is lower. This observa-
tion can be related to a decrease in heat penetration depth
and/or an increase in absorption coefficient due to multi-
photon excitation [13]. The short duration (ps), high peak
power and higher PRF lasers are ideal sources for the ap-
plication in order to utilize the high speed beam delivery
scheme. Pulse energy can be lower as long as the fluence
exceeds the effective threshold. Therefore, a picosecond
mode locked laser that outputs >4W at 10 MHz to
100+MHz, can be used to take advantage of the fast beam
delivery scheme and still meet the process requirement.

6. Result

Fig. 10 shows an example of the circuit pattern generated
with our high speed beam delivery scheme and the high
PRF ps laser. The trace lines were formed by dithering the
beam. The pads and the large ground planes were formed
by raster scanning the beam locally. The dose fluence of
connecting points between pads and lines is tightly con-
trolled avoid the double exposure effects.

Fig. 10 3D image of patterned circuit using violet laser scanning
microscope
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Fig. 11 and 12 show some examples of line width and spac-
ing capability. A 7um line width/spacing sample was pro-
cessed at 4m/sec velocity at a 1:1 depth/width aspect ratio.
A 4pm line width/spacing has been demonstrated as the
minimum feature size of the system.

Fig. 11 Small line width/spacing demonstration

Fig. 12 Smallest line width/spacing demonstrated

Fig. 13 and 14 illustrate the variation of width and
depth for lines nominally 23pum wide and 18um deep. The
limits shown in the figures are + 10% from nominal for the
line width, and £ 15% for the line depth. The material used
was not ABF material (DuPont DC) and had more depth
variation.

Mean
Std Dev

Std Err Mean
Upper 95% Mean
Lower 95% Mean

N

Normal Quantile Plot

st

20 21 25 26

Width [um]

Fig. 13 Histogram of line width
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Fig. 14 Histogram of line depth

7. Summary

We introduced a new architecture for fabricating high
density interconnects circuit patterns. To meet the re-
quirements of cost effective scaling to higher density PWB
design, a new beam delivery scheme and system using

acousto-optic deflectors has been developed and introduced.

The addition of AODs enables work surface beam veloci-
ties exceeding 2m/sec with no inherent limitations on turn
radius, while maintaining excellent positioning repeatabil-
ity, which is not possible using traditional vector architec-
tures. Based on the laser/material process, mode locked ps
lasers operating at high PRF have been found suitable to
best take advantage of this fast beam delivery scheme.
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