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he purpose of this study is

to introduce and qualify a

contactless laser-assisted
reflow (LAR) process for creating stable
and reliable solder bump interfaces (C4)
on semiconductor substrates offering a
potential solution to minimize the CO,
footprint of conventional oven-reflow
processes. This work is a continuation of
the studies by Fettke, et al. [1], and focuses
on evaluating the lifespan of the generated
solder joints.

Silicon (Si) chips and flexible FR4
substrates were used as test vehicles to
evaluate the effects of the LAR process on
a solder ball interface consisting of solder
preforms made of SAC305 and Sn42Bi58.
The 100pm and 400pm solder spheres
were placed on the pads using a selective
ball dropping process. For performance
comparison, reference samples were
prepared and conventionally reflowed
in an oven. After the reflow processes,
samples underwent various analyses
to evaluate and compare the soldering
quality. A 500-hour thermal cycling test
was performed on the samples. Shear tests,
X-ray, cross-sectional polishing, scanning
electron microscopy (SEM) and optical
microscopy were employed to examine the
formation of the intermetallic compounds
(IMCs) and the metallurgical properties of
the solder bumps. Finally, industrialization
proposals, possible application, and future
prospects will be discussed.

Introduction

Conventionally, reflow ovens are used in
mass production for forming solder bump
interfaces on semiconductor substrates that
rely on thermal conduction or convection
requiring high volumes of inert gases like
nitrogen to prevent oxidation. Preheating
and gas flushing are essential to create an
oxygen-reduced environment (<50ppm)
for high-quality soldering. However, these
methods consume significant “electrical”
energy (8-12kW/h) and gas contributing to
high CO, emissions. Therefore, alternative
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reflow processes are needed to reduce
energy and gas consumption, as well
as emissions.

With increasing efficiency and output
power exceeding 25kW, laser systems
are becoming a promising solution
for improving the environmental
sustainability of soldering processes.
These systems generate the required
thermal energy optically via short laser
pulses typically in the near-infrared
range; they offer reduced energy and
gas consumption, as well as the ability
to create dynamic reflow profiles and a
smaller machine footprint. This has led
to growing interest in laser-based reflow
for forming solder bump interfaces in
flip-chip applications. However, concerns
remain about the stability and reliability
of solder connections, including risks
of peeling, burning, thermal stress, and
weak IMCs. Further studies and proof
of concept are needed to address these
issues [1,2].

Process description

The sections below discuss the LAR
process and provide an introduction to the
test equipment used for the study.

Laser-assisted reflow. The selective
LAR process utilizes a near-infrared
(NIR) laser operating in the range of
980nm to 1070nm where semiconductor
materials such as silicon and gallium
arsenide exhibit low absorption. To ensure
uniform reflow, the laser beam is optically
modulated to create a consistent top-hat
power distribution and its divergence is
minimized to avoid localized heating
inconsistencies. The beam profile is
further adjusted through optical or
mechanical means, thereby defining the
final aperture. An infrared sensing system
monitors and controls the substrate
temperature, which requires calibration
based on the material used.

The substrate with solder material
like preforms, paste or plated layers, is
placed on a stage and the laser heats the
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surface while the IR system regulates the
temperature. Process gas is introduced to
prevent oxidation during reflow, which
typically lasts from 50ms to 10s, with the
temperature set 20-30% above the alloy’s
melting point. The laser moves to different
locations until all regions are processed.
The process principle for reflowing a solder
bump interface on a substrate level is
illustrated in Figure 1.

[ deecion, »

solder balls in flux depot
solder
bumps

Figure 1: Principle behind the laser-assisted reflow
(LAR) process.

The key benefits of LAR lie in its
localized, selective, semi-transparent
and highly dynamic reflow capabilities
that minimize thermal impact on the
substrates, thereby reducing mechanical
stress in the forms of local and global
warpage. Furthermore, it is expected
to enhance the IMC’s properties
regarding size and grain structure
resulting in longer-lasting interconnects
as highlighted by Fettke, et al. [3] and
Nishikawa, et al. [4].

Introduction to the test equipment.
The solder bump laser reflow process was
tested using a Laplace-Compact laser
bonder from Pac Tech, equipped with a
1030nm Yb: YAG fiber laser delivering
1kW of optical output power. The system
features an optical modulation setup
enabling continuous adjustment of the
laser spot size from 500pum x 500pm to
4cm x 4cm. For the comparison with a
conventional reflow process, an AVT SRO-
716 oven was used. Figure 2 provides an
overview of the test equipment used in
the experiment.
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Figure 2: Test equipment used for the reflow study: a) (left) Pac Tech laser reflow system; b) (center) Detail of the laser reflow test setup; and c) (right) AVT SRO-716

reflow oven.

Regarding the laser reflow system, the
spatial power distribution was evaluated
using an Ophir SP11059 analyzer. The
modulated beam profile used in the
tests showed 90% beam homogeneity
in accordance with DIN-ISO 13694
3.2.11. Figure 3a shows the modulated
laser beam (pilot laser) covering a test
area on the printed circuit board (PCB)
test vehicle, and Figure 3b shows the
measured spatial power distribution at a
wavelength of 1030nm.

The output energy was measured
using an Ophir L40(150)A laser power
sensor. A high-speed Optris CTvideo
pyrometer was used to characterize the
LAR process, allowing both temporal and
thermal analyses. The chosen 3SMH-CF
pyroelectric sensor has a measurement
range of 100°C to 600°C, a spectral range
of 2.3pum, a temperature resolution of 0.1K,
and a lms time resolution. The emissivity
coefficient (c) was set to 0.25 for Sn [1,5].

Experimental

The following sections describe test
sample preparation, optical inspection,
cross-sectional analysis of the samples,
mechanical analysis shear test results, and
X-ray analysis of the test vehicles.

Test sample description and
preparation. The test substrates used
in this study consist of both organic and
inorganic materials showing a symmetrical
plated pad structure. Detailed information
about the test vehicles is presented in
Figure 4.

To prepare the test substrates in order to
match a conventional solder ball transfer
process, an 8um sticky flux film (Kester

Figure 3: Laser tool beam characteristic: a) (left) Modulated laser beam on a substrate (pilot laser); and

b) (right) 3D profile.

sample type picture pad count | sample size pad dia plating
e-plated
Si chi 572 10x 10 mm? | 100 £ 2 um i
P e Ni 5 pum
Aud40nm
e-less
FR4 PCB 78 10x12mm?[3504 15 um | CY 15 HM
Ni 10 um
Au20nm
Figure 4: Overview of test samples that were used.
TSF-8818HF) was applied using a manual overnent

squeegee (Zehntner ZUA 2000). SAC305
and Sn42Bi58 solder balls of 400pm were
sequentially placed on the printed circuit
board (PCB) test parts, and 100pum solder
balls on the Si chip utilizing a sequential
dropping process as illustrated in Figure 5.

To find a suitable starting point, the
shortest laser energy process window
was identified based on shear tests that
showed a cohesive fracture mode. From
this minimal setting, the laser pulse length
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sticky flux

Figure 5: Principle of the ball dropping process.
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substrate alloy sphere dia. in temp..limit in|min. laser energy in Iaser reflow s
type pm C J/mm?
Si-Chip SAC_305 100 250 0.56 075/ 1|2 |3 |4
Sn428i58 100 170 0.45 05|12 |3]|4
PCB SAC_305 400 250 0.56 075/ 2 |3 |5 |7
Snd2Bi58 400 170 0.45 05/2|3|5]|7

Figure 6: Test matrix for the LAR process study.
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Figure 7: Examples of 400um SAC305 reflow profiles on a PCB test sample before thermal cycling: a) (top) 1s

laser-reflow; and b) (bottom) Oven reflow.
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was gradually increased and the solder
bump interface condition was assessed
for five different laser reflow times. The
test matrix and the minimum identified

laser energy density for all laser energy
configurations are shown in Figure 6.

During the laser reflow process, the
laser spot was modulated to irradiate
the ball-populated area on the test units
(Imm x 1.2mm for the PCB and Imm x
Imm for the Si chip) at a distance of lem
with a power of 90W. A nitrogen shower
set at 120mbar protected the soldering
area from oxidation. Peak temperature
limits were maintained at 250°C for
SAC305, and 170°C for Sn42Bi58. An
example of a 4s laser reflow profile
measured with a pyroelectric sensor
system on a 400pum SAC305 bump array
on a PCB sample is shown in Figure 7.
The temperature profile exhibits a three-
stage characteristic with an extremely
high heating rate of 500°C per second,
followed by a constant temperature
maintained throughout the holding time,
and finally, the cooling of the substrate
after the system is turned off.

For comparison with conventional
reflow processing, reference samples
were prepared identically, but underwent
the reflow in an AVT SRO-716 oven.
For SAC305 solder spheres, the peak
temperature was set to 250°C, while for
Sn42Bi58, it was set to 170°C. The total
reflow time was 400s for SAC305 and
300s for Sn42Bi58. Figure 7 shows the
used oven reflow profile for the SAC305
alloy. Five samples were produced for
each of the reflow test configurations
that were subsequently qualified using
metrological methods [1].

Optical inspection. After completing
the reflow process steps and the initial
measurement analysis, the test vehicles
were subjected to a thermal stress test.
Following the stress test, the samples
were reanalyzed and the results were
compared. The temperature cycling
test was conducted in a 2-zone oven
according to DIN EN 60062-2-
14:2010-04 to assess and compare the
degradation mechanisms of laser- and
oven-reflowed solder bumps. The CTS
TSS-70/130 thermal cycling system
served as the measurement apparatus
with temperatures ranging from -40°C
to +125°C. The samples underwent 500
thermal cycles with a 30-minute hold
time in each chamber under standard
atmospheric conditions.


















