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Influence of Visible Wavelengths in Laser-Based Soldering Applications
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Recent innovations in UV and visible laser sources have led to more efficient and precise processes
for electronic applications. This study presents a detailed comparison of blue (450 nm) and green
(515 nm) laser wavelengths against established infrared (975.3 nm) sources. Through qualitative com-
parisons, we analyse energy coupling and absorptivity in solder and terminal materials, identifying
significant performance differences across the wavelength spectrum. A double integrating sphere
setup is used to capture in-situ diffuse and laser back reflections, enabling a thorough evaluation of
energy deposition during soldering. Correlating data from detectors in both spheres provides a more
holistic understanding of energy behaviour, supporting improved emission-based control techniques
such as pyrometry. Our results demonstrate that shorter wavelengths—particularly blue and green—
offer enhanced energy absorption, leading to more efficient soldering with reduced damage on sur-
rounding components. Across the tested alloys, visible wavelengths increased static absorptivity ver-
sus 975 nm by up to ~50%, and green (515 nm) reduced the activation energy for OK joints by ~24%
relative to blue (450 nm) and ~50% relative to IR. Shear testing on header—via samples showed com-
parable peak forces for blue and green (~200 N) and lower values for IR (~180 N). The findings not
only advance laser soldering technology but also support its broader industrial adoption, aiding the

transition toward greater electrification and sustainability in manufacturing.
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1. Introduction

Laser-based soldering has become an established joining
technique in niche applications where batch soldering meth-
ods lack accuracy, such as in repair [1-3] or recycling pro-
cesses [4,5]. Progressive miniaturisation and increasing de-
mands for sustainability favour highly flexible, precise, and
localised soldering methods [1,6,7]. However, major draw-
backs of laser soldering are its setup and operation costs. Fi-
bre lasers typically reach efficiencies of only about 50% [8].
Furthermore, converting this laser radiation into heat at the
junction site can result in additional energy losses of up to
70% [9] due to reflection.

Recent advancements in laser technology offer promis-
ing solutions. By switching to newer diode lasers, which can
achieve efficiencies of up to 73% [10] and provide wave-
lengths more suitable for soldering—specifically, moving
away from infrared and into the visible range—substantial
efficiency gains are still obtainable [11]. This shift not only
reduces operational costs through energy savings but also
improves process reliability by lowering immediate risk of
surrounding component damages and environmental sus-
tainability by increasing yield and lowering carbon foot-
prints. Thus, these developments make laser-based soldering
increasingly viable for a broader range of industrial applica-
tions.

2. Objectives

An informed decision for a laser soldering wavelength
requires absorption measurements at room temperature and
in-situ measurements for different wavelength-solder com-
binations. This study offers calibrated, validated and

physically tested in-situ absorption and coupling coefficient
measurements for 450 nm (blue), 515 nm (green) and 975
nm (IR) to compare their interactions with solder’s energy
absorption, flux activation and forming a sound joint.

3. Material and Methods

Measuring in-situ absorption and coupling coefficients
during laser soldering can be challenging due to elevated op-
erating temperatures, limited equipment space and danger of
equipment damage. An experimental setup based on Ul-
bricht or integrating spheres can capture reflected radiation.

3.1 Double integrating sphere

As a single sphere cannot capture back reflections, a sec-
ond sphere is used in combination with a 90:10 beamsplitter
(see Figure 1). Such a setup was already successfully tested
in previous works [12]. The beam path starts after the re-
spective focus optics and enters the beamsplitter, 10 % are
directly reflected and lost for the experiment, therefore cap-
tured in a beam trap. The remaining 90% continue out of the
beamsplitter and into the lower Ulbricht sphere from the top.
The sample of interest is placed into the beam path inside the
lower sphere and reflects diffusely as well as directly back
into the beam path. Diffuse reflections are guided through
multiple reflections to the observation port on the right. In-
side a reflective bandpass filter selects the wavelength of the
utilized laser and avoids recording of process emissions. A
photodiode (DET10A2 / DET10N2 Thorlabs) quantifies the
incident light into voltage measured through a DAC setup.
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Direct back reflections travel up outside the lower sphere
and get reflected on the beamsplitter again and into the upper
sphere. Subsequent diffuse reflections guide the collected ra-
diation into the observation port fitted with an identical re-
flective bandpass filter and photodiode. Potential higher or-
der reflections through the beamsplitter are neglected as seen
in the following calibration chapter.

| Photodiode 2 | .‘ Laser+Optics |
Bandpass filter

Ulbrichtsphere 2
Photodiode 1

b —
9:1 Beamsplitter H R >
Ulbrichtsphere 1

Figure 1 Experimental setup schematic with beam path for ab-
sorption measurements using two Ulbricht spheres for diffuse re-
flection (sphere 1) and back reflection (sphere 2).

Bandpass filter

Calibration of photo detectors

To account for leakage, wavelength dependent sensor re-
sponse and setup variations, calibration is performed relative
to the desired energy level for an artificial total diffuse and
total back reflection. A broadband mirror (Thorlabs BB1-
E02) is placed at the sample spot. The angle relative to the
beamsplitter determines the reflection type as seen in Figure
2. If the mirror is placed at an angle (see Figure 2, (a)), the
initial laser beam path is diverted onto the diffuse reflective
barium sulfate surface of the first Ulbricht sphere. The de-
tected voltage in the lower photodiode is recorded over mul-
tiple laser powers Pr (0%-100%). By computing the linear
fit between detected voltage and expected power, the first
reflected energy constant A is computed. As the beam path
into the lower sphere stays open between beamsplitter and
sphere, minute amounts of diffuse reflection can escape back
into the setup, get reflected at the beamsplitter and enter the
second sphere. This results in a proportional response on the
second photo detector that needs to be considered. By in-
cluding a second correction factor as the linear fit between
both detector responses, A is calculated.

For back reflection, the mirror is placed flat into the
lower sphere (see Figure 2, (b)). The initial beam path is di-
verted back into the beamsplitter and reflected into the sec-
ond sphere. As before linear fits for detector power response
(A3) and their corresponding correction due to stray detec-
tion in the lower detector (A4) are computed.

(a) (b)
¢ Nl . xXidvq e

)

Figure 2 Schematic process of photodetector calibration for total
diffuse reflection (a) and total back reflection (b).

Yo

Due to the nature of linear fits on idealized reflections,
higher order reflections through the beamsplitter can be ne-
glected. By combining both reflection measurements, for-
mula 1 can be derived to quantify diffuse and back reflection.

Pr(Uy,Up) = Az * (Up — (A2 xUp)) + Ay + (U — (A Uy)). (D)

Equation 1 requires both photodetectors to have their respec-
tive zero intersection at 0 V when reaching 0 W laser power.
Due to different wavelength response, utilized bandpass and
ND-filter, zero crossings vary between utilized laser wave-
lengths by multiple Watts. To account for these, inter setup
deviations, a correction term K; is introduced as the average
of the difference between calculated laser power (using
equation 1) and set power. Effectively recentring all photo
detector responses to 0 W and 0 V and forming equation 2.

Prz(Uy,Up) = Pr(U,Uz) + Ky . (2)

Verification of calculated reflectance

To compare each calibrated detector setup against
known ground truth data, four samples of known absorption
coefficients were tested. Three of those (Cu-ETP, 14301-
Steel and AW-6082) consist of raw rectangular cuts (as seen
in Figure 3) placed directly under the lowers sphere aperture,
while a hand painted cutout of copper painted 10 times with
BaS0O4is used to simulate a closed lower sphere.

Figure 3 Validation reference samples used. BaSO4 (left), AW-
6082 (top right), 14301-Steel (middle right) and Cu-ETP (bottom
right).
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All samples were measured multiple times with a cali-
brated UV-Vis-NIR spectrophotometer Lambda 950 by Per-
kin Elmer. Their respective reflectance values can be seen in
Table 1.

Table 1 Average spectrophotometer (n=3) reflectivity measure-
ments of validation samples.

Laser BaSO, Cu-ETP  AW-6082 14301-Steel
450 nm 96.0£1.8  32.5+0.2 38.5+1.1 53.1+0.3
515 nm 96.2+1.1  15.1+3.7 30.2+0.3 49.2+0.0
975 nm 97.1£0.4  89.2+0.5 63.3+2.2 61.6+0.1

Transmission values were assumed to be zero due to suffi-
cient material thickness (greater than 2 mm). Following en-
ergy conservation and P = P, + Py + Pr, absorbed energy
could be easily computed from reflected energy by P, =
100 — Pg. By computing the difference of ground truth data
(Table 2) and calculated reflectance values through the dou-
ble spheres (Equation 2), the experimental setup can be val-
idated.

Table 2 Absolute reflectance differences between measurements
from Lambda 950 (Table 1) and calculated reflectance values from
measurements (n=4) with double sphere setup and equation 2 (Er-
ror computed through error propagation as independent variables).

Laser BaSO, Cu-ETP AW-6082 14301-Steel
450 nm 22.0£1.8  9.6+2.0 1.8+1.3 0.5+0.7
515 nm 2.3+4.2 8.0+4.5 1.242.7 6.2+3.2
975 nm 4.0£1.3 4.3+0.9 8.2+2.5 8.3+£0.9

3.2 Laser and optics

Three laser systems were used to facilitate comparison
between wavelengths (Table 3). All sources utilize individual
welding optics defocussed to d = 5.3 mm for the absorbance
tests (the aperture of the sample holder) and d = 5.9 for cou-
pling coefficients, while yielding a gaussian beam profile.

Table 3 Utilized laser and their measured optical characteristics.

Laser Mnm]  Ppeqr[W]  wolum] M?  Zg[mm]
Nuburu  AO- 450 150 351.11 1180 7.29
150

Dilas compact 976 150 482.1 32.17 2328
evolution

Trudisk 1020 515 1000 68.7 233 1.194

3.3 Solder wires and material samples

Given a near infinite mix of flux compositions, one flux
family (GUMMIX) was selected with a variety of elemental
solder sub compositions. Commonly available mixes of

Sn0.3Ag0.7Cu2Bi0.035Fe (as seen in Table 4). Their flux
percentage varied between 2.5% and 3.5%. CuSn6 chips
were used as binding sites in absorbance measurements (see
Figure 4, (a)) and FR4 substrate, 70 um tin-plated printed cir-
cuit board (PCB) (see Figure 4, (b)) in activation energy and
coupling coefficient measurements.

(b)

Figure 4 Used carrier s:émples after absorbance test ((a), on
CuSn6) and activation energy ((b), PCB).

The respective reflectance at room temperature was
measured by accumulating a coil of wire (>10g) and com-
pressing it through a four-ton hydraulic press into a flat sheet.
All were tested inside the spectrophotometer for reference
(see Figure 5). Absorbance spreads widely (up to 30%) be-

s 450nm
N 515nm
=== 975.3nm

Absorptivity [%]
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Figure 5 Absorptivity of tested solder wires at room tempera-
ture (21°C) for relevant laser wavelengths (450 nm, 515 nm
and 975 nm) (N = 3).

21 21 SB SB 21
Zeta LFM 23S Zeta LFM 23S  RMA LFM 48 RMA LFM 48 Zeta SJM 03
35% 25% 25% 3.5% 2.5%

tween solder alloys but stays consistent between flux per-
centage variations. The desired increase in absorptivity by
up to 50 % from IR to visible wavelengths can be observed
as well (SB RMA LFM 48 2.5%). HF LFM-48 3.5% marks
an outlier by favouring 515 nm over 450 nm in terms of

Sn3Ag0.5Cu  were tested as well as  rarer
Table 4 Utilized solder wire samples.
Name Melting Flux [%] Sn [%] Ag [%] Cu [%] Bi [%)] Ni [%] Fe [%]
point [°C]
SB RMA 217-220 2.5 96.5 3 0.5
LFM48
SB RMA 217-220 3.5 96.5 3 0.5
LFM48
HF LFM-48 217-220 3.5 96.5 3 0.5
21Zeta SIM- 210-226 3.5 96.965 0.3 0.7 2 0.035
03-S
21Zeta LFM 228-229 2.5 99.315 0.6 0.05 0.035
238
21Zeta LFM 228-229 3.5 99.315 0.6 0.05 0.035

23S
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absorptivity, which could be attributed to flux composition
adjustments made by the manufacturer for HF classification.

4. Results and Discussion

Characterizing the absorption coefficients during the la-
ser soldering process can be ambiguous due to process emis-
sions, a plume forming from evaporating flux and overall
geometric instability of the solder during liquidation and so-
lidification phases.

4.1 Absorption coefficients

Rather than characterizing in-situ, the required melting
energy will first be introduced through an external heater
from below the sample. Laser power (Pr) is reduced to min-
imal possible amount in terms of stable emission power and
ratio of rise to hold time. All setups were calibrated using a
PM100D power meter from Thorlabs as power in the system
Ps. By heating all solder samples past their liquidus temper-
ature, they form hemisphere due to surface tension, provid-
ing an ideally flat test surface. The lower Ulbricht sphere is
also flooded with nitrogen as an inert gas to remove flux va-
pours and prevent oxidization.

The probe parameters were chosen such that the addi-
tional temperature rise during each pulse remained modest
compared to the externally imposed base temperature. Even
for 450 nm the estimated transient increase is =40 K, and
only 12K and =5 K for 515 nm and 975 nm, respectively
(see Table 5). Given that the base temperatures span 150—
300 °C and each temperature level is probed only once, the
measurements are dominated by the quasi-static temperature
defined by the external heater rather than by the probe-in-
duced heating.

Samples are mounted on an aluminium cylinder into the
lower Ulbricht sphere. Due to the limited space a wire feeder

Table S Used laser parameters and estimated temperature in-
crease for each sample.

Laser P t Ep Estimated AT per sample
[W]  [ms] [J] [K]*
450nm 49.9 20 1.00 41,88
515nm 459 10 0.46 12,38
975nm 11.0 20 0.22 4,62

Calculated for the solder volume corresponding to 20 mm of

0.8 mm wire (m~ 7.3 x 10° kg, p="7310kg/m?, ¢ =

227 1/(kg-K)), using typical high-temnerature absorptivity
(a) (70%/45%/35% for450. (p) ?75nm)

i - ‘.‘f
Figure 6 Loading of a solder material sample (a) and after a
heating cycle (b).

robot is impractical. Rather, 20 mm of d = 0.8 mm wire is
wound to a spiral and pressed to form a flat cylinder. The
sacrificial CuSn6 chip is slid in place first and the solder

wire cylinder press fits into form (see Figure 6); the surface
tension forms the desired ball shape.
A PT1000 element measured the core temperature of the

Pr3(Uy, Uz) = Pra(Uy, Uz) #K; . 3)

cylinder during the process and triggered 7 laser pulses at:
250°C, 275°C, 300°C, 225°C, 200°C, 175°C and 150°C.
The heating from 150 °C to 300 °C took approximately 15
minutes, and the subsequent cooling phase from 300 °C back

Table 6 Computed coefficients for reflected power calcula-
tions used in equation 3.
Laser A1[£] As[-]
v

A}[%] Ad-] Ki[W] - Ko[-]

450nm 4123 041 5142 0.07 -590 1.06
515nm 4586 0.05 4839 0.01 -142 0098
975nm 5.16 0.05 395 0.01  -0.06 1.30

to 150 °C lasted approximately 10 minutes. The heater was
turned off automatically when reaching 300°C. Temperature
deviations between the sample holders’ surface and core
were accounted for by a linear fit model calculated from
room temperature and solders melting point verified through
an observation port on the Ulbricht sphere.

The sample holder introduces a protruding structure into
the lower sphere which also does have a lower reflectivity
than the spheres surface. To account for any reflection losses,
a second calibration coefficient K> is introduced to equation
2 and forms equation 3.

Placing the holder into the setup holding only a CuSn6
chip but no solder material and measuring the absorptivity,
K> can be calculated by comparing it against previously ob-
tained ground truth data from the spectrophotometer. Table 6
shows all used calibration and correction coefficients. The
difference in detector responsiveness of the biased detectors
(DET10A2 for 450/515 nm and DET10N2 for 975 nm) can
be directly observed by the calculated A; and Az values
needing up to ten times more intensity per registered one volt.
Factor K, for 515 nm falling below one, suggests a slight
misalignment during the calibration step as the sample car-
rier will not provide additional radiance but rather an atten-
uation surface.

Figure 7 shows the result for the 450 nm experiment series.
A slow linear rising pattern in absorptivity can be observed
during the heating phase (250 - 300°C), followed by jump-
ing up to 10% when testing at solidification again (225°C).
The final absorptivity remains roughly constant during the
cooling phase (225-150°C). HF LFM 48 3.5% outperforms
all other solders by up to 10% with a stronger linear gradient
during the heating phase. A possible explanation for the
overall trend is the boiling flux initially diffusely scattering
incoming laser radiation as well as deforming the solder sur-
face which solidifies again, deviating from a quasi-circular
surface assumption. Comparing against 975 nm results in
Figure 8, yields a similar picture at a lower absolute absorp-

tivity.
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Figure 7 Absorption measurements of different solder types
for 450 nm, chronologically sorted temperature axis (marked
heating (15 min) and cooling cycle (10 min)) (N = 3).
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Figure 8 Absorption measurements of different solder types
for 975 nm, chronologically sorted temperature axis (marked
heating (15 min) and cooling cycle (10 min)) (N = 3).

Aggregating all performed experiments by averaging in-
dividual solder samples for each laser wavelength shows the
expected gradation (see Figure 9). Blue wavelengths outper-
form both green and infrared. While all three series experi-
ence a step effect during the release of flux, 450 nm displays
the lowest difference of only 0.1, while 515 nm and 975 nm
step at least twice as much. A possible explanation could be
reduced interactions of blue wavelengths with the
selected GUMMIX flux family or increased early coupling
due to minor increased intensity of the sampling beam.

Observed increases in absorption at shorter wavelengths
are consistent with Drude-type behaviour of metals, where
the real part of the refractive index and resulting reflectance
decrease from IR toward the visible for Cu, Sn and Ag con-
stituents of the solder and terminals [13]. Quantitatively, the
measured increase in absorptivity from 975 nm to the visible
range (up to ~50 % for SB RMA LFM 48 2.5 %, Figure 5)
is comparable to the improvement reported by Tatsumi et al.
[11] for blue-laser soldering of Sn-Ag-Cu, who observed a
~43 % increase relative to IR. This agreement supports the
interpretation that the dominant trend is governed by the op-
tical properties of the solder and terminal materials.

To assess the influence of irradiance and heating rate on
the apparent absorptivity, additional control measurements

0 min Heating 15nmn Cooling 25min
08 { o E— — ]
g B e
SR 4 % ------ {
2 e
S 06
c
b= B I [ et
2 e e
]
@
g o k o 450 nm
< e 515 nm
0.3 <+ 975.3 nm
250 275 300 225 200 175 150

Temperature [°C]
Figure 9 Averaged absorption measurements of different sol-
der for 450 nm, 515 nm and 975 nm, chronologically sorted
temperature axis (marked heating (15 min) and cooling cycle
(10 min)) (N =3).

were performed at 975 nm with laser powers of 15, 19 and
24 W (identical spot size and pulse duration). The measured
absorptivity changed by at most ~1 percentage point across
these settings, i.e. within the repeatability of the setup, indi-
cating only a weak dependence on irradiance in the investi-
gated range.

4.2 Coupling coefficients

By removing the heated sample holder, a switch to
active monitoring of coupling coefficients is performed. The
energy needed for flux activation and phase change of the
solder wire is delivered by the laser assemblies. Recording
both photodetectors continuously during the soldering pro-
cess provides insights into changing coupling coefficients
over time. In Figure 10, an example of such a process can be
seen. Unexpectedly, the overall coupling coefficient drops
during the soldering process from 0.61 to nearly 0.37 mark-
ing a reduction by up to 50%. Similar trends can be observed
for all wavelengths tested. By plotting back reflection and
diffusion photodetector response as well, it can be observed
that the increase in diffuse reflections contributes most to
lowering the coupling. A possible explanation could be the

0.70 Back reflection
Diffuse reflection

0.65 s Coupling coefficient 0.75
_0.60 =
2 070E
%,0.55 k]
£ g
2 0.50 0.65 S
3 2
5% 0.60 g

0.40 e

0.35 0.55

0.2 0.4 0.6 0.8 1.0
Time [s]

Figure 10 In-situ coupling coefficient, averaged over three
experiments (t=1s, Ps=60 W, L =450 nm).

boiling of flux, forming a diffusive layer at the top of the
solder pool. A gaseous plume formed by vaporized flux
could also interfere with the designated beam path. The ob-
served drop in coupling coefficient and concurrent rise in
diffuse reflection (Figure 10) are consistent with previous
measurements of dynamic reflectivity in laser soldering and
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welding [9,14], where evolving melt-pool geometry and pro-
cess plumes were shown to significantly modify the effec-
tive absorptance during the interaction time.

4.3 Activation energy

Performing visual inspection on soldered samples from
coupling coefficient test allows for classification into OK
and NOK samples. Varying process parameters such as hold-
ing time t and laser power Ps can generate a process map for
every solder wire and laser pair. Plotting these results into a
process map, should produce a plateau of OK samples sur-
rounded by NOK samples. Low energy input results in a lack
of bonding, too high energy destroys the substrate or even
vaporizes parts of the solder. Approaching the axis borders
also leads to NOK. Reducing process time while increasing
laser power is limited due to heat capacity and heat transfer.
Following the laser power down while increasing process
time will fail due to parasitic heat flows out of the junction
site, never yielding high enough energy concentration for
solder to melt. Examples of the lower left boundary can be
seen in Figure 11. Comparing all process maps between sol-
ders and laser sources displays a counterintuitive trend of
515 nm wavelengths requiring less energy to form suffi-
ciently strong OK bonds compared to 450 nm (see Table 7).

(a) (b)

BN Success
175 . Failure 175
--- Decisionboundary
150 Needed energy (1s) 150

BN Success

B Failure

-~ Decisionboundary
Needed energy (1s)

Laserpower [W]
3
3
Laserpower [W]
2
8

B

25 63.63 Joule T 25| 48.66 Joule

0.0 0.5 1.0 1.5 20 25 3.0 0.0 0.5 1.0 15 2.0 25 3.0
Processtime [s] Processtime [s]

Figure 11 Process maps for SIM03S solder with decision
boundary fit and t = 1s energy interpolation ((a) 450nm, (b)
515nm).

4.4 Shear strength

To evaluate the quality of the soldered joint, tests using
a header-via connection were performed. A specially de-
signed carrier allowed multiple soldering tests in series (see
Figure 12). A grid search was performed by altering laser
power and process time until either lacking wick effect or
burning/delamination of the pcb was observed.

(a) (b)

Figure 12 Example carrie; used for header-via connection
tests. Schematic (a), top view (b) and side view (c).

After soldering, the individual joints are extracted by
cutting between the empty pin sets with a band saw. A shear
tester individually tests up to 200 N by pushing against the
connection from the backside (black spacer side) and record-
ing the experienced back push. Determining the maximum
and standard deviation from the largest three samples for

each series and wavelength allows for comparisons between
setups (see Figure 13).

Table 7 Fitted activation energies per solder and laser (lowest
per laser marked grey, average in last row).

Name 450 nm 515 nm 975 nm
SB RMA LFM48 2.5% 85.157 63.917J 131.387J
SB RMA LFM48 3.5% 88.991] 53.231] 109.79 ]
HF LFM-48 3.5% 73.26J 58.36J 104.74 1
21Zeta SIM-03-S 3.5% 63.63 ] 48.66 1 126.571J
21Zeta LFM 23S 2.5% 87.911] 73.981] 164.01J
21Zeta LFM 23S 3.5% 86.34J 69.76 1 139.78J
o 80.88J 61.32J 129.38 J

250

N
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o

-
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-
o
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50

0
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975.3 nm
Figure 13 Maximum shear test (standard deviation computed
from top 3 samples) results for every laser source. Reference
data from hot air soldering (t = 60s, T =400°C).

450 nm 515 nm

A reference is obtained by hand soldering a carrier of
samples with a heat gun at 400°C and a holding time of
t=60 s. 450 nm and 515 nm seem to produce equally strong
connections resisting destruction with a peak shear force
(consistent with literature findings [11]) of around 200 N.
The 975 nm results placed last (180 N) while providing the
most consistent measurements. All laser soldered samples
fall short of the hand soldered specimens, which could be the
result from more uniform heating. Still all samples provide
sufficiently large shear resistance and visible wavelength
even outperformed IR at lower energy requirements. The
fact that all laser-soldered joints reached shear strengths
close to the hand-soldered reference is in line with previous
comparisons between laser and conventional reflow solder-
ing, where laser processes produced mechanically competi-
tive joints when process parameters were optimised [15].
Our results extend these findings to visible wavelengths and
header—via geometries.

4.5 Influence of laser parameters and limitations

A limitation of this study is that the three laser sources
could not be operated with fully identical parameter sets. In
the absorption experiments, the available power and mini-
mal pulse duration led to different pulse energies and irradi-
ances for each wavelength (Table 5), and hence to different
transient temperature rises of the molten solder. Based on the
solder volume and thermal properties, the probe-induced
temperature increase per pulse is estimated as ~42 K for
450 nm, =~ 12 K for 515 nm and =5 K for 975 nm. These dif-
ferences in AT can in principle influence temperature-de-
pendent absorptivity, flux behaviour and wetting, and must
therefore be considered when interpreting the results.
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At the same time, the magnitude of these effects appears
to be small compared to the wavelength trends. Across all
alloys, the static and in situ measurements show increases in
absorptivity of up to ~50 % when going from 975 nm to the
visible (Figure 5 and Figure 9). In contrast, additional control
measurements at 975 nm, where the laser power at the sam-
ple varied between 15, 19 and 24 W at constant spot size and
pulse duration, changed the measured absorptivity by only
about 1 percentage point. Within the parameter ranges stud-
ied here, the apparent absorption therefore depends much
more strongly on wavelength than on the moderate varia-
tions in irradiance and probe-induced heating. Nevertheless,
the reported absorption levels, coupling coefficients and ac-
tivation energies should be understood as effective process
quantities that convolve wavelength, irradiance and thermal
history rather than isolating a purely intrinsic wavelength ef-
fect.

5. Conclusion

In this paper, a thorough investigation into the absorption
behaviour during laser soldering with visible and IR wave-
lengths was performed. A two Ulbricht sphere setup for re-
flectivity measurements was designed. Static and in-situ
tests revealed a rising absorptivity after loss of flux through
long heating cycles while a falling absorption is observed
during in-situ monitoring.

450 nm has proven as a desirable wavelength choice
within the tested process windows due to higher coupling
coefficients and comparable junction strength. It provides up
to 50 % increase in initial absorption (compared to 975 nm)
and maintains this lead during the full soldering process. Alt-
hough the probe and process parameters (pulse energies, du-
rations and irradiances) could not be fully matched between
the three sources, they were selected to keep the additional
probe-induced heating relatively low, and control tests at
975 nm showed only ~1 % variation in absorptivity when
changing power. The observed advantages of visible wave-
lengths therefore appear to be dominated by wavelength ef-
fects, even though secondary influences of the non-uniform
parameters cannot be completely excluded. These results
align with previous results from Tatsumi et al. who observed
a 43% improvement [11].

515 nm did show promising low overall activation en-
ergy requirements for soldering, possibly resulting from
higher interactions with the utilized flux family. These lower
apparent activation energies are obtained under different
power—time combinations for each source and should thus
be interpreted as process-level trends rather than a purely in-
trinsic material property.

As shown, visible wavelengths offer key advantages for sol-
dering and may serve as a future manufacturing method with
lower energy consumption in a variety of applications.
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