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Abstract: Laser activation can lead to the formation of a layer of aluminum on the surface of
aluminum nitride ceramics, thereby preparing metal circuits. Under various gas environments, there
are differences in the aluminum layers precipitated by laser-activated aluminum nitride ceramics.
The existing literature uses the width of the metal layer to characterize this difference, and these
data are very imprecise. Usually, laser energy density is used to describe this processing difference.
However, the existing concept of laser energy density is an average value and is not suitable for the
threshold of laser activation, because the intensity gradient of the focused Gaussian beam is large,
and different intensity distributions represent different energy levels. This article applied a precise
concept of laser energy density that sees it as being proportional to light intensity and can be used to
evaluate the difference in laser energy density required for the decomposition of aluminum nitride
ceramics under various gas bath conditions precisely. Due to the strong energy of a focused Gaussian
beam, it is not possible to directly obtain the intensity distribution. Here, the intensity distribution of
the collimated beam was used to indirectly obtain the intensity distribution of the focused Gaussian
beam, and the threshold values for laser activation under different gas baths were calculated. It was
found that the minimum energy density in air increased by 12.5%, and the minimum energy density
in nitrogen increased by 3%, using the minimum energy density required for laser activation in argon
as the reference.

Keywords: aluminum nitride ceramics; laser-activation; energy density; gas bath environments

1. Introduction

Aluminum nitride ceramics have good insulation and thermal conductivity and are
ideal semiconductor packaging materials. They need to be coated with a metal layer
(metallization) to prepare the circuit [1-5]. Laser-activated aluminum nitride ceramic
metallization utilizes laser shock to form an aluminum layer on the surface of aluminum
nitride, followed by chemical copper coating to prepare conductive circuits. Itis a promising
method of directly preparing circuits on heteromorphy devices [6-8].

However, the melting point of aluminum nitride is 2700 °C higher than that of alu-
minum, which is only 600 °C, making it difficult to control the quality of laser activation
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stably. Research on laser activation is still ongoing. Esrom et al. [9,10] used ArF (193 nm),
KrF (248 nm), and XeF (351 nm) excimer lasers to process AIN ceramics in air, resulting
in aluminum layers with resistivities of 1.65 x 1077,1.03 x 1077, and 0.64 x 1077 Q-m,
respectively. Yung et al. [11] observed and reported on the through-hole circuit of an
aluminum nitride substrate prepared by chemical copper plating after laser activation and
studied the relationship between laser activation quality and laser wavelength, energy
density, repetition frequency, and repeating times. Hirayama et al. [12] measured the
electrical resistivity of the AIN sample surfaces after laser activation. The proper conditions
for excimer laser micromachining of AIN were also investigated, and comparisons between
the two different laser wavelengths (193 nm, 248 nm) used were made. Yang et al. [13]
studied the resistance of an Al layer with nanosecond laser activation on an AIN ceramic.
They found the resistance is inversely proportional to the duration of the pulse in the case
of low energy density, and the resistance is proportional to the duration of the pulse in the
case of higher energy density.

The effect of the air bath environment is also an interesting topic [14,15]. Cao et al. [16]
studied the oxidation behavior of AIN ceramics under an air atmosphere and found that
the AIN ceramic surface became rough, porous, and cracked, leading to a sharp drop in
the flexural strength and thermal conductivity of the AIN ceramics at 1200 °C and higher.
Morita et al. [17] conducted chemical nickel plating on the surface of aluminum nitride after
laser activation metallization and used laser shocking on the surface of aluminum nitride
in an argon environment to obtain a minimum resistivity of 2.5 x 10~/ Q-m. After nickel
plating, the resistivity of the metal wire decreased to 1 x 10~7 Q-m. Koziot et al. [18-20]
prepared conductive aluminum paths on aluminum nitride ceramics in three gas bath
environments using the laser activation method. They found that the path resistance
decreased with increasing energy density, and the resistance values in various gas bath
environments went in the descending order of argon, nitrogen, and air.

Although laser activation will generate a wider metal layer in an argon environment
than nitrogen and air, these data are very imprecise. Usually, laser energy density is used to
describe this processing difference. However, the existing concept of laser energy density is
an average value and is not suitable for the threshold of laser activation, because the inten-
sity gradient of the focused Gaussian beam is large, and different intensity distributions
represent different energy levels. Here, a precise concept of laser energy density that sees it
as being proportional to light intensity is applied to quantitatively evaluate this difference
from a new perspective.

2. Experiment of Laser Activation on Aluminum Nitride Ceramics in Various Gas
Bath Environments

The laser activation experiment was carried out in various gas bath environments:
air, argon, and nitrogen. The same setup was applied as described in Figure 1 of [17].
The experiment used a galvanometer to control the focused laser beam and scan along a
straight line on the surface of aluminum nitride at a certain speed. Nitrogen and argon were
statically enclosed in the chamber. When processing was carried out in the air, the chamber
was opened, but the window glass was still left in the optical path. The beam was focused
on the AIN ceramic surface. Therefore, the morphology of aluminum nitride ceramics
after laser activation could be observed with the KEYENCE confocal microscope VK-X1000
equipment came from Shanghai Keyence Co., Ltd., Shanghai, China, at a resolution of 1 nm
with a 50 objective lens.

In the experiment, the laser power was set as 20 W, and the scanning speed was
adjusted to 500 mm/s according to the repetition frequency of 50 kHz, with a wavelength
of 1064 nm and a focal length of 254 mm. There were differences in the metalized line
generated by the laser shock under the same processing parameters but in three different gas
environments. The width of the metalized line was measured with the confocal microscope.
The microscopic image and three-dimensional morphology of laser-activated aluminum
nitride ceramics under three gas environments are shown in Figure 1.
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Figure 1. Morphology of laser-activated aluminum nitride ceramics: (al) microscopic image under
air; (a2) 3D morphology under air; (b1) microscopic image under argon gas; (b2) 3D morphology
under argon gas; (c1) microscopic image under nitrogen gas; (¢2) 3D morphology under nitrogen gas.

In Figure 1(al—cl), the yellow lines are the aluminum line produced by the laser
activation, and the corresponding 3D morphology is shown in Figure 1(a2—c2). According
to the depth of the groove generated by laser processing, there was a color change in the
morphology. To reduce errors, the average of five measurements was taken as the width
of the metalized line. The widths of the metalized lines in air, argon, and nitrogen were
obtained as 40.11 um, 46.21 pm, and 44.87 um, respectively. This is consistent with the
findings of [18-20].

However, this paper cannot delve into the laser processing process to describe the
subtle differences in micro-morphology. Additionally, the laser energy density determines
the energy required for the laser activation of aluminum nitride ceramics and is a key
parameter in the laser processing process. Unfortunately, the existing method for calculating
laser energy density calculates the average energy density, which is not suitable. Here,
a precise laser energy density proportional to the intensity distribution was applied to
accurately represent the subtle energy density difference required for the laser activation of
aluminum nitride ceramics in different gas environments. In addition, due to the excessive
concentration of energy in the focused laser beam, which would have destroyed the detector,
the distribution of intensity could not be directly obtained. Therefore, it is proposed that
the intensity distribution of the focused laser beam be indirectly obtained from the intensity
distribution of the incident collimated Gaussian beam.

3. Method of Calculating Laser Energy Density Based on the Intensity Distribution of a
Focused Laser Beam

Aluminum nitride ceramics are very sensitive to laser parameters and require strict
control of the laser parameters in laser activation processing [20,21]. The laser energy
density can determine the energy required for laser activation, which is a key parameter for
describing the laser processing process. The calculation for laser energy density is normally

described as
_ 4p

Y= Ffrep, (1)

where P is the laser power, D is the diameter of the laser-focused spot, and frep is the
repetition frequency. Formula (1) shows an average laser energy density. However, the
beam generated from the laser belongs to a Gaussian beam, and the energy density varies
at different positions. If the average energy density is used as the laser energy density,
there will be significant errors, and the energy required for the laser activation of aluminum
nitride ceramics cannot be accurately determined. Therefore, it is necessary to determine a
high-precision method for calculating the energy density corresponding to the intensity
distribution of the focused laser beam.
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It is necessary to obtain the intensity distribution of the focused beam, which is too
strong to be directly measured. However, the intensity distribution of the focused beam
can be indirectly obtained by using the intensity distribution of the collimated incident
beam. In Fourier optics theory, the relationship between the light field distribution of the
focused beam (focal plane) and the light field of the collimated beam (pupil plane) can be
expressed as a Fourier transform [22,23]:

Uey) =% I Ao eplite +3) +i9(n0)]
u2+x2<
x exp(2miux + 27tivy)dudo )
= F{A(u,v) exp[i(u® + v*)f +i®(u,0)] }
= F{P(u,0)}

where U(x, y) is the field function; x and y are the Cartesian coordinates of the focal
plane; A(u, v) is the amplitude function on the pupil plane; ®(u, v) is the phase function
on the pupil plane; P(u, v) is the complex function on the pupil plane; # and v are the
normalized coordinates of the pupil plane; f is the defocusing amount; and F is the Fourier
transform marker.

The experiment used a fiber laser, which was coupled and output by fibers, while
the amplitude distribution of fiber diffraction was uneven. In research on point diffrac-
tion interferometers, fiber diffraction has been shown to generate an approximately ideal
spherical wave. The spherical wave is converted into a collimated beam through a long
focal length collimator, which can be used as an ideal optical system. The wavefront of a
collimated beam can be approximated as an ideal plane wave.

Therefore, in Formula (2), f = 0, ®(u, v) < 1/10A, which can be ignored, so the light
field can be approximated as the Fourier transform of A(u, v), namely:

U(x,y) = F{A(w,0)} ®)

In Formula (3), A(u, v) is the amplitude distribution of the collimated beam converted
from the diffraction spherical light field through a collimator, which is a non-uniform light
field distribution. In this article, A(u, v) was obtained from the intensity distribution of
the collimated fiber laser beam captured with a camera, as shown in Figure 2 (which is
different from [24], where the information on the collimated beam only comes from the
beam diameter). Then, the mathematical model was built. The intensity distribution of the
focused beam can be expressed as

I(x,y) = |U(x,y))* )

where I(x, y) is the intensity of the focused beam; U(x, y) is the complex function of the
focal field.

Normalized coordinate

Normalized coordinate

Figure 2. The intensity distribution of a collimated laser beam captured with a camera.

Figure 3a shows the normalized intensity of the focused laser spot obtained from the
collimated beam intensity distribution, which is shown in Figure 2. This calculation process
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has been previously successfully used in complex modulation beam shaping research [25].
The cross-section of the focused beam intensity distribution is shown in Figure 3b, and
the corresponding normalized intensity provides data for the calculation of laser energy
density. Light intensity is directly proportional to energy density. The wider groove edge
corresponds to lower light intensity, indicating the need for lower laser energy density.
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Figure 3. The intensity distribution analysis: (a) normalized intensity distribution of a focused laser
beam; (b) cross-section of the intensity distribution.

Due to the proportional relationship between the focused intensity and the laser
power, the total intensity of the focused beam X.I and the average power P are certain. By
calculating proportionally, the laser power P; corresponding to the total intensity of the
central region >I; can be obtained as [24]

PxYI

Furthermore, based on the beam intensity distribution, the laser energy density in this
region is obtained:

Q)

__h

S 1 f rep ’
where ¢ is the corresponding laser energy density; Sq is the spot area of the region (this is
calculated based on the width of the groove formed by laser activation); fre, is the repetition
frequency of the laser pulses. The average intensity corresponding to the focused laser beam
is I;. Therefore, the laser energy density corresponding to different intensity distributions
is calculated as

_ P xI(xy)

P y) = 71 @)
1

21 (6)

where I is the average intensity in the corresponding central region.

According to Formulas (4)—(7), the laser energy density corresponding to the light
intensity at the metalized line edge can be obtained. This value is the threshold of laser
energy density required for laser activation. Here, the central region was set as a circle
region with a diameter of 40.11 pum (the air gas bath).

4. Calculation of Multiple-Pulse Energy Density for Laser Activation on Aluminum
Nitride Ceramics

In actual production processes, it is common to use overlapping adjacent pulses
and multiple laser pulses that act together to accumulate enough energy to generate the
metalized line (Al), as shown in Figure 4a. Therefore, the energy density calculation should
fit this multi-pulse case. As the repetition frequency is fixed, the amount of accumulated
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Laser spot spacing

energy of the laser pulse depends on the laser power and laser scanning speed, while the
laser scanning speed determines the adjacent laser pulse distance.
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Figure 4. Schematic diagram of multi-pulse laser processing: (a) laser spot movement trajectory and
overlap; (b) normalized light intensity cross-section of the overlapping laser spots.

A schematic diagram of multi-pulse laser processing is shown in Figure 4. Figure 4a
shows the movement trajectory and overlap diagram of the multiple pulses. To avoid
interference between the upper and lower rows, the line spacing is set to be greater than
the diameter of the laser spot. Figure 4b shows the normalized light intensity cross-section
along the movement trajectory where the laser spot overlaps. The formula for calculating
the distance d between two adjacent laser spots is d = v/fyy, where v is the laser scanning
speed and fr is the laser pulse repetition frequency. The spacing between the adjacent
spots was calculated as 10 pm.

The analysis result for the multi-pulse accumulated energy density is shown in Figure 5.
Figure 5a describes the cumulative intensity distribution of the normalized laser pulse
(as shown in Figure 3a) after it moved 50 times along the laser scanning line. Figure 5b
shows the cross-section of the cumulative intensity distribution. It can be seen that the
central curve is stable, and this means the central data are sufficiently accurate for intensity
calculation. Figure 5c shows the cross-section of the cumulative pulse perpendicular to the
direction of spot movement at the abscissa position of 0 pm. The maximum intensity of
the accumulated pulse was 6.01. The curve in Figure 5c was used for the energy density
calculation. The edge of the metalized line formed by the laser shock means that the energy
density here was just enough to cause the aluminum nitride ceramic to decompose into an
aluminum layer.

Then, based on the width of the metalized line, the minimum energy density needed
for the laser activation of aluminum nitride ceramics in three different gas environments
could be obtained. The cumulative normalized light intensities of the metalized line edge
in the air, argon, and nitrogen environments were 4.25, 3.78, and 3.88. By introducing
the corresponding normalized light intensity into Formula (7), the minimum cumulative
energy densities of laser activation in the air, argon, and nitrogen environments could be
calculated as 48.2 J/cm?, 42.8 J/cm?2, and 44.0 ] /cm?, respectively.
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Figure 5. Analysis of accumulated laser energy: (a) the accumulated intensity distribution from a
limited number of normalized single-pulse intensities overlapping; (b) cross-section of laser inten-
sity distribution in the horizontal direction of spot movement; (c) cross-section of laser intensity
distribution in the vertical direction of spot movement.

5. Discussion

The above data were calculated based on the line width processed in the air gas bath.
When the line widths processed in the other gas baths were used, the deviation was less
than 0.2 J/cm?. The error may be due to the resolution of the focused beam intensity
distribution (the lateral resolution was 0.1 um).

In [24], the energy required to form a uniform metal layer was determined to be
21.53]/cm?~26.02 J/cm?, which differs from what was found in this paper. This deviation
may be due to the inaccurate estimation of the collimated beam intensity distribution. But
this was not the main cause. Another important reason was the diverse repetition frequen-
cies of laser processing, which were 200 kHz [24] and 50 kHz (this article). Higher repetition
frequencies lead to higher heat accumulation, resulting in a higher surface temperature of
the aluminum nitride ceramic to be processed and a decrease in the laser energy required.
This is a unique phenomenon that is different from previous literature descriptions.

If the processing parameters can be controlled correctly, laser activation under dif-
ferent gas baths only causes changes in the conductivity and line width of the metal
layer [18,19,26]. Based on the minimum cumulative energy densities of laser activation in
the air, argon, and nitrogen environments, it was found that different laser energy densi-
ties are required for processing under different gas baths. Further research will focus on
investigating how the differences in energy density affect the microstructure.

6. Conclusions

Laser processing uses a Gaussian beam, which has large variation in laser energy
density. Therefore, for Gaussian beams, the existing laser energy density is an average
value. This laser energy density is not accurate enough for researching the difference in
laser energy required for aluminum nitride ceramics under different gas baths. This article
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uses a concept of laser energy density that sees it as being proportional to the intensity
distribution. However, due to the excessive concentration of energy in a focused laser beam,
which will destroy the detector, the intensity distribution is hardly directly obtained. Here,
the intensity distribution of a focused laser beam was indirectly obtained from the intensity
distribution of the incident collimated Gaussian beam, which was captured with a camera.
It was found that the minimum energy density in air increases by 12.5%, and the minimum
energy density in nitrogen increases by 3%, using the minimum energy density required
for laser activation in argon gas as the reference. Therefore, considering the complexity, low
safety, and cost of the equipment, it is believed that laser activation in the air is acceptable
under strict control of the laser parameters.
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