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In this paper, a composite manufacturing method was proposed to reduce the inner surface roughness
of silica groove. Firstly, femtosecond laser was used to ablate the silica groove, then, a 5% con-
centration hydrofluoric acid solution was used to corrode the inner surface of silica groove. Sec-
ondly, Su8 adhesive was filled with the groove to form a semi-buried 1x32 optical splitter by doctor
blade. The test results showed that the surface roughness Ra was less than 0.2 um, and average
insertion loss of output ports was 21.34 dB, moreover, the uniformity was less than 1.44 dB. Com-
pared with the traditional femtosecond laser ablating method, surface roughness reduced by at least
0.1 um, and the average insertion loss of output ports was reduced by 1.22 dB, and the uniformity
was reduced by 0.41 dB. So, the composite manufacturing method improved the communication
performance. It is satisfied with the requirements for optical interconnection in the electro-optical
printed circuit boards.
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1. Introduction

With the development of communication technology, optical interconnection in the
electro-optical printed circuit boards (EOPCB) [1-3] had been continuously developed.
Photolithography and electron beam were common methods for fabricating optical de-
vices for optical interconnection, but they involved complex processing [4-10] and ap-
paratuses were expensive, so, UV laser or CO, laser were used to replace them [11,12].
However, these lasers were long pulse, which mainly relied on focusing to form high
energy densities for high-temperature ablation of optical material and existing diffrac-
tion limits. To overcome the shortcoming, ultrashort pulses had been gradually devel-
oped. The femtosecond (fs) laser was one of the most novel methods that could be
used to process various material [13]. In particular, fs laser had ultrashort pulse width
~10713 s, ultrahigh peak power ~10!4 W/cm?. Based on these features, it had unparal-
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leled advantages compared with long-pulse lasers such as structural changes in a very
small area, higher quality of ablation surface and breaking the diffraction limit. These
were because of almost negligible thermal effect. Based on proposed superiority, some
microstructures could be applied to form various optical devices by using fs laser [14].
Among these devices, optical splitters, which could switch the optical signal from single
input to multiple outputs, acted as essential elements for integrated photonic circuits.
Using femtosecond laser ablating with different parameters, the surface roughness of
optical components after ablation would be different, and this difference would also
affect the optical communication performance. In order to reduce surface roughness
and improve the performance of optical components, a new composite manufacturing
method was used. Firstly, a femtosecond laser was used to ablate the silica substrate,
then, a low-concentration hydrofluoric acid solution was used to corrode the inner surface
of silica groove. Then, Su8 adhesive was filled with the groove to form a semi-buried
1x32 optical splitter. This method had higher precision and good consistency [15-17].
Testing results met the high integration requirements of the EOPCB.

2. Design and analysis of optical splitter
2.1. Structure of semi-buried optical splitter

The beam propagation method (BPM) [ 18] was the most widely used propagation tech-
nique for modeling integrated and waveguide devices. Since the light wave was a kind
of electromagnetic wave, its electric field could be written as

E(x,y,z,t) = p(x,y,z)exp(—iwt) (D)

The scalar field allowed the wave equation to be written in the form of the well-known
Helmholtz equation for monochromatic waves:
2 2 2
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where kj = 2n/A, and n(x, y, z) denotes the refractive index distribution. The most rapid
variation in the field was the phase change due to propagation along the z direction, it
was beneficial to factor this rapid variation out of the problem by introducing a slowly
varying field u(x, y, z) via the ansatz:

o(x,y, z)exp(—iwt) = u(x,y,z) exp(il;z) 3)

where k = 7 k,, and n was a reference refractive index. Introducing the Eq. (3) into
the Helmholtz equation yielded the following equation for the slowly varying field:
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Fig. 1. Structure of semi-buried optical splitter.
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Assuming that the variation of u with z was sufficiently slow so the first term could
be neglected with respect to the second. The above equation became:
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This was the basic BPM equation in three dimensions. Given an input field, u (x, y, 0),
the above equation determined the evolution of field in the space z > 0. The 1x32 op-
tical splitter was designed in Fig. 1. It consisted of multiple Y-branch waveguides and
straight waveguides. The Y-branch and straight waveguides could improve the output
uniformity if they had proper design.

A conventional Y-branch structure consisted of an input waveguide and two branching
waveguides. The two branching waveguides had the shape of S bend. ScHLAAK et al. [19]
had simulated the bend loss of Y-branch with kinds of S-bend branching waveguides,
and the results indicated that the Y-branch with raised cosine-arc branching wave-
guides had the lowest bend loss. The raised cosine-arc was expressed as

y(x) = H{l - cos(% ﬂ (6)

where H was the raising height, and L was the branching length. The larger was cur-
vature radius of raised cosine-arc, the lower was bend loss. The design parameters of
semi-buried optical splitter were as followed [20,21]. The upper cladding of optical
splitter was air, and its refractive index was 1 at 1550 nm. The other cladding was silica
with a refractive index 1.45 at 1550 nm. The core layer was Su8 adhesive with refrac-
tive index 1.566 at 1550 nm. The length of optical splitter was 3.5 c¢m, the spacing of
output ports was 127 um, and the angles of all bifurcations were less than 2°. The cross
-section of optical splitter was 8 pmx8 pm.
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The normalized output powers [22] for each output port were listed in Fig. 2.
The average normalized output power was 18.403 dB, and the uniformity was 1.265 dB.

2.2. Tolerance analysis

The doctor blade method [23] was used to prepare the core layer of optical splitter,
residual Su8 adhesive might remain on the surface of silica groove to form a ridged
waveguide.  was the thickness of residual Su8 adhesive as shown in Fig. 3.

The uniformity [24] was an optical performance index which changed with £ var-
iation on the silica groove in Fig. 4. When the residual thickness f increased from
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0 to 0.8 pum, the uniformity slowly increased. Specifically, when § was 0 and 0.8 pm,
the uniformity was 1.3 and 1.65 dB, respectively. When the residual thickness f in-
creased from 0.8 to 2 pm, the uniformity drastically increased. Especially f was 2 um,
the uniformity reached 20.23 dB. Therefore, the residual thickness f was preferably
less than 0.8 um in the manufacture.

3. Composite manufacturing and test method

The femtosecond laser fabricating system was illustrated in Fig. 5. The fs laser was
focused on the surface of silica substrate through the half-wave plate, polarization
beam splitter, reflector, and focusing objective lens, and the silica substrate was placed
on a three-dimensional processing stage.

Femtosecond Polarization
laser beam splitter

.c . ..’ \Reﬂecwr
1/2 wave plate
. 40x% objective lens

Computer

I
3D processing stage

Fig. 5. The femtosecond laser fabricating system.

The translational resolution of three-dimensional processing stage was 0.1 um,
which drove the silica substrate to change position. The focusing lens was 40x with
numerical aperture NA = 0.6. The femtosecond laser (Coherent Libra HE) was with
a center wavelength of 800 nm, laser repetition frequency of 1 kHz, pulse width of
100 fs, beam quality factor M2 < 1.3, and the focus diameter was 4 pm. The three-di-
mensional processing stage precisely moved according to the designed pattern and
path, so that the femtosecond laser could ablate a 1x32 optical splitter groove on the
silicon substrate. Then, a 5% concentration hydrofluoric acid (HF) solution was used
to corrode the inner surface of groove at 100°C with a period of time. The residues
and ion clusters were completely corroded in the inner surface of groove, whose surface
roughness was also reduced. After that, the silica substrate would be cleaned with dis-
tilled water, and blown with nitrogen, then placed in an oven to dry. Afterwards, the
Su8 adhesive was filled into the groove to form the core layer by the doctor blade meth-
od in vacuum box. The silica substrate was placed in an oven for baking, and the baking
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T able. Baking parameters.

Processing steps Time Temperature
Pre-baked 5 min 70°C
Medium bake 30 min 100°C
Post bake 60 min 120°C

parameters were listed in the Table. A semi-buried silica substrate 1x32 optical splitter
was completed after baking.

The insertion loss testing method of optical splitter chip was shown in Fig. 6.
The power supply switch of 650 nm light source was turned on to emit the red light.
The red light passed through the fiber isolator and beam combiner to the end of single
-mode fiber. The single-mode fiber was clamped on the six-dimensional coupling
stage, and the optical splitter chip was fixed on the clamping stage. A white baffle was
placed 0.5 cm behind the output end of optical splitter chip. The orientation and angle
of single-mode fiber was adjusted, so that the coupling position of fiber and input port
of optical splitter chip was the best.

Power
supply
Switch

650nm ___ Fiber Optical splitter chip

laser isolator| ' _
Fiber Single - Multimode Optical

=—— | power

— Optical fiber meter

combiner,  Mode Fiber Optic;irl: e
1550 nm __ Fiber f coupling ~— coupling
laser isolator

Power

supply
Switch

Fig. 6. Insertion loss testing method of optical splitter chip.

When 32 red light spots could be clearly seen on the white baffle and light spots
were the brightest, the position and angle of single-mode fiber was fixed. Then, the
power supply switch of 650 nm light source was turned off, at the same time, the power
supply switch of 1550 nm light source was turned on, and the white baffle was re-
moved. Afterwards, the orientation and angle of the six-dimensional coupling stage
that clamps the multimode fiber were adjusted. The multimode fiber was aligned and
coupled to the output port of optical splitter chip one-by-one, and the results of optical
power meter were monitored. When the results of optical power meter were maximum
value, the matching liquid was dripped on the input and output port of optical splitter
chip, respectively, and the optical power values were recorded at this time. Because
of matching liquid, the coupling loss at the input port and output port of optical splitter
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chip were ignored, and the insertion loss value of each output ports was calculated
through the following formula [25]:

A;==101g(Poy_;/Piy) (7)

where 4, referred to the insertion loss of i-th output port, P, ; is the optical power of
i-th output port, and P;, is the optical power value of input port.

4. Results and discussion

The femtosecond laser ablated the surface of silica substrate with laser power range
of 10-60 mW and translational speed range of 5-20 mm/s, and ablation parameters
were cross-selected. The relationship between ablation width and depth with the laser
power and translational speed were obtained in Fig. 7. It was found that with the in-
crease of laser power, the ablation width also increased in Fig. 7(a). Similarly, as the
laser power increased, the ablation depth also increased in Fig. 7(b). In order to ensure
that the cross-section of groove met 8 pmx=8 wm, the ablation parameters were chosen:
translational speed was 5 mm/s, and laser power was 40 mW.
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Fig. 7. The relationship between laser power and ablation (a) width and (b) depth.

In laser processing, lateral overlap ratio [26] between two adjacent ablating lines
was one of the factors affecting the processing quality. The overlap ratio could be varied
by changing the center distance d [27] between two adjacent ablating lines. When the
center distance was different, the surface of processed area presented different textures,
and the roughness of processed area characterized the removal effect.

Under the conditions of laser power (40 mW) and translational speed (5 mm/s),
the variation of center distance d between two adjacent ablating lines would change
the surface roughness of silica groove in Fig. 8. When d was 2.5 um, surface roughness
of groove was 1.1 um. When d was 0.5 um, surface roughness of groove was 0.2 pum.
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When d varied between 0.5 and 2.5 um, the change of surface roughness presented
an approximately linear relationship. Here, the d was chosen as 0.5 um. When laser
power was 40 mW, and translational speed was 5 mm/s, d was 0.5 um, the average
width error and depth error were less than 0.1 um in Fig. 9.
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Fig. 9. 3D morphology of groove. (a) Width of groove, and (b) depth of groove.

As the corrosion time increased, the corroded thickness gradually increased in Fig. 10.
The corrosion time was proportional to corroded thickness in the first 10 minutes. Al-
though corroded thickness also increased with corrosion time, corrosion efficiency
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Fig. 11. The comparison of groove morphology. (a) Before corrosion, (b) after corrosion, and (c) surface
morphology after corrosion.

gradually decreased and tended to stabilize during the 10—70 minutes. The corroded
thickness was less than 0.2 um during 30—70 minutes.

Therefore, two minutes were chosen to corrode the inner surface of groove to make
it smooth. The comparison of morphology before corrosion and after corrosion was
shown in Fig. 11. The width of groove was 7.8 um and the depth was 7.8 um before
corrosion in Fig. 11(a). The rough thickness of left edge was 0.2 um, the rough thick-
ness of right edge was 0.3 pm, the rough thickness of bottom edge was 0.3 pm. After
corrosion, the width of groove was 7.9 um and the depth of groove was 7.9 um in
Fig. 11(b). The surface profile of silicon dioxide groove after corrosion was shown in
Fig. 11(c). It could be clearly seen that groove was relatively smooth, and width and
depth of groove were approximately 8 um. Totally, the inner surface of groove was
corroded to remove the thickness of 0.1 pm.

Thus, the experimental results shown that uniformity had an approximately linear
relationship with residual thickness f in Fig. 12. When residual thickness £ was
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0.2 um, the uniformity was about 1.43 dB. While residual thickness  was 0.5 pm, the
uniformity was probably 2.15 dB. Therefore, the residual thickness f was preferably
less than 0.2 pm to obtain better communication performance.

Moreover, the output port spacing of optical splitter was 127.1 pm, and total length
of optical splitter was 3.499 c¢m in Fig. 13. The average insertion loss of each output
port in the optical splitter was 21.34 dB, and the uniformity was less than 1.44 dB.

Under the same condition that residual thickness was less than 0.2 pm, using tra-
ditional femtosecond laser ablating method, the average insertion loss of each output
port in the optical splitter was about 22.56 dB, and its uniformity was approximately

(a) (b)
Su8 adhesive Air éuS adhesiveE
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Fig. 13. The 1x32 optical splitter. (a) Top view and details, and (b) cross-sectional view of output ports.
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1.85 dB in Fig. 14. By comparison, it was easily found that the average insertion loss
of each output port was reduced by 1.22 dB, and the uniformity was also reduced by
0.41 dB. Surface roughness was less than or equal to 0.2 pm.

Through above analysis, the optimal ablating parameters were: the laser power
40 mW, translational speed 5 mm/s, center distance d between two adjacent ablating
lines 0.5 um. In order to obtain a best groove, a focused beam needed to repeatedly
ablate the silica substrate in the same direction. A 5% concentration hydrofluoric acid
solution was used to corrode the silica groove for 2 min at 100°C. Surface rough-
ness Ra could be less than 0.2 um.

5. Conclusions

A composite manufacturing method was used to ablate a silica groove for 1x32 optical
splitter. The simulation results shown that average normalized output power of semi
-buried Su8 1x32 optical splitter was 18.403 dB and uniformity was 1.265 dB. The test-
ing results shown that the length of 1x32 optical splitter was 3.499 cm, and spacing of
output ports was almost 127.1 pm. The average insertion loss of every output ports
was 21.34 dB, and uniformity was less than 1.44 dB. Compared with the traditional
ablation method, the composite manufacturing method improved the communication
performance. This satisfied the requirements of optical interconnection for the EOPCB.
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