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1. Introduction

Miniaturized waveguide devices based on dielectric crystals have
a significant role as the basic components in integrated pho-
tonics, owing to their small volumes for relatively high optical
intensities confinement and combination of versatile bulk fea-
tures' . As the best known and most widely researched optical
waveguide device, an optical coupler can implement a number
of applications in optoelectronics and integrated optics, such as
power divider, optical switch, modulator, and filter'>~"). Based
on the existence of evanescent mode fields between two close-
spaced waveguide lines, the light beam energy coupled into
directional couplers can readily pass through one waveguide
into another waveguide. Hence, the directional coupler can
transmit light waves with reduced propagation loss.

The lithium niobate (LiNbO;) crystal is the most widely
applied electro-optic and nonlinear crystal for many multifunc-
tional platforms. These include use as switches, electro-optic
modulators, multiplexers, frequency converters, and waveguide
amplifiers, benefiting from the crystal’s unique electro-optic,
piezoelectric, acousto-optic, and nonlinear optical proper-
ties!® "%, Traditional methods exist for the manufacture of a
perpetual waveguide coupler in this material, e.g., titanium
or zinc indiffusion!"*'*), dielectric periodic multilayers!*), pro-
ton exchange!'®), and ion implantation combined with femto-
second laser ablation!'”). However, three-dimensional (3D)
waveguide couplers are difficult to be fabricated by these tech-
niques as they are all limited to the surface processing of
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With different interactions between material and femtosecond lasers, two-dimensional (2D) and three-dimensional (3D)
waveguide couplers, whose separation distances are fabricated in z-cut lithium niobate crystal by femtosecond laser writ-
ing, are reported. Experimentally and numerically, it is shown from results that the guidance is only propagating along TM
polarization due to the Type | modification and holds equal splitting ratios, which are the same as power splitters at
632.8 nm. The propagation losses of 2D and 3D waveguide couplers exhibit better transmission properties than those
of the previously reported Type | Y-junction waveguide splitters.

Keywords: femtosecond laser writing; beam splitters; lithium niobate.

samples. Since 1996, femtosecond laser writing (FLW) has been
utilized in a variety of applications and shown its distinct and
efficient capabilities for 3D processing in many transparent
materials!"* ). Due to the femtosecond laser’s diverse irradia-
tion parameters and transparent materials of differing lattice
properties, the configuration of the waveguide can be briefly
classified into two types of modifications according to the
positive (+An) or negative (—An) refractive index changes in
laser-irradiated tracks, i.e., Type I and Type II modifications,
respectively*>?*!, For Type I modifications, the waveguide was
located inside the region of directly written laser tracks, while the
Type II waveguide was located in the adjacent regions of laser-
written tracks. Recently, evanescent couplers with Type II mod-
ifications in LiNbO; crystal have been fabricated by FLW!**],
Nevertheless, Type II strong-damaged tracks restrained evanes-
cent fields, leading to increased losses of 4 dB/cm, as described
in Ref. [24]. Therefore, the mode coupling could only be realized
between sufficiently weak structures or two close-spaced Type I
waveguides. Type I waveguide couplers having no damage track
to block next-neighbor coupling have been attributed to evan-
escent mode fields outside the couplers. Moreover, Type I modi-
fication has been found to be much easier than Type II
configuration for the 3D fabrication of complex waveguide devi-
ces. In fact, waveguide coupling by FLW with Type I modifica-
tion has been realized in a number of materials, e.g., borosilicate
glass'*®), aluminosilicate glass'**), and fused silical*”).

In our earlier works, we have fabricated 3D Type I waveguide
beam splitters in LiNbO; crystal by FLW**), However, the beam
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splitter was performed using a Y-junction. These junctions
have inherent losses due to imperfection of crotch structures.
Therefore, it is worth trying an alternative solution on a beam
splitter with evanescent field coupling. As of yet, there have been
very few reports on the manufacture and characterization of
Type I waveguide couplers in LiNbO; crystals by FLW.

In this work, to compare guided wave performance between a
directional waveguide coupler beam splitter and a Y-junction
waveguide beam splitter, we present on the fabrication of
Type I waveguide couplers by FLW in z-cut LiNbO; crystal,
including two-dimensional (2D, one to two) and 3D (one to
four) configurations. The guiding properties of the waveguide
couplers are also experimentally and numerically studied at
the wavelength of 632.8 nm, such as those previously reported
in Ref. [27].

2. Experimental Details

The z-cut LiNbO; crystal was cut with a size of 10 mm (x) X
10mm (y) X 1 mm (z) and with all of the faces polished to opti-
cal quality. The waveguide couplers were micromachined by
FLW, as shown on the left of Fig. 1. An optical fiber laser system
(origami-10XP, OneFive) generating a pulse laser beam with
420 fs pulse duration, 1031 nm central wavelength, and 50 kHz
repetition rate was utilized as the laser source. The pulse energy
was controlled by a computer connected with the laser facility.
The femtosecond laser pulses were focused through a 40 X
microscope objective (NA = 0.6) into the substrate beneath one
of the 10 mm X 10 mm surfaces at the approximately 150 pm
point. During the irradiation process, the prepared LiNbO; crys-
tal was mounted at the xyz motorized stage controlled by a com-
puter and was moved at a uniform and relatively high velocity of
4 mm/s along the y axis, which produced a damage track inside
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Fig. 1. Schematic process of FLW of the LiNbOz waveguide couplers (left).
Schematic end-face coupling arrangement for investigation of the waveguide
couplers at 632.8 nm (right).

Chinese Optics Letters

the sample. The pulse energy radiated on the LINbO; crystal was
set to 5.3 pJ. In this work, a single-line waveguide (to measure
the change of the refractive index for all the waveguide couplers),
three 2D (one to two) waveguide couplers, and a 3D (one
to four) waveguide coupler were manufactured, respectively.
Metalloscopy (Axio Imager, Carl Zeiss) was utilized to image
the cross sections of all the waveguide couplers. For the 2D
waveguide couplers, the input waveguide of 7 mm long was iso-
lated from two output waveguides of 7 mm long with center-to-
center separation distances, Sc, of 4 pm (Cl1), 8 pm (C2), and
12 pm (C3), respectively. As the total length of the material is
10 mm, the coupling length of all the 2D waveguide couplers
was 4 mm. For the 3D waveguide coupler, the input waveguide
of 7 mm long was isolated from four output waveguides of 7 mm
long with center-to-center separation distance of 8 pm.

The near-field modal profiles of the waveguide couplers were
implemented with an end-face coupling experiment, also as
shown on the right of Fig. 1. A He-Ne laser generating a wave-
length of 632.8 nm laser beam was used for the probe source, and
a half-wave plate was utilized to control the polarization of the
incident laser beams. A pair of objective lenses (NA = 0.4) were
employed to couple the light beam with a Gaussian spatial dis-
tribution into and out of the waveguide couplers. Finally, a CCD
camera was used to apperceive and record near-field modal pro-
files, and a power meter was to measure the light powers coupled
in and out of the waveguide coupler end-facets at 632.8 nm.
Hence, the propagation loss of the waveguide couplers could
be worked out by considering the coupling loss between input
light and coupler end-facets.

3. Results and Discussion

Figures 2(a)-2(d) depict the microscopic photographs of the
output cross section of the single-line waveguide and 2D wave-
guide couplers C1, C2, and C3. The recorded near-field intensity
distributions of the single-line waveguide and 2D waveguide
couplers C1, C2, and C3 at a single wavelength of 632.8 nm
are shown in Figs. 2(e)-2(h). As one can see, the cores of
near-field intensity distributions of Type I waveguide and wave-
guide couplers cores were located into laser-induced tracks.
Additionally, the obtained modal profiles supported fundamen-
tal modes. However, the near-field modal profiles of the single-
line waveguide and 2D waveguide couplers C1, C2, and C3 were

(a) (b) (c) (d)

Single-line  20pm  c1 20um 2

Fig. 2. Optical microscope images of the cross sections of (a) the single-line
waveguide and waveguide couplers (b) C1, (¢) C2, and (d) C3. The measured
near-field intensity distributions at 632.8 nm of (e the single-line waveguide
and waveguide couplers (f) C1, (g) C2, and (h) C3 along TM polarization.
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Table 1. Losses of the Single-Line Waveguide and Waveguide Couplers at
632.8 nm.

Waveguide a (dB) ap (dB) o (dB) a, (dB)
Single-line waveguide 110 0.30 08 /

Cl 1.62 0.63 0.8 019
C2 2.56 0.63 0.8 113
C3 453 0.63 0.8 310

only guided along the TM (n,) polarization, and we cannot
achieve the modal profile along TE (n,) polarization, which
agrees with the theoretical estimation of laser-written LiNbO;
crystal®?!,

The insertion losses a of the single-line waveguide (including
propagation losses a, and coupling losses between the input
light and the guided mode ;) and the waveguide couplers
C1, C2, and C3 (including @, a, and coupling loss between
the input waveguide and the output waveguide a,) at wavelength
of 632.8 nm are depicted in Table 1. Considering the overlap of
model profiles between the incident light beam and waveguide
modes, the a; of all waveguides was estimated to be 0.8 dB due to
same size of the input waveguides with the calculation method in
Ref. [29]. Therefore, the propagation loss of the single-line wave-
guide is 0.3 dB/cm. Due to the same fabrication parameter of all
waveguides, the values of the propagation losses o, ultimately
depends on the waveguide length; thus, the propagation losses
of the single-line waveguide (the waveguide length 10 mm)
and waveguide couplers (the waveguide length 7 X 3 mm) were
0.3 dB and 0.63 dB. Apparently, as the separation of two coupled
transmission lines increases, the coupling losses a, between the
input waveguide and the output waveguide of the waveguide
couplers become larger, which may be induced by the weak cou-
pling between the input port and output port. The coupling
losses of waveguide couplers can be further reduced by reducing
these separation distances and changing the coupling length.
As of yet, the 2D waveguide couplers C1 and C2 exhibit excellent
performances of lower losses for beam splitters®!,

Assuming a step-like refractive index profile, the contrast of
refractive index (An) of the single-line waveguide was estimated
by measuring the NA. Through measuring the maximum inci-
dent angle ©,, of the single-line waveguide where there is no
change in transmission power, the maximum An increase was
calculated by employing the formula!®”!

02
An xS On (1)
2n
where n represents n, or n,, and n, = 2.202 is the refractive index
of the substrate at 632.8 nm'*'!. In this work, due to all the wave-
guides with the same preparation parameters, the calculated
maximum An was 9.5 X 10~ for all waveguide couplers.

For 12 pm waveguide separation, high losses would impede

the propagation of the 3D waveguide coupler in LiNbO; crystal.
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Fig. 3. xy-plane beam propagation simulation (RSoft) of 3D waveguide cou-
plers (a) C1 and (c) C2 in LiNbOs crystal. Monitored 632.8 nm light guided in
each coupler arm along the 3D waveguide couplers (b) C1 and (d) C2.

To determine whether to use 4 pm Sc or 8 pm Sc for the fabrica-
tion of 3D waveguide couplers, we simulated the light propagation
of C1 and C2 by using BeamPROP (Rsoft, Inc.) software at
632.8 nm, which is based on the finite-difference beam propaga-
tion method (FD-BPM)"*? and the obtained An. Figures 3(a) and
3(c) show the simulated xy-plane beam propagation model of the
3D waveguide couplers with 4 pm Sc and 8 pm Sc, respectively.
The amount of light in the input arm and output arms is moni-
tored, as shown in Fig. 3. As Fig. 3(a) depicts, when the light passes
into the output arms of the coupler, it is obvious that small sep-
aration distance could not separate the models from each other.
Subsequently, the models of output waveguides have partial over-
lap between the output ports, which are in good concern with the
experimental result of the 2D waveguide coupler C1 in Fig. 2(d).
As the numerical simulation in Figs. 3(c) and 3(d) shows, the
light is in an oscillation mode between two output waveguides for
the 8 pm waveguide coupler C2, which may be caused by the lim-
itations of numerical simulation, such as uncertainty in the refrac-
tive index line shape, or by the structure of the coupler, such as
coupling length and coupling separation. Further reduction of the
oscillation mode may be realized by optimization of numerical
simulation methods and coupler construction. However, for the
8 um waveguide separation, all light was isolated and restricted
into the output arms or input arm with an oscillating mode when
light propagated into the area of intercoupling, as depicted in
Figs. 2(c) and 3(c). Although the output power of the 4 pm Sc
coupler was higher than the 8 pm Sc coupler by comparing mon-
itor value of the blue line in Fig. 3(b) and that in Fig. 3(d), the
individual waveguide modes were imperative as a beam splitter.
Therefore, we fabricated the 3D waveguide coupler with 8 pm
separation along the x direction and z direction.

Figure 4(a) shows the microscopic photograph of the output
cross section of the 3D waveguide coupler C4. The measured
near-field model profile at 632.8 nm along the TM polarization
is shown in Fig. 4(b). The propagation loss was measured to be
2.68 dB/cm at 632.8 nm. Figure 4(c) shows the simulated evolu-
tion process of modal profile following light beam propagation
along the z axis of the waveguide coupler C4 at 632.8 nm. By com-
paring the shapes of modal profiles in Fig. 3(b) and the last simu-
lated profile in Fig. 4, one can see that the measured profiles
correspond with the experimental results, which proves that the
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(a)
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Fig. 4. (a) Microscopic photograph of the cross section, (b) measured near-
field modal profile along T™ polarization at 632.8 nm, and (c) simulated modal
profile evolution of the 3D waveguide coupler C&.

calculated refractive index change of the waveguide coupler is
reasonable. For the waveguide coupler C4, the measured split-
ting ratio for the four output ports is nearly equal with value
of 49:50:47:46 at 632.8 nm, indicating that the manufactured
3D waveguide coupler has ability to be a 3D power splitter.
Consequently, the splitting ratio and propagation loss could be
further optimized by designing the laser-writing parameters
and process. As our previous works mentioned, we have fabri-
cated 2D and 3D Type I waveguide splitters with a Y-junction
configuration in LINbO; crystal, and output arms of the two
waveguide splitters have the same lateral separation and the
same preparation'”®!. Additionally, the propagation losses re-
ported for the 2D and 3D waveguide splitters were 3.45 dB/cm
and 3.61 dB/cm, respectively, which were larger than that of wave-
guide coupler splitters. To have a more precise comparison of
guided wave performance between the directional waveguide cou-
pler beam splitter and the Y-junction waveguide beam splitter and
to exclude the factors of processing parameters, we calculated the
propagation losses change (Aa) of different dimensions but with
the same preparation condition, i.e., the Aa between the 2D and
3D waveguide splitters in same sample. As a result, the obtained
additional loss of the Y-junction splitters was 0.16 dB/cm due to
imperfection of the crotch in the Y-junction structures. The Aa
of waveguide splitters with the type of evanescent field couplers
was 0.12 dB/cm. Further reduction of Aa and splitting ratios
closer to one may be realized by the design of FLW and processing
parameters. The results indicate that our fabricated waveguide
couplers, as a beam splitter, exhibit better transmission properties
than Y-junction waveguide splitters.

4. Conclusion

In conclusion, we propose the design and fabrication of 2D and
3D waveguide couplers in LINbO; crystal by FLW based on the

Chinese Optics Letters

Type I waveguide. The experimentally measured near-field
modal profile and beam propagation model of the 3D waveguide
coupler are in good agreement with the simulation results, and
the splitting ratio of the 3D waveguide coupler is almost equal-
ized. The results imply that our fabrication of 3D waveguide
couplers can be applied to integrated photonic circuits.
Additionally, the FLW technique shows promising capability
for fabricating intricate photonic components or modules.
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