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We analyzed the optical properties of optical couplers based on multimode interference (MMI) in titanium-
diffused LiNbO; (Ti:LN) waveguides using the beam propagation method (BPM) with refractive index
distributions by Ti diffusion. From these results, we designed and fabricated 2 x 2 MMI couplers operating
at 1.55 pm wavelength using Ti:LN waveguides. An optical power splitting ratio of 0.53:0.47 (0.52 dB power
deviation from equal split) and an insertion loss of less than 1.5 dB were observed with a coupler consisting of

an MMI waveguide 50 pm wide and 2.12 mm long. Electrical tuning of the power splitting ratio by the electro-
optic effect of LINDO; was also considered. The electrodes were formed directly on the MMI waveguide section
of the coupler and the power splitting ratios were controlled almost in proportion to the voltage applied to
the electrode and a deviation of about 1 dB (0.56:0.44) of the power splitting ratio from an equal split could
be adjusted to zero by applying a voltage of —6.1 V.

1. Introduction

Optical waveguide devices based on multimode interference (MMI)
are key elements in various optical integrated circuits [1]. Novel prop-
erties of optical couplers not exhibited by conventional devices con-
sisting of single-mode optical waveguides are expected to be achieved
in designs with MMI waveguides. Multiport optical couplers, such as
optical 90-degree hybrids, are typically used in IQ demodulation in
optical fiber communication [2]. Arrayed waveguide gratings have
been applied as key components in wavelength division multiplex-
ers [3]. MMI multiport couplers have also been considered for other
applications [4,5].

MMI optical devices are fabricated with Si or SiO, materials in many
cases [6,7]. High dimensional accuracy can be easily obtained using
Si microfabrication processes, and integration of optical components
with Si electronic circuits is also expected. Therefore Si-based optical
waveguide materials have been preferably used for MMI devices.

LiNbO; as an electro-optic (EO) material has been generally used
as a substrate for high-speed optical modulators. Low loss optical
waveguides can be easily formed by the thermal diffusion of tita-
nium in LiNbO;. Electrical tuning of the device properties can also
be achieved by using the EO effect. If MMI based circuit elements
are produced using titanium-diffused LiNbO; (Ti:LN) waveguides, EO
devices with novel features will be achieved by integrating the MMI
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circuit elements with the optical circuits in the EO devices. As a simple
example, we consider the case of integrating a 2 x 2 MMI coupler
with the Mach-Zehnder modulator (MZM) of Ti:LN waveguides by
replacing the waveguide Y-branch with the MMI coupler. Two comple-
mentary quadrature components are easily obtained simultaneously in
two outputs. The 90-degree optical phase bias condition is theoretically
satisfied without phase bias control.

Several studies on MMI in Ti:LN waveguides have been reported [8—
10]. However, an MMI device structure having input-output waveguide
ports has not yet been experimentally evaluated using Ti:LN waveg-
uides to the authors’ knowledge. We have shown the potential of MMI
couplers of Ti:LN in a previous elementary experiment [11]. In the
present work, MMI optical couplers consisting of Ti:LN waveguides
were analyzed by the beam propagation method (BPM). Based on
the results, we designed and fabricated a 2 x 2 MMI coupler and
evaluated its properties. We also considered the electrical control of
the device properties by forming electrodes on the MMI waveguide
and experimentally evaluated the tuning of power splitting ratios of

the coupler.
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Fig. 1. Structure of 2 x 2 optical MMI coupler.

2. Analysis of MMI coupler of Ti:LN waveguide
2.1. Structure of MMI coupler

The structure of a symmetric 2 x 2 optical coupler based on MMI
is shown in Fig. 1. The plane configuration is line-symmetric with the
x-axis and the y-axis. Four input—-output (I0) waveguides with single-
mode propagation are connected to the MMI waveguide section of
width W and length L. W, is the distance between the connection
positions of the I0 waveguides at each end of the MMI waveguide. The
incident light from one I0 waveguide at the input side excites several
propagation modes in the MMI waveguide section, which interfere with
each other to form an image at the output end of the MMI waveguide.
The propagation distance where a z/2 phase difference is induced
between the two lowest-order modes in the MMI waveguide section is
defined as the z/2 coupling length L. This corresponds to half the beat
length of those two modes. When L = L, and the IO waveguides are
connected at adequate positions, the field of input light from port 1 is
theoretically reproduced at the end of the MMI waveguide section with
the same amplitude and 90-degree phase difference for ports 3 and 4 by
self-imaging [12]. Thereby, the waveguide circuit in Fig. 1 can operate
as a 3 dB optical coupler. Representing the effective refractive indices
of the fundamental mode and the next higher order mode as N, and
N,, respectively, the L, is presented by
P —

4(Ny—Np)
where 4, is the wavelength of light in free space. The /2 coupling
length obtained from the two lowest-order modes is approximately
valid as the length of the MMI waveguide for the 3 dB coupler.
Therefore, we considered the structure of the MMI optical coupler with
reference to this coupling length.

@

2.2. Refractive index profile of Ti-diffused LINbO; waveguide

We analyzed optical multimode waveguides of Ti:LN to determine
whether they are applicable for MMI couplers. The refractive indices of
Ti:LN waveguides gradually change across the cross section. Here we
define the width of a Ti:LN waveguide as that of the line pattern of the
Ti film prepared on the LiINbO; substrate before the diffusion, as shown
in Fig. 2. The transverse profile of Ti ion concentration C by diffusion
of the Ti film can be approximately presented by using the Gauss and
error functions as [8]

2 ¥y ¥4y
c=—r__ exp <—Z—> erf( -2 +erf( 2 R (2)
24/xD,1 4D, 2/Dyi 24/Dyt

where 7 and t are the thickness of the Ti film and the diffusion time,
respectively, and D, and D, are the surface and bulk diffusion con-
stants, respectively, which are functions of the diffusion temperature
T [°C]. Here we use the linear approximation for z-cut LiNbO; as
D, = 7971 x 1073T - 7.578 and D, = 2.057 X 107°T — 1.656 [8,13],
where the unit of these constants is pm?/h. The index change 4n, for
the extraordinary waves of 4, = 1.55 pm in a z-cut LiNbO; substrate
can be presented as [14]

\/_C 0.81
an, = | Y= 01203 + £38C o (W | 3)
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Using these equations, the change ratio of the refractive index 4n,/n,,
where n, is the extraordinary refractive index of LiNbO;, was cal-
culated. An example of the transverse profile of 4n,/n, in the MMI
waveguide section of W = 50 pm is shown in Fig. 3. The calculation
conditions were determined based on our conditions for waveguide
formation: = = 85 nm, T = 990 °C, and ¢+ = 7.8 h. We considered
the propagation of the transverse magnetic (TM) modes, which have
vertical electric fields.

2.3. 7/2 coupling length of MMI waveguide

Next, the z/2 coupling length L, was calculated for MMI waveg-
uides with index profiles as determined by the equations in the previous
section. The finite element beam propagation method (FE-BPM) [15]
was used to calculate the effective refractive indices, N, and N;, of
the two lowest-order modes in the MMI waveguide. Fig. 4 shows L,
as a function of W. The waveguide formation conditions are the same
as those in Fig. 3. It is found that L. decreases as W decreases. With
regard to the device size, a smaller W is preferable. However, it is
known that the distance, W,, between the two 10 waveguides should
be one third of the width, W /3, to realize a 3 dB coupler with a
7/2 coupling length [12]. If W, is too small, optical waves may be
undesirably coupled between the two I0 waveguides of the same side.
When W = 50 pm, W; = W /3 = 16.7 pm. This distance may be the
minimum to avoid undesirable coupling for the 1.55 pm wavelength
band. Therefore, we consider MMI couplers W = 50 pm, 60 pm, and
70 pm in the next section.

2.4. Optical properties of MMI coupler

We analyzed the optical properties of MMI couplers at A, = 1.55 pm
by the beam propagation method (BPM) for the cases of W = 50 pm,
60 pm, and 70 pm. The width of the IO waveguides was set to 7 pm
for single-mode propagation, and W, was set to W /3. Fig. 5 shows
calculation results of optical power transmittances from port 1 to ports
3 and 4, normalized by the total transmittance, when an optical wave
is incident at port 1. The insertion losses and the phase difference of
the output light waves between ports 3 and 4 are also presented in the
figures.

The power splitting ratios changed with L. At around L = 2.2 mm,
3.2 mm, and 4.3 mm, the incident light power is equally divided and
the insertion losses are almost minimum for W = 50 pm, 60 pm, and
70 pm, respectively. The phase differences between the two outputs
are also about 90 degrees at the L in all cases. We also calculated the
wavelength dependence of the transmittance in the three cases by BPM
analysis and found that there was no marked difference between the
three cases. Therefore, we adopt an MMI waveguide of W = 50 pm,
the smallest of the three cases, for miniaturization of the optical circuit
structure. The length of 2.2 mm is roughly close to that of conventional
Y-junctions of single-mode waveguides so that a 2 x 2 MMI optical
coupler of W = 50 pm can be replaced with a conventional 1 x 2
Y-junction with regard to size.

We calculated the electric field distribution for W = 50 ym and
L = 2.2 mm when light waves were incident at port 1, as shown in
Fig. 6. Self-imaging caused by multimode interference is observed to
reproduce the field at two positions corresponding to the two ports of
the output side. It could be confirmed that the optical properties of the
couplers in Fig. 5 were based on multimode interference in the Ti:LN
waveguide.

3. Fabrication and measurement of MMI coupler

We fabricated an MMI coupler using Ti:LN waveguides and exper-
imentally evaluated its optical properties. The waveguide pattern of
the MMI coupler is shown in Fig. 7. Single-mode IO waveguides of
7 pm width were connected at both sides of the MMI waveguide section
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Fig. 3. Transverse profile of the change ratio of the refractive index by Ti diffusion
for extraordinary waves in LiNbO;.
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Fig. 4. 7/2 coupling length L, of the MMI waveguide as a function of waveguide
width W.

of 50 pm width. The distance between the 10 waveguides gradually
increases to 50 pm by a sinusoidal curve, as shown in Fig. 7, for the
convenience in coupling with optical fibers at the end faces of the
substrate. The substrate was a 0.5 mm thick z-cut LiNbO; crystal. The
optical waveguides were formed on the surface of the substrate by
thermal in-diffusion of 85 nm thick Ti film patterns at 990 °C for 7.8
h in an oxygen atmosphere. MMI couplers of several lengths L, from
1.7 mm to 3 mm, of the MMI waveguide section were arranged on a
single substrate.

First, to observe the transverse distribution of the optical electric
field in the MMI waveguide, the MMI section was cut to expose the
cross section at the end of the substrate. Near-field images of the end
face were then observed by an infrared camera, as shown in Fig. 8. A
laser source of 1.565 pm wavelength was used and the TM polarization
mode was excited. Fig. 9 shows near-field images for several MMI
waveguide lengths. The field gradually spreads over the MMI waveg-
uide and concentrates at locations connected with the I0 waveguides.
Based on the figure, an efficient power split of the incident light is
expected for the MMI.

We measured optical power transmittances from port 1 to ports 3
and 4 of the fabricated MMI couplers using a 1.565 pm laser source.
Fig. 10 shows the optical power splitting ratio, which is the power
transmittance to each port normalized by the sum of the power trans-
mittances to both ports as a function of L. The insertion losses were
normalized with that of a reference waveguide, which is a straight
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Fig. 6. Plane view of the electric field distribution calculated in the MMI waveguide
section.
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single-mode waveguide formed on the same substrate, to remove the
induced losses except for at the coupler section. From this figure, the
optical power splitting ratio was 0.53:0.47 (0.52 dB power deviation)
at L = 2.12 mm, which was the closest to being symmetric. There
may have been another length close to 2.12 mm that would give a
splitting ratio closer to equal splitting, but we fabricated a limited
number of lengths. In the calculation of the previous section, the power
splitting ratio was minimum at L = 2.2 mm, as shown in Fig. 5(a).
This difference in the calculated and measured MMI section lengths can
be attributed to the refractive index distribution of Eq. (3) not being
perfectly matched to the actual situation in the experiment.

The measured insertion losses of the MMI coupler section were less
than 1.5 dB between L =2.1 and 2.2 mm and 1.15 dB at L = 2.12 mm.
The loss when the power splitting ratio was closest to equal splitting
was 0.80 dB in the BPM analysis, as shown in Fig. 5(a), and was
0.35 dB lower than that of the experiment. This difference may be
partly due to the fact that the analysis does not consider any material
losses induced in the MMI waveguide. Although the phase difference
between two light outputs of the MMI coupler could not be measured,
it can be evaluated that the MMI coupler of length L around 2.12 mm
was operating as a 3 dB optical coupler.

4. Tuning of optical power splitting ratio

MMI devices of Ti:LN waveguides are expected to exhibit the ability
to tune the device properties by EO effects. The power splitting ratios

Optics Communications 501 (2021) 127325
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can be changed by inducing a partial change in the refractive index of
the MMI waveguide. It has been reported that the power splitting ratios
can be tuned by modifying the refractive index around selected spots
where self-images are formed within the MMI waveguides [16,17].
Here, we consider the electrical control of the difference between the
effective refractive indices N, and N, in Eq. (1) to change the cou-
pling length L . Thereby the power splitting ratios are expected to be
tuned by smaller changes of refractive index compared to the previous
studies detailed above. Another tuning method based on the thermo-
optical effect has also been reported for MMI couplers using silicon
waveguides [18]. Although this method is applicable to most materials
including Si and SiO,, the tuning by the EO effect is advantageous in
terms of response speed and the accuracy of the adjustment.

Fig. 11 shows an MMI coupler with electrodes designed for tuning
the power splitting ratios by the EO effect. A strip electrode of 10 pm
width is located in the center of the width direction of the MMI waveg-
uide on a z-cut LN substrate. Ground electrodes are arranged at both
sides of the strip electrode with a spacing of 10 pm. A vertical electric
field is generated immediately below the strip electrode by applying a
voltage as shown in Fig. 11(b). The extraordinary index of this area is
effectively changed by the EO effect. Thereby, the propagation modes
of the even symmetric field, such as the fundamental mode, are more
greatly affected regarding their effective refractive index than those of
the odd symmetric field, such as the next higher order mode, as shown
in Fig. 11(a). The influence of the electric field generated under the
ground electrodes on the power splitting ratio was small enough that
the electric fields of the ground electrodes could be ignored in this
analysis.

Fig. 12 shows calculations of the voltage-induced change in the
effective refractive index of the TM propagation modes in the MMI
waveguide when applying +10 V to the strip electrode. The calculations
were performed using EO coefficients of LiNbO; under the assumption
that the induced fields were located only immediately under the strip
electrode. It is found that there is a particularly large difference in
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the index change between the two lowest-order modes. Therefore, it
is expected that L, is effectively changed according to Eq. (1) and that
the power splitting ratio can be controlled by the applied voltage. The
optical properties were calculated by the BPM with the same conditions
as previously. Fig. 13(a) shows the optical power splitting ratios of
the MMI coupler for several MMI waveguide lengths L for an optical
wave incident at port 1. The insertion losses and phase difference
of the output light waves between ports 3 and 4 are presented in
Fig. 13(b). It is found that the power splitting ratios are changed almost
in proportion to the voltage and that all the curves of the splitting ratios
pass through points of the equal splitting of 0.5. Focusing on the case
of L =2.0 mm in Fig. 13(a), the power splitting ratio of about 0.6:0.4
at ¥V = 0, which is about 1.8 dB deviation from equal split, can be
adjusted to the equal split state by applying a voltage of around —10
V. The insertion losses and the phase differences are almost unchanged
by applying the voltage, as shown in Fig. 13(b).

In order to experimentally confirm this tuning feature, an MMI
coupler with electrodes was fabricated. The fabrication conditions of
the waveguides were the same as previously. The MMI waveguide
length was fixed at 1.9 mm, which is slightly different from the length
for the equal split. The electrodes consist of a gold film of 1 um
thickness patterned by the photolithographic method. An SiO, buffer
layer of 670 nm thickness was formed between the substrate and the
electrodes to avoid light power losses. Fig. 14 shows the measurements
of the optical power splitting ratio as a function of applied voltage. The
insertion losses of the coupler section are also indicated. It is seen that
the power splitting ratio changed almost in proportion to the voltage
in the same way as the calculation and that the 1.0 dB power deviation
(0.56:0.44) in the power splitting from an equal split at ¥V = 0 could
be adjusted to zero by applying a voltage of —6.1 V. The insertion
losses were almost unchanged by the tuning. It is shown that the power
splitting ratio was effectively controlled by applying a voltage and that
a perfectly symmetric power splitting could be also obtained.

5. Conclusion

We designed and fabricated 2 x 2 MMI optical couplers using Ti:LN
waveguides. The MMI couplers were analyzed with BPM taking account
of the refractive index distributions based on Ti diffusion. The cou-
plers were fabricated and their optical properties were experimentally
measured. An optical power splitting ratio of 53:47 (0.52 dB power
deviation from symmetry) and less than 1.5 dB insertion loss were
observed with a coupler consisting of an MMI waveguide 50 pm wide
and 2.12 mm long. We also considered electrical tuning of the optical
power splitting ratio by applying a voltage to electrodes directly formed
on the MMI waveguide. In the experiment, the power splitting ratio
of 0.56:0.44 without applying a voltage could be adjusted to an equal
splitting by a voltage of —6.1 V. It was shown that an optical coupler
with a perfectly equal split could be obtained by electrical tuning using
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the EO effect of LiNbO;. Based on these results, optical MMI couplers
consisting of Ti:LN waveguides can be expected for application to EO
devices, such as high-speed optical modulators, as important optical
circuit elements.
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