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Multimode Interference Optical Power Splitter
in Proton-Exchange LiNbO: Waveguides
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Abstract: The self-imaging effect in graded-index waveguides using annealed proton-exchange (APE) technique in

lithium niobate (LiNbO3) waveguides is analyzed and simulated using the three-dimensional nonparaxial beam

propagation method (BPM). On this basis,a 1X 8 multimode interference (MMI) optical power splitter by APE

technique in X-cut LiNibOs with Y -propagation substrate is fabricated. M easurements show that the device has

realized eight powers splittings.
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1 Introduction

In the last few years, there has been a growing
interest in the application of multimode interfer—
ence (MMI) effect in integrated optics. Their u—
nique properties, such as compact size, low loss,
stable splitting ratio, low cross—talk, large optical
bandwidth, insensitivity to polarization, and good
fabrication tolerances have led to their rapid incor-
poration in more complex photonic integrated cir—
cuits'"” "', Typically, these devices have been made
using step index waveguide technology such as sili-
ca on silicon and GaAs/GaAlAs. This work uses
graded-index lithium niobate (LiNbO3) waveguides
fabricated with annealed proton-exchange ( APE)
technique. The APE technique, using benzoic acid
as the proton source, has become popular to form
waveguides in LiINbOs. Particularly the good power
handling capability and the possibility to get high

confinement has made this waveguide formation
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method the choice for integrated optics' "'

We first design a 1 X 8 MMI optical power
splitter in graded-index LiNbOs waveguides using a
three-dimensional nonparaxial beam propagation
method ( BPM)'™". Then we describe an experi—
mental realization of the device. Measurements
show that the device has realized eight powers

splittings.

2 Modeling and design

The LiNbO3 waveguides exchanged from pro-
ton—rich melt such as benzoic acid exhibit step-ike
profiles. After annealing, some qualitative features
are associated, in particular, a general increase in
the waveguide depth with a corresponding decrease
in the surface index and the evolving refractive-in—
dex profile changed. It will be graded-index distri—
bution. Here we use a generalized Gaussian index

8
model' ™
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n(x) = v+ Anf(x),An.= n.— m, evolution in eight output waveguides, we put eight
R B I parallel virtual waveguides that run through all the
f(x) = expl - | & (1)

where n. and n» represent the surface and bulk re-
fractive index respectively, ® represents a parame—
ter associated with the shape of the profile (for ex—
ample, the values a= 1, 2, > 10 refer to the expo-
nential, Gaussian and step profiles respectively),

and d is the effective waveguide depth defined by
(2)

The device reported here is fabricated by APE

n(d) = nv+ An/e

technique in X-cut LiNbOs with Y -propagation
substrate using benzoic acid as the proton source.

At the operation wavelength of 1.55um, the bulk
refractive index n» can be set 2. 1456. T hree param—
eters, Ans, d, and o in equation (1) are dependent
on the exchange temperature and time (T, ), and
anneal temperature and time (7, t) . As for Te=

210°C, t.= 0.5h and T.= 370°C, t.= 3. 5h, they can

be set the empirical values as

An.= 0.0846,d = 2.80um,n= 3 (3)
Figure 1 shows schematic diagram of the 1 X8
MMI optical power splitter. Considering of

transversal diffusion of proton-exchange waveg-
uide, mask width of all the waveguides are narrow -

er than those values as shown in the figure.
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Fig. 1 Schematic diagram of 1X8 MMI splitter
Three-dimensional nonparaxial beam propaga—
tion method is a very useful tool to simulate light
propagates in all kinds of medium. In MMI de-
vices, when MM1 width and other material parame—
ters are fixed, the self-maging effect mostly de-
pends on the length L of MMI section. In order to

monitor launch power from the input waveguide

MMI sections as shown in Fig. 1. Then we use the
three-dimensional nonparaxial beam propagation
method to simulate the power evolution in MMI
section of the 1 X8 MMI optical power splitter a—
long the MMI section length, when a Gaussian in-
put field propagates through the input waveguide
and all eight virtual waveguides are uniform dis-
tributed. But the uniformity is not ideal. So we cal-
culate the influence of center positions of the virtu-
al waveguides. The calculated loss/uniformity is
0. 07dB/0. 0908dB at the MMI length of 2930um
with center position of the input waveguide is
0.0um and those of the output ones are =+ 8.0,
+23.8, £39. 8, and £55. 6um. Figure 2 shows the
normalized power in eight virtual waveguides a-
gainst MMI section length with optimized struc-
ture. From the results of simulation, we can draw
the conclusion that the self-imaging effect can exist
in graded-index waveguides, but the output waveg—
uides are no more uniform distributed. T hey are de-

viated some value.
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Fig. 2 Normalized power in eight virtual waveg—
uides against MMI section length with optimized

structure

In order to make the device fiber compatible,
eight lowoss single-mode waveguides with S-
shaped curve are placed at the output waveg-
uides'. The S-bends are also designed using non—
paraxial BPM. Allowing a maximum bend loss of

0. 1dB, which is a requirement for APE LiNbO3
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waveguides to have negligible bend loss, the length
of the output S-bends is 7000um. Figure 3 shows a
Gaussian input field propagates through the S-bend
associated with output 1 or 8. As seen, most input

power has kept in the S-bend.
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Fig. 3 Simulation of S-bend associated with output

1 or 8 using nonparaxial BPM

3 Experimental results

The MMI optical power splitter is fabricated
in X-cut Y-propagation LiNbO: substrate. The
channel waveguides are prepared, first by carrying
out photolithography to create masked regions of
aluminum (Al) on the substrate ( Considering of
side diffusion, the channel waveguides are narrower
mask opening than the last required width). Then
the LiNbOs sample is immersed in a benzoic acid
melt at around 210°C (lower than its boiling point
249°C) for exchange time of 30min. During the ex-
change reactions, Li" ions diffuse from the crystal
surface, and H™ ions diffuse into the crystal to re-
place Li" . Figure 4 shows parts of 1 X8 MMI LiN-
bOs splitter after proton-exchange in benzoic acid.

After the proton exchange and removal of the
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Fig.4 Parts of 1X8 MMI LiNbOs splitter after proton-exchange in benzoic acid

exchange mask, the sample is annealed at 370°C in
an oxygen atmosphere for 3.5h. This step proves
to be necessary to lower waveguide propagation
loss.

The fabricated device is measured at A =
1.55um by using a pigtailed DFB-LD. A lensed
fiber is used to couple the light into the input
waveguide via butt coupling. Light output from the
output waveguides is collected by a laser-diode lens
and is examined by a combination of an infrared
video camera and a TV monitor. Figure 5 shows
the near field beam patterns of the output images
at the beginning of S-bends. Figure 6 shows the

two images of the splitter at the end of S-bends

Fig. 5 Output images of 1 X8 MMI LiNbO; splitter

at the beginning of S-bends

with pitch of 250um. As seen, the device has real-
ized eight powers splittings. Results show that the

output images are not so ideal as simulated results.
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This can be originated from index profile approxi-
mation and fabrication error, which will be im-

proved in the further work.

Fig. 6 Two images of 1 X8 MMI LiNhOs splitter at
the end of S-bends Pitch is 250pm.

4 Conclusion

We have achieved in fabricating the 1 X8 MMI
optical power splitter in graded-index APE LiNbOs
waveguides. M easurements show that the device
has realized eight powers splittings. This work
shows that MMI devices can be realized in graded-
index waveguides. There are potential prospects of
using APE technique in LiNbO3 material together
with MMI splitters for high performance and cost

effective solution.
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