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A novel principle of active multi-mode-interferometer (MMI) bi-stable laser diode (BLD), utilizing
different lateral modes, has been proposed and demonstrated for optical random access memory
(RAM) application. The two different propagation modes realize two different identical paths in a
single active MMI cavity simultaneously, with sharing exactly same port at one facet side. This novel
concept contributes to realize relatively large cross-gain saturation region between the two identical
paths, which result in stable bi-stability even in a relatively compact device size. Implemented
devices showed relatively low operation current of 100mA and sufficient hysteresis window of 8mA
with the cavity length of only 550um. High optical ON/OFF ratio of more than 15dB was also

confirmed successfully.
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1. Introduction

Current internet routers consume huge
amount of electrical power mainly due to OEO
(optical / electrical / optical) signal exchanges.
For example in Japan, the power consumption
in internet routers was 0.22% at 2004, however,
the data traffic is still increasing every year?,
and thus, it is estimated that the power
consumption will reach to 9% of the total
power consumption in Japan at 20152 (see Fig.
1). This leads to the necessity to develop
all-optical routers that could result in energy
conservation. Optical random access memory
(RAM) is a key device for realizing such that
all-optical routers especially for the buffering
function. To date, several candidates of optical
bit memory element for RAM application have
been proposed3®. Among them, active
multi-mode interferometer (MMI)9 10 bi-stable
laser diodes (BLDs)¢ ® are attractive due to
their  relatively superior tolerance in
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Fig. 1 Power consumption forecast at router in
Japan?.

fabrication.

One critical issue for such that BLDs is,
however, their long device length® ? due to
their insufficient cross-gain saturation effect in
a cavity which must be compensated by
designing longer cavity length. To overcome
this issue, we propose and demonstrate a novel
principle of active-MMI BLD in this paper. The
novel active-MMI BLD can act as an optical
bit-memory element utilizing relatively long
corelation region between Oth-order and
1st-order mode paths, which lead to sufficient
cross-gain saturation effect even in a relatively
short cavity. Simulated results, by using
beam-propagation-method (BPM)'?, proved
that the two different identical propagation
paths of Oth-order and 1st-order modes existed
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in a properly designed active MMI cavity. The
actually  implemented  devices  showed
relatively low operation current of 100mA and
sufficient hysteresis window of 8mA with a
cavity length of only 550um. High optical
ON/OFF ratio of more than 15dB was also
confirmed successfully.

In this paper, the concept of the novel active-
MMI BLD is discussed in section 2. Then in
section 3, we prove this novel concept by using
BPM simulation. In section 4, we show the
experimental results of the actually
implemented novel active-MMI BLDs for the
first time.

2. Concept

For active-MMI BLDs in general, cross-gain
saturation region between two identical
propagation paths lead to bi-stability
characteristics, besides the absorption effect
provided by saturable absorber6 7. 19, In the
configuration of previously reported symmetric
active-MMI BLD6 ? shown in Fig. 2 (b), there
are two access ports on each side, and two
propagation paths. The area shown by dotted
line is cross-gain saturation region between
the two propagation paths. In this
configuration, there are two factors contribute
together to obtain Dbi-stability, namely,
cross-gain saturation effect in addition to
saturable absorption effect. Hence, in order
to realize sufficient hysteresis window, we
either design for sufficiently large cross-gain
saturation region between the two identical
propagation paths or increase the length of the
saturable absorbers. To attain stable
bi-stability and meanwhile preserve a compact
device size, 1t 1s necessary to realize
sufficiently large cross-gain saturation region
between two propagation paths without
increasing the length of the device. However,
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Fig. 2 Schematic views of MMI-based memory (circles
indicate overlap area). (a) Novel structure, and
() conventional structure?.

in the previously reported symmetric
active-MMI BLD, indicated in Fig. 2 (b), the
cross-gain region lies just only in the center of
the MMI region, therefore, it is necessary to
design relatively long MMI region that results
in relatively large device size, to obtain stable
bi-stability. To overcome this issue, we propose
increasing the cross-gain saturation region by
using different lateral propagation modes
including Ot-order and 1st-order modes'¥. This
leads to share one common port (shown Fig. 2
(a)) with two identical propagation paths so
that the cross-gain saturation region is
enhanced significantly without designing long
active-MMI section. As is shown in Fig. 2 (a),
the Oth-order mode propagates along the cross
path and emerges from the cross-port while
the 1st-order mode propagates along the
straight path and emerges from the bar-port,
and thus the two identical propagation paths
can be achieved simultaneously in a single
cavity. In such a configuration, the device can
be set to the ON state using input-signal with
regular Oth-order mode as a 1-bit memory
operation.

3. Design and Simulation

At first, we verify our scheme of utilizing
Oth-order and 1st-order modes light
propagation by using BPM simulation!?. In
this simulation, we wused regular ridge
structure for the waveguide!5 16, We designed
the active layer with regular
InGaAsP/InGaAsP multiple quantum-well
structure whose band gap wavelength was set
to be 1.55um. To support the Oth-order and
1st-order modes while cutting off the 2nd-order
mode on the access waveguides, the equivalent
refractive indices of guiding and non-guiding
regions were designed to be 3.2107 and 3.1725,
respectively. And using these refractive indices,
the access waveguide widths were designed to
be 4um by using Eq. (1)1,
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where, Wy is the access waveguide width, N is
the mode number, n- and n. are the equivalent
refractive indices of guiding and non-guiding, A
is the wavelength.

We set the MMI width (Wanm) to be 10um,
and the optimum MMI length (L) which can
realize cross-propagation for Oth-order while
bar-propagation for 1st-order modes!4 17 was
designed by using Eq. (2) to (4),
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where, W.is the MMI effective width, 0=0 for @
TE and 0=1 for TM, Lz is the beat length of the
two lowest-order modes, and M=1 for shortest g fl‘(l
possible MMI length and N is set to 4 as we f 2
positioned the access port at distance W4 8 - B
from the edge of MMI region!4 17, As a result, g =
the Lamia and Wiamr were designed to be 275um, s B :é
10um, respectively. Figure 3 illustrates the £ -
schematic views of the H —00

designed novel
active-MMI BLD explained in the above.
Figure 4 (a) and (b) show the simulated
results of the novel two different identical
propagation paths. As can be seen in these
figures, Oth-order mode propagates toward
cross-port while 1st-order mode propagates
toward bar-port. Therefore, we could confirm
that the properly designed MMI structure
supported two identical propagation paths
with  depending on the propagation
mode-order!8 19, As the single-port side is fully
shared by the two propagation paths in
addition to the co-relation area inside of the
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Fig. 3 Schematics of the active-MMI BLDs. (a)
Perspective layer structure, and (b)
waveguide geometry.
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Fig. 4 Two identical propagation paths in novel
active-MMI  waveguide  structure. (a)
0th-order mode, and (b) 1st-order mode.

MMI region, sufficient cross-gain region can be
achieved.

Next, we estimate the overlap portion of the
actual optical field profile between these two
propagation modes in the design explained in
the above.
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Fig. 5 Optical field profiles in the novel active-MMI
waveguide area. (a) Propagation paths of
0th-order and 1st-order modes light, (b) optical
of field profiles corresponding to the position
indicated in (a) (blue dotted line). The blue
colour indicates overlap portion of the optical
field profiles in the MMI region.



Optical Bit-Memory Element Based on Bi-Stability between Different Lateral Modes Using Novel

4 Active Multi-Mode-Interferometer (MMI) for Random Access Memory (RAM) Application
100 < 275um > Sum
= 8ot ————— |
5
T 60T /”/—‘
=} d
o} <
o
?:; 401
> =g Novel design
© 201
== (Conventional design
0 100 200 300 400

Total length [uml]

Fig. 6 The overlaps of the two identical propagation
paths for the novel active-MMI BLDs and for
the previously reported symmetric
active-MMI BLDs.

Figure 5 (b) shows one example of the optical
field profile for the both Oth-order (black line)
and 1st-order (red line) modes within the MMI
area while blue colour indicates the overlap
portion of the optical field profiles in the MMI
region at a certain position (see Fig. 5 (a)). In
order to calculate the overlap portion of the
optical field profiles for the two identical
propagation paths along the whole MMI region,
we calculated the overlap portion of the optical
filed profiles at every 5um along the whole
MMI area. The overlap portion of the optical
field profiles in the MMI region and in the
shared access port (left had-side in Fig. 5 (a))
was estimated to be more than 80%, while the
one in the case of previously reported
symmetric active-MMI BLD was 50%. Figure 6
shows the estimated overlap portion of the
optical field profiles for the novel active-MMI
BLDs and the previously reported symmetric
active-MMI BLDs as a function of their total
device length. As is shown here, we can see
that the novel active-MMI BLDs can preserve
larger overlap portion of the optical field
profiles (more than 80%) even for a device
length below 100um. This clearly proves the
potential of the novel active-MMI BLDs for the
future highly integrated optical bit-memory
elements for RAM application.

4. Results and Discussion

Figure 7 shows the fabricated novel
active-MMI BLDs. As is explained in section 3,
the access width was set to be 4pm, which was
designed so as to support the Oth-order and
1st-order modes while it cut off the 2nd-order
mode. InGaAsP/InGaAsP multiple quantum
well (7 layers, A=1.55pum) was used for the
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Fig. 7 Fabricated novel active-MMI BLDs. (a) Top
schematic, (b) top microscopic view, and (c)
layer structure.

active layer. MMI region was designed to have
a width of 10um and a length of 275um. Total
length of the fabricated devices was 550um
including saturable absorber section of 75um.
For the actual fabrication, MOVPE
(metal-organic vapor phase epitaxy) was used
for crystal growth, and then RIE (reactive ion
etching) was used for structuring waveguides.
To realize precisely designed MMI geometries,
i-line stepper was used for the lithography
technique.

The fabricated active-MMI BLDs were
mounted on AIN heat sinks as junction-up and
the temperature was set at 25°C wusing
thermo-electric cooler. Figure 8 shows the
power-current (P-I) characteristic 20 2V, As
can be seen in the figure, relatively low
operation current of 100mA, with relatively
wide hysteresis window of 8mA, compared to
the conventional scheme®, have been achieved
successfully. This might be due to the effect of
the large cross-gain saturation region between
Oth-order and 1st-order modes, as the saturable
absorber length was set to be only 75um length.
Moreover, high optical ON/OFF ratios of 17dB
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Fig. 8 P-I characteristics of the fabricated novel
active-MMI BLDs(@CW, 25°C).

Fig. 9 Near-field-pattern of the fabricated novel
active-MMI BLDs.
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Fig. 10 Bit-memory switching characteristic. The
operation current was 100mA, and the
wavelength of the injected light was
1.55um.

for Oth-order mode and 15dB for 1st-order mode
were confirmed for the fabricated novel
active-MMI BLDs.

We also investigated near-field-patterns of
the fabricated devices in ON state for the both
Oth-order and 1st-order modes. Figure 9 shows
the near-field-pattern of the actually
implemented novel active-MMI BLDs at an
injection current of 110mA. As can be seen in
the figure, Oth-order and 1st-order modes can be
recognized and distinguished clearly.

For the evaluation of the bit-memory
characteristics, the operation current of

100mA was injected to the fabricated devices,
and then CW light of 1550nm (TE mode) was
used as an injection light for the memory
operation. Figure 10 shows the bit-memory
switching characteristic of the fabricated novel
active-MMI BLDs. As can be seen in the figure,
the minimum switching power of only -9dBm
was achieved for the actual turning on the
bit-memory element. We hope that this novel
principle will contribute to realize highly
integrated optical bit-memory element for
RAM application in the future.

5. Summary

A novel principle of active-MMI BLD,
utilizing cross-gain saturation between the
Oth-order and 1st-order modes, has been
proposed and demonstrated. BPM simulation
results predict the large overlap portion of the
optical field profiles for cross-gain saturation
than that of the previously reported symmetric
active-MMI BLD. The demonstrated
performances of the device exhibit optical
bi-stability at 100mA operation current with
hysteresis window width of 8mA in relatively
short cavity of only 550um. Moreover, the
Oth-order and 1st-order modes were switched
with sufficiently high optical ON/OFF ratio of
more than 15dB. We hope that this novel
principle will contribute to realize highly
integrated optical bit-memory element for
RAM application in the future.
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