Making Photonic Devices
Dramatically Larger in Scale and
Lower in Price

Overview

Shinji Matsuo, Senior Distinguished Researcher at NTT Device
Technology Laboratories, continues his challenging work on
achieving optoelectronic integrated circuits on silicon substrates
and making them into economical and low-power devices—key
issues in the worldwide information technology industry. He leads
a group dealing with a unique form of research, so we asked him
to give us some background on the inception of this groundbreak-
ing technology. We also asked him to describe remaining issues
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and to comment on his role as a researcher.
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laser on Si

Laser on Si: a long-standing challenge

—Dr. Matsuo, please tell us about your current
research efforts.

In Japan, mobile data traffic is predicted to grow by
about 1000 times the 2010 level by 2025. At datacen-
ters too, traffic volumes are growing at an amazing
rate. Facility investment is needed to deal with this
jump in traffic, but passing on this cost to customers
through usage fees must be prevented. The amount of
power used by datacenters is also a key issue. In the
United States, for example, it accounts for a substan-
tial percentage of all power consumed in the country.
In this regard, 70% of datacenter traffic is made up of
communications within the datacenter, so “‘economi-
cal” and “low-power” are becoming important key-

words when talking about short-range optical com-
munications in datacenters.

In photonic devices too—my field of research—
there is considerable activity in solving these prob-
lems in optical communications.

In the field of electronic devices such as silicon-
based complementary metal-oxide semiconductors
(CMOS), innovation in integration technology has
enabled the number of transistors in an integrated
circuit to increase by 1 million times over a 40-year
period in accordance with Moore’s law while mini-
mizing cost increases.

In the field of photonic devices, however, the modu-
larization of individual components such as lasers,
light-receiving elements, and isolators is still just a
concept. To achieve photonic devices with large-scale
integration and low cost on a level equivalent to that

NTT Technical Review



Front-line Researchers

Inter-chip, Datacenter Access Core/metro
1P " intra-chip Multicore
100T = Commercialized
technology
0T - Target
Q Digital coherent
% 4T L Photonic WDM technology
£ crystal laser VETERE
@
= ] DFB laser
o 100G
5 WDM
(2] i
g 10G - Surface-emitting
(7]
C
o
ok
o Waveguide
; laser
100 M & RN TDM
2 Waveguide laser
10 M 1 1 1 1 1 1 1

—_

cm 10cm 1m

DFB: distributed feedback
TDM: time division multiplexing
WDM: wavelength division multiplexing

10m 100 m
Distance

1km 10km 100 km 1000 km

Fig. 1. Expanded application of optical communications technology.

of electronic devices, we need to develop optoelec-
tronic integrated circuits on a silicon platform and
establish silicon photonics technology that can
increase integration density by 100-1000 times that
of current levels. To this end, we have been looking
into the use of compound semiconductors such as
indium phosphide (InP) and gallium arsenide (GaAs)
in the field of optoelectronic integration in a scheme
similar to the use of silicon. If this could be achieved
and if semiconductor lasers could be manufactured
by a mechanism similar to that of a silicon fab", the
cost per bit could be decreased by 1/1000 in 20 years
by what we could call an optical version of Moore’s
law (Figs. 1-3).

—Has this research progressed smoothly?

There are two main technical issues in achieving
laser on Si (silicon). These have presented a chal-
lenge to me ever since I entered NTT laboratories
about 30 years ago.

The first is lattice misalignment. The atomic size of
silicon (group IV in the periodic table) and that of
compound semiconductors such as InP and GaAs
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(group III-V) are different, so growing a compound
semiconductor directly on silicon is extremely diffi-
cult. To resolve this issue, we developed technology
for preparing silicon and a compound semiconductor
separately and then joining them directly at the
atomic level.

The other issue is different thermal expansion coef-
ficients. The temperature in the laser fabrication pro-
cess increases from room temperature to 600°C, but
the thermal expansion coefficients of silicon and InP
differ greatly. As a result, the different amount of
thermal expansion in those materials as the process
temperature changes can cause strain and stress to
occur, which can lead to defects in the crystal and a
significant drop in device characteristics. In light of
this, conventional semiconductor lasers have been
fabricated with a thickness of several micrometers.
However, by making use of membrane lateral injec-
tion fabrication technology developed in conjunction

*  Silicon fab: A plant for fabricating silicon CMOS circuits. Many
units of very expensive manufacturing equipment are needed to
fabricate ultra-fine CMOS devices, so having more than one com-
pany use the same plant instead of each company having its own
can significantly lower manufacturing costs.
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Fig. 2. Large-scale optoelectronic integrated circuits using “laser on Si” technology.
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Fig. 3. Cross section of LEAP laser.

with a LEAP (lambda-scale embedded active-region
photonic-crystal) laser that we successfully devel-
oped in 2013, we achieved a breakthrough in laser
membrane thickness, reducing it to about 1/10 that of
the conventional level.

I believe that this achievement was a direct result of
the world-class expertise of NTT laboratories in epi-
taxial growth technology and optical semiconductor
processing technology (Fig. 4).

—What issues lie ahead?

I would like to try fabricating an actual large-scale

photonic integrated circuit with lasers using a silicon
fab. Of course, the use of a silicon fab means that this
would not be something that NTT could accomplish
on its own, so we would need to do this together with
many other parties. To this end, we will promote dis-
cussions at international conferences that up to now
have not been directly related to lasers and actively
pursue joint research with outside parties. We will
also work to persuade industry leaders, university
professors, etc., to support the direction of our
research.

—This research has been attracting attention in many
countries. What has been the response?

I have had many opportunities to present my
research in the form of invited lectures in Europe, the
United States, China, and other countries to people
involved in similar research, so I feel that interest is
growing in our technology.

I have also noticed a growing interest from other
fields in our technology for fabricating lasers on sili-
con. The questions that I receive have likewise been
changing from general impressions such as “very
unique characteristics” to specific inquiries such as
“Can this really be used?” and “Can this be incorpo-
rated in the silicon fab mechanism?” I think this is
because of growing expectations for actual application
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Fig. 4. Core technology for achieving laser on Si.

and commercialization of this technology.

Thus, while I think that this is a great accomplish-
ment from a technical point of view, there are still
issues that need to be resolved in terms of reliability
and cost efficiency before we reach a practical stage.
This research is progressing steadily, but when con-
sidering the objectives to be attained, it is still in its
second stage.

“You evaluate yourself”’—surrounding yourself
with brilliant people and recognizing your
strong points

—In what sort of environment and from what mindset
did these epoch-making research achievements origi-
nate?

We have abundant human resources at NTT labora-
tories, with specialists in a variety of fields, and I
enjoy having the opportunity to chat with such bright
people over drinks whenever possible. Our discus-
sions at such sit-downs are lively, and new projects
may get off the ground with declarations such as, “If
that’s the case, let’s work together and give it a try!”
Senior Distinguished Researcher Masaya Notomi,
known for his research in photonic crystals, is one
such colleague.

In the actual research process, ideas may come to
such specialists in a variety of ways. Because such a
distinguished group of people have been purposely
brought together, it’s imperative that ways be found
for making the most of their amazing abilities in my
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research with the ultimate aim of producing results.

It was once said to me: ““You know best as to who
has the technology that we need.” On hearing that, I
suddenly realized one of my strong points—knowing
where to find certain technologies. I also keep in
mind that “you evaluate yourself,” and that I should
be careful not to be swayed by the judgments of oth-
ers.

This mindset actually began when I succeeded for
the first time in achieving laser oscillation on a silicon
substrate. I immediately tried to announce this tech-
nology in a post-deadline paper at the Optical Fiber
Communication Conference, but the paper was not
chosen. However, I persevered in announcing my
results in later papers and elsewhere, and I finally
began to receive some recognition. In other words,
the position, background, viewpoint, etc., of an evalu-
ator can influence the evaluation in question.

The same holds true for evaluations within the com-
pany. The staff of a company is not solely composed
of specialists, so it cannot be said that those evalua-
tions are always correct. For me, in all honesty, you
live or die by whether a device works or fails rather
than by the opinions of others. I take great pleasure in
research. By the way, to tell you something about my
personal life, I put a lot of effort in tending the garden
at home. Similar to research, flowers may not bloom
as expected, and weeds that spring up daily must be
constantly pulled. However, unlike research, results
in gardening can be obtained relatively quickly, and
most people will find the results of your time and
effort and care as something beautiful. This is why
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gardening is relaxing and enjoyable for me. In the
case of research, it’s not all praise; most feedback is
negative in nature.

—As an active researcher, what do you think is impor-
tant to produce results?

I believe that a change in perspective can be very
helpful. It is also important to have motivation and to
merge information.

In 1997, exactly ten years after entering NTT, I was
assigned to the NTT laboratory in Yokosuka, where |
was given the opportunity to work on optical com-
munications systems for about three years. This was
the first time that I had been involved in the develop-
ment of systems-related technology, since I had
researched only components and devices up to then.
However, I am still using the mindset and outlook that
I developed there in my current research. In addition,
just hearing about the situation in the United States
with regard to the need to reduce power consumption
in optical semiconductor devices—which is being
researched there in the form of government-support-
ed projects—has motivated me greatly in my work. In
particular, it has helped me to see the importance and
significance of this research.

T have been invited to a variety of international con-
ferences in recent years, and ideas sometimes come
to me from things that I hear at those events. At such
times, I promptly email my colleagues or young
researchers in Japan involved in photonic device
research. I am motivated not just by discussions with
specialists but by a variety of things including social
phenomena. I have a constant desire to create some-
thing new by combining such ideas with technology
that I am already knowledgeable about.

In a senior position, however, I must take on more
management activities, which limits the time that I
can allocate to real research. I therefore have the
responsibility to consider the extent to which I myself
should contribute to this research and how I should
navigate the researchers under me in the right direc-
tion.

Nevertheless, I think that it is very important for me
as an active researcher to be at the forefront of this
research. I would not be able to judge what is crucial
just listening to other people and not doing my own
research. If I were to lose my edge here, I would not,
in the end, be able to use my research time efficiently,
and I would not know how to merge all the informa-
tion I was taking in. However, being too absorbed in
my own research would prevent me from receiving

information from those around me or leave me with
no time for management tasks. Thus, it is important
that I strike a balance between what I should do
myself and what I should entrust to others.

Establishing one’s core is essential to
a researcher

—By the way, why do you continue to be an active
researcher?

In my younger days, I experienced what it felt like
to be completely absorbed in research. Some things
can only be understood after making many attempts
to solve a problem. This experience involved not only
work on intricate and critical problems but everyday
failures and mishaps as well. Looking back, I can
now laugh at this incident, but once when trying to
observe a wafer with a microscope, I accidently dam-
aged the wafer when adjusting the microscope’s
height. Even science textbooks in elementary school
describe the proper way of using a microscope. This
simple event demonstrates that sometimes there are
things that one should know how to do but can’t.
Doing even a simple task repeatedly can enhance
one’s power of judgment and enable one to better
understand cause-and-effect relationships or other
phenomena based on experience. I feel that the sense
of “this is just what is needed” is backed by experi-
ence and that one should first become adept at any
task you are called to do.

There has recently been talk about the need for
researchers to gain experience in other fields such as
business or sales to broaden their perspective. How-
ever, I would like to have researchers become totally
absorbed in their work for about ten years at first to
develop their core skills. I think that the number of
researchers without such core attributes have been
increasing in recent years. If there is no field in which
a researcher who has accumulated such a variety of
experiences can apply all of them, such experiences
have no meaning in the end.

—Dr. Matsuo, please leave us with a few words for all
of our young researchers.

When you first start out as a young researcher, fail-
ure is commonplace. But during that time, you will
unconsciously be gaining experience as to where to
back off and where to devote all your energy.

Research is indeterminate, unpredictable work, so
no one knows just what the results might be. Please
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take up the challenge that research presents with all
your heart! This also means doing work that you will
be responsible for above and beyond your duties as a
researcher and employee in an organization, although
it’s still okay to be practical about your work and
make time for yourself too.

In cooking, which is one of my hobbies, you usu-
ally don’t fail as long as you follow the recipe.
Research, however, is different; there are no set reci-
pes. Therefore, you, the researcher, must add your
own creative touch. Do not lose sight of your original
objective and path. Even after a string of failures, you
should list your daily achievements within that time
and enjoy your research to the fullest.
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