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1.   Introduction

In addition to the recent spread of fiber-to-the-
home services and the use of smartphones, the practi-
cal application of the Internet of Things (IoT) tech-
nology, in which everything is connected to the 
Internet, is expected to enrich society and provide a 
higher level of services. 

The optical network necessary to realize such a 
society requires circuits that enable various functions 
by processing light without converting it to electrons. 
These functions can be attained by using optical 
waveguides that pass light, as shown in Fig. 1. We can 
design various optical waveguides according to the 
required functions based on optical waveguide theo-
ry. These functions include switching the paths of 
light (optical switches), separating light into different 
colors, and bundling different colors into one (light 
filters). The waveguide functions are determined by 
the design, but the size of the waveguide and its opti-
cal properties are determined by the waveguide mate-
rial. 

The relationship between the minimum bending 
radius and the relative refractive index difference of 
optical waveguides is plotted in Fig. 2. The relative 
refractive index difference is the ratio of the differ-
ence in the refractive index between the core into 
which the light is guided and the cladding that covers 
the core. As the relative refractive index difference 
increases, the minimum bending radius is reduced. 
This means that optical devices can be made more 
compact when we use materials that have higher 
refractive indices as waveguides. In the electronic 
device field, miniaturization and high integration of 
transistors have lowered the unit price of transistors 
in line with Moore’s law, while simultaneously 
increasing their performance. However, in the optical 
device field, the simple downsizing of optical devices 
using materials with a high relative refractive index 
difference may not always lead to improved perfor-
mance because of their sensitivity to processing accu-
racy. There is generally a trade-off between the opti-
cal performance and the size of optical devices, and 
this trade-off prevents us from developing more 
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highly integrated optical devices.
NTT laboratories are working to overcome this 

trade-off by trying to integrate appropriate materials 
and the refractive index difference into one optical 
device according to the application. In this article, we 
report on the recent progress made in optical wave-
guide technologies that is helping to achieve extreme-
ly compact and highly integrated optical devices. We 

describe four waveguide technologies in detail: high-
performance silica-based planar lightwave circuit 
(PLC) technology, novel low loss silicon nitride 
(SiN) waveguide technology, plasmon waveguide 
technology that enables the fusion of electronic and 
optical devices, and three-dimensional optical via 
technology that enables the development of optical 
devices with the ultimate size.

Fig. 1.   Types of optical waveguides.
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Fig. 2.   Relationship between relative refractive index difference and minimum bending radius.
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*Plasmon waveguide is not defined by the relative refractive index difference.
 Here, it is plotted based on the minimum bending radius for convenience.
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2.   Progress in silica-based PLCs

Silica-based PLCs are optical circuits made of 
quartz glass, which is the same material as that used 
for optical fibers. Therefore, silica-based PLCs have 
excellent characteristics such as low-loss coupling 
with optical fibers and long-term reliability. Silica-
based PLCs can precisely control light-propagation 
characteristics because of their low relative refractive 
index difference. Consequently, they are suitable 
waveguide platforms to achieve high-performance 
optical filters such those for as arrayed waveguide 
gratings (AWGs) that split and combine optical sig-
nals of different wavelengths. 

Several kinds of silica-based PLCs with these 
advantageous features have been widely introduced 
into optical communication networks. Commercially 
available silica-based PLCs have a minimum bend 
radius of about 1 mm (a relative refractive index dif-
ference of 1.5%) at present, and the size of general 
AWGs is 20–30 mm. We have increased the precision 
of waveguide fabrication and developed integration 
techniques that considerably reduce the chip size 
while maintaining the excellent properties of PLCs. A 
micrograph and transmission spectra of a precisely 
fabricated AWG with an increased relative refractive 
index difference of 5% are shown in Fig. 3. We 
achieved an AWG main optical circuit only 1 mm2 in 
size, as well as a low excess loss of only 0.2 dB with 
this AWG, which is comparable to commercially 
available AWGs. 

3.   SiN waveguide

Silicon (Si) nanowire waveguides, whose refractive 
index difference between the core and clad (delta) is 
~40%, are useful for achieving ultra-small photonic-

integrated circuits (PICs). However, there are several 
unresolved issues in fabricating high-performance 
optical devices using Si-nanowire waveguides. One 
of the key issues is in fabrication-error tolerance. For 
example, tolerable fabrication error is on the order of 
angstroms in order to meet the telecom-grade perfor-
mance requirements of AWGs with Si-nanowire 
waveguides. This tolerance is not acceptable even if 
we use state-of-the-art fabrication technologies.

SiN waveguides, whose delta (~20%) is between 
those of Si and silica, are promising candidates to 
maintain high fabrication tolerance with the relatively 
high integration. In particular, SiN waveguides 
formed by low-temperature plasma-enhanced chemi-
cal vapor deposition (PECVD) have attracted atten-
tion because they enable monolithic integration with 
modulators and detectors without causing thermal 
degradation. However, the conventional SiN wave-
guides formed by PECVD have large absorption loss 
in wavelengths around 1500 nm. This absorption is 
caused by the N-H bond, which is formed in the film 
by incorporating hydrogen dissociated from the 
silane (SiH4) gas source of the PECVD. 

To overcome the issue, we developed a hydrogen-
free PECVD method by using a deuterated SiD4 gas 
source. The measured transmission spectrum of SiN 
waveguides (core size: 0.55 × 1.1 μm) formed by 
using the SiD4 gas source is shown in Fig. 4. The 
absorption peak at the wavelength around 1500 nm is 
much less than that of the conventional SiN wave-
guide formed by using SiH4 gas (red line). The 
propagation loss is 1.2 dB/cm, which is low enough 
to fabricate the PICs used in all telecommunications 
wavelengths. Note that Si, silica, and SiN waveguides 
can be monolithically integrated by forming spot-size 
converters using SiN waveguides. We are using this 
technology in attempts to fabricate high-performance 

Fig. 3.   Compact low-loss AWG.
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PICs with various types of waveguides on Si photon-
ics platforms.

4.   Plasmonic waveguide

Si photonic devices have been attracting a great 
deal of attention as a promising technical basis for 
photonics-electronics convergence because their 
material varieties and fabrication processes are simi-
lar to those for Si electronic devices. In terms of 
device size, Si-nanowire waveguides have a much 
smaller cross section compared with legacy silica 
waveguides. Namely, the dimensions of Si-nanowire 
waveguides are typically several hundred nanome-
ters, and they have 1/100 to 1/1000 the cross-section-
al area of the legacy waveguides. However, the chan-
nel size of Si transistors has recently reached several 
tens of nanometers. Thus, there is still a one order of 
magnitude difference in the Si structure. 

We have developed plasmonic waveguide technolo-
gies [1] to further reduce the size of photonic devices. 
A plasmonic waveguide utilizes surface plasmon-
polariton oscillation at metal-dielectric boundaries in 
order to obtain tight optical confinement within 
dimensions of several tens of nanometers. We can 
overcome the issue of the difference in size between 
photonics and electronics by using this waveguide as 
a base for optical devices. In addition, such tight opti-
cal confinement not only provides us with the advan-
tage of a reduced device size but also several other 
advantages that improve optical-device performance. 
For example, some modulators utilizing the electro-
optic effect have exhibited enhanced modulation 
efficiency as the electric-field intensity increases, 
which has led to reduced operational energy.

A scanning-electron micrograph of a cross section 

of a fabricated plasmonic waveguide is shown in 
Fig. 5(a). It has an aluminum (Al)/Si/Al structure, 
and the Si core size is 60 × 60 nm. The transmittance 
spectra of fabricated plasmonic waveguides with 
various lengths are shown in Fig. 5(b). We confirmed 
an optical propagation loss of 4 dB/μm at 1550 nm, 
and we think the propagation loss can be reduced to 
less than 1 dB/μm by improving the fabrication pro-
cess. Of course, this waveguide has higher loss com-
pared with Si waveguides. In the future, we intend to 
explore the best-mix configuration with conventional 
dielectric photonic waveguides with the aim of 
achieving ultra-small, low-power-consumption opto-
electronic systems for short-reach communications.

5.   Optical through-hole-via technology 
using mirrors

There are two ways of integrating high-density 
optical waveguide devices. One way is to reduce the 
bending radius of waveguides by using waveguides 
with a high relative refractive index difference. The 
other is to stack (pile up) the optical circuits. More-
over, when we stack the optical circuits, it also 
becomes easy to integrate optical circuits with differ-
ent functions that involve the use of different materi-
als. Of course, the circuits do not work as optical 
circuits if they are just stacked; it is necessary to 
couple them optically for each stacked layer. We call 
this configuration an optical through hole via (optical 
via), where the optical couplings function between 
different stacked optical layers. 

In particular, the path of propagating light in some 
layers is vertically changed toward other layers, and 
it is horizontally changed so that light propagates in 
the other layers when it reaches them with the optical 

Fig. 4.   Measured transmission spectrum of SiN waveguides.
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via function. The technique of vertical light path con-
version will become important when we can fabricate 
optical vias. 

We investigated how to achieve such light-path 
changes using mirrors at NTT Device Technology 

Laboratories. Mirror losses of fabricated eight-chan-
nel mirrors that indicate losses due to light-path 
changes are shown in Fig. 6. We confirmed low-loss 
light-path changes of less than 0.5 dB, which means 
the optical coupling loss between two layers was less 

Fig. 5.   Fabricated plasmonic waveguide and transmittance spectra.
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Fig. 6.   Mirror for optical via technology.
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than 1 dB. Therefore, our mirrors are promising for 
achieving low-loss optical via technology.

Reference

[1] H. Nishi, T. Tsuchizawa, M. Ono, M. Notomi, T. Yamamoto, and S. 
Matsuo, “Deep-subwavelength Si-core Plasmonic Waveguide Mono-
lithically Integrated with Si Photonic Waveguide,” Proc. of the Con-
ference on Lasers and Electro-Optics, FF1B.6, San Jose, CA, USA, 
June 2016.

Kei Watanabe 
Senior Research Engineer, NTT Device Tech-

nology Laboratories.
He received a B.E., M.E., and D.Eng. in physi-

cal electronics from Kobe University, Hyogo, in 
1998, 2000, and 2003. He joined NTT in 2004, 
where he conducted research on silica-based 
optical waveguides. From 2008 to 2009, he was a 
visiting researcher at Ghent University, Belgium, 
where he focused on uniting silicon photonics 
and silica-based optical waveguides. Since 2009, 
he has been developing indium-phosphide based 
high-speed Mach-Zehnder modulators. He is a 
member of the Japan Society of Applied Physics 
(JSAP), the Institute of Electronics, Information 
and Communication Engineers (IEICE), and the 
Institute of Electrical and Electronics Engineers 
(IEEE) Photonics Society.

Yu Kurata 
Research Engineer, NTT Device Technology 

Laboratories.
He received a B.S. and M.S. in applied chemis-

try from Tohoku University, Miyagi, in 2007 and 
2009. He joined NTT Photonics Laboratories in 
2009, where he has been researching silica-based 
PLCs for optical communication systems. He 
joined NTT Device Technology Laboratories in 
2014. He is a member of IEICE.

Tatsurou Hiraki 
Research Engineer, NTT Device Technology 

Laboratories.
He received a B.S. and M.S. in mechanical 

engineering from Tohoku University, Miyagi, in 
2009 and 2011. He joined NTT Microsystem 
Integration Laboratories in 2011, where he has 
been researching silicon photonics devices. He 
joined NTT Device Technology Laboratories in 
2014. He is a member of JSAP.

Hidetaka Nishi
Research Engineer, NTT Device Technology 

Laboratories.
He received a B.E. and M.E. in mechanical 

science and engineering in 2005 and 2007, and a 
D.Eng. in electronics and applied physics in 2016 
from Tokyo Institute of Technology. In 2007, he 
joined NTT laboratories, where he has been 
engaged in research on integrated silicon pho-
tonic devices. He serves concurrently as a 
research engineer of NTT Nanophotonics Center. 
He is a member of the Optical Society of Ameri-
ca and JSAP.


