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This paper presents our recent results on the materials science and engineering
research that we are pursuing for what we call very large scale integrated (VLSI)
micro /nano-photonic circuit applications and optical printed circuit board (O-PCB)
applications. It discusses on the design and fabrication of optical waveguides
and photonic devices to be part of the micro/nano-photonic integration for VLSI
photonic integrated circuits of generic and application-specific nature. The optical
circuits consist of 2-dimensional planar arrays of micro/nano-optical wires, circuits
and devices to perform various functions. The integrated optical circuits are prim-
arily made of polymer and silicon materials. We present the use of organic-inorganic
hybrid materials for micro-scale optical waveguide fabrication and discuss various
attempts to vary the optical properties such as refractive indices, transmission
windows, losses, birefringence, dispersion, nonlinearity, thermal/mechanical stab-
ility, and related issues. These waveguides and devices are considered particularly
useful for O-PCB fabrication. We then present the use of silicon as a basic material
for VLSI photonic devices. We discuss their properties and advantages for nano-
scale functional waveguides and devices for VLSI photonics. We will look into the
use of silicon materials as the basis for the building blocks of VLSI photonics.
We will finally discuss the issues regarding how these building blocks can be put
together for integration for O-PCB and VLSI photonic chips.

Keywords Hybrid materials; optical circuit; photonic devices; VLSI photonics

Introduction

In recent years, we have proposed the concept of optical printed circuit board
(O-PCB) and the concept of very large scale integrated (VLSI) photonics as new
means of achieving micro/nano-scale integration of increasing number of photonic
building blocks such as nano-wires, photonic crystal devices, micro-ring devices,
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Figure 1. Schematic diagram of O-PCB and VLSI photonic chip.

plasmonic devices, and others. O-PCB consists of optical waveguides made of
polymer materials in arrays to interconnect and integrate micro/nano-scale photonic
circuits and devices on a planar board, either rigid or flexible. VLSI photonic circuits
consist of integrated nano-scale wires and devices in high densities [1-3]. Figure 1
shows the schematic diagrams of the O-PCB and the VLSI photonic chips.

Conceptually, the O-PCBs and VLSI-photonic integrated circuits (IC) process
optical signals through optical wires as opposed to the traditional E-PCBs and
VLSI-¢electronic ICs which process electrical signals through electrical wires. The VLSI
micro/nano-photonic integrated systems are to be compact, intelligent, high-speed,
light-weight, environmentally friendly, low-powered, and low-cost as applicable
for datacom, telecom, transportation, aero-space, avionics, bio/medical, sensor, and
environmental systems and are designed to integrate functional micro/nano-devices
and circuits of information technology (IT), bio-technology (BT) and nano-
technology (NT) for broad based applications and usages. The new optical circuits
are to consist of 2-dimensional planar arrays of micro/nano-optical wires, circuits
and devices to perform the functions of sensing, storing, transporting, processing,
switching, routing and distributing optical signals. The integrated optical components
include micro/nano-scale light sources, waveguides, detectors, switches, modulators,
sensors, directional couplers, multi-mode interference devices, wavelength filters,
micro-ring resonator devices, photonic crystal devices, plasmonic devices, and
quantum devices, made of polymer, silicon and other semiconductor materials.

We discuss some of the technological issues and challenges of achieving O-PCBs
and VLSI photonic circuits and present our recent progresses regarding the use of
polymer materials and silicon materials for O-PCB fabrication and VLSI photonic
circuit fabrication. In general, the issues should include those of miniaturization
and integration of micro/nano-scale photonic materials, devices, and circuits leading
to ultra-small and very large scale integration. They should include the compatibility
issues between micro/nano-devices such as materials mismatch, size mismatch, mode
mismatch, optical mismatch, mechanical/thermal mismatch and the nano-optical
effects such as micro-cavity effects, non-linear effects, and quantum optical effects
in nano-scale devices. In this paper, we will focus on the basic materials requirements
of the micro/nano-wires and devices to be used for O-PCB and VLSI photonics.
These include optical refractive indices, transmission windows, losses, birefringence,
dispersion, nonlinearity, thermal/mechanical stability, and others. Primarily,
polymer materials or the organic-inorganic hybrid materials have been used for
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O-PCB fabrication and silicon materials are used for VLSI photonic application. We
will present some examples of building block photonic devices such as polymer
waveguides, silicon waveguides, micro-ring devices, non-linear devices, and plasmo-
nic waveguides that have been designed and fabricated for integration on the O-PCB
and VLSI photonic chips.

Organic-Inorganic Hybrid Materials

Inorganic materials are widely used for modern integrated optics due to their excel-
lent thermal stability, chemical inertness, transparency and low birefringence [4-11].
However, these materials have the disadvantage of a high production cost compared
with other materials. On the other hand, polymeric materials contain hydrocarbon
units, which experience a large transmission loss in the near-infrared red region
due to the vibrational overtone absorption of the aliphatic chains [12-14]. In an
attempt to reduce the optical loss of these hydrocarbon polymers, deuterated or
halogenated polymers have been prepared. Various optical polymers have been com-
mercialized, but the high cost of producing these compounds limits their extensive
use in photonics [15-22]. In addition, polymeric materials experience a large volume
shrinkage induced by curing as well as internal stress during many fabrication
processes, resulting in an increase in the level of optical loss at key communication
wavelengths. In order to achieve material properties, superior to single organic or
inorganic components, various types of composite materials in which two different
phases with complementary physical properties are combined, have been introduced.
Recently, new types of organic-inorganic hybrid materials have been developed and
studied as waveguide materials [23-31]. Unlike classical approaches to produce
macroscopic composite materials simply by mixing inorganic materials with organic
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Figure 2. Change in the measured in-plane refractive index as a function of chemical composition.
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compounds, they are prepared by sol-gel processing. Using this method, an
organic-inorganic network-like structure is formed by crosslinking through a poly-
condensation reaction between inorganic precursors and organic compounds.

Recently we have synthesized a series of organic-inorganic hybrid materials by a
non-hydrolytic sol-gel reaction [31]. Adjusting the chemical composition of the mate-
rials allows the precise tailoring of the optical properties of the materials, such as
optical loss, birefringence, refractive index, and thermo-optic coefficient. In parti-
cular, the tunability of the refractive index allows the fabrication of the step-index
optical waveguide structure with well-defined and reproducible refractive index dif-
ferences to within 0.0001. This method avoids high volume shrinkage during further
treatment of the films and is therefore suitable for soft molding processes. Here we
prepared a series of organic-inorganic hybrid materials of titanium methacrylate
triisopropoxide or 3-(acryloxypropyl)trimethoxysilane and 4,4'-(hexafluoroisopropyl-
idene)diphenol and demonstrated the change of the measured refractive index as a
function of the chemical composition of the materials (Fig. 2).

Hybrid Materials for O-PCB Waveguide Fabrication
Imprinting

Hybrid materials are among the most promising candidates for use in photonics due
to their versatility, flexibility, light weight, low cost and ease of modification [23-31].
These materials are relatively easy to produce and suitable for the formation of a
large area. A series of optical waveguides using these organic-inorganic hybrid
materials can be fabricated by exploiting a soft lithography technique. Unlike con-
ventional lithography such as photoresist-based patterning, the soft lithography
technique is more effective for the fabrication of microstructures as they typically
can be carried out at a low cost without the need for large-scale facilities.

Imprinting by PDMS Mold

For the preparation of a multimode ridge waveguide, imprinting techniques or
embossing techniques were employed. Figure 3 shows a schematic representation
of the preparation of optical waveguide from organic-inorganic hybrid materials
by soft lithographic technique. In this process, the undercladding material with
low refractive index is first spin-coated onto the substrate and is then cured by
photo-polymerization. Then, the core material with slightly high refractive index is

Undercladding Embé% Core Uppercladding

Figure 3. Schematic representation of the preparation of optical waveguide from
organic-inorganic hybrid materials by soft lithographic technique.
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coated onto the undercladding layer and a polydimethylsiloxane (PDMS) mold is
pressed onto it. In our study, after removing the air between the mold and the film,
the PDMS mold and the films were exposed to ultraviolet (UV) light for
photo-polymerization. After removing the PDMS mold, the uppercladding material
which was the same as the undercladding material was coated both onto the core and
the undercladding, and a flat glass was again pressed onto them. After a UV
exposure and a heat-treatment of 150°C, a multimode optical waveguide was
successfully prepared. We found the surfaces of these hybrid films flat and smooth.
It was also found that these films contain no cracks and their thickness on the
substrate was uniform.

Silicon Mold for Imprinting

Waveguides can also be imprinted using silicon mold. Imprinting is done by utilizing
a patterned mold pressed into a resin for structure definition and it is emerging as a
fast low-cost and high-volume production. The imprinting is done by either thermal
or ultraviolet (UV) imprinting techniques using a silicon mold.

We fabricated silicon molds by wet chemical etching. First, a 1um-thick SiO,
layer was thermally grown on a silicon substrate and was patterned with photolith-
ography technique. The patterned silicon substrate was etched with a buffered oxide
etchant (BOE) solution to transfer the photoresist patterns to the SiO, layer. The
patterned silicon substrate was then immersed in a 15M KOH solution at 75°C to
get 50 um-high vertically etched rectangular structures and the remaining SiO, mask
film is removed. The silicon waveguide mold was then completed.

An anti-sticking layer on the silicon mold is essential to both UV and thermal
imprinting techniques. There are two conventional methods to form an anti-sticking
layer: Teflon-like film coating and self-assembled monolayer (SAM) coating. We
used SAM coating because the SAM coating can form a uniform anti-sticking layer
on the sidewall of the silicon mold. For the SAM coating the silicon mold is first
soaked in a diclorodimethylsilane (DDMS) based solution for 1 hour. Then, we
obtained a completed silicon mold coated with an anti-sticking layer.

Thermal Imprinting of Optical Wires with Silicon Mold

We fabricated an array of twelve channel embedded waveguides by thermal imprint-
ing technique. For thermal imprinting we used polymethylmethacrylate (PMMA)
sheet of 400 micron thickness as cladding material. The refractive index of the
PMMA sheet is 1.49 at 850nm wavelength. First, we molded the PMMA
under-cladding layer by using the silicon mold. We thermally heated it to 170°C,
and pressed it at 20 bar for 2min. The UV curable polymer having an index of
1.51 was dropped on the molded under-cladding layer and was covered with a trans-
parent glass wafer. This optical layer was then pressed at 10 bar and was irradiated
by a UV source. After the glass wafer was detached, another UV-curable polymer
layer with the index of 1.45 at 850 nm wavelength was coated on the replicated
waveguide array as an upper-cladding layer. The cross-sectional dimension of the
fabricated waveguide arrays was 50 microns in width, 50 microns in height, and
7cm in length. The waveguides were formed at a pitch of 250 microns to match
the size of the ribbon fiber cable.
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Figure 4. Cross-sectional views of fabricated optical waveguides (a) by hot imprinting
technique and (b) by UV imprinting technique.

UV Imprinting of Optical Wires with Silicon Mold

First, we dropped a UV-curable polymer of refractive index of 1.450 at 850 nm wave-
length on a glass substrate. The under-cladding layer was imprinted with a silicon
mold and was irradiated with UV at 7 bar pressure for 2min. Another UV curable
polymer with refractive index of 1.470 at 850 nm wavelength was dropped over the
embossed under-cladding layer and was covered with upper-cladding polymer layer.
This entire optical layer was the pressed at 7 bar, and was irradiated with a UV source.

Silicon Materials for Micro/Nano-Photonic Devices
Silicon Device Fabrication

One of the advantages of using silicon for photonic devices is the fact that silicon is
basically transparent at the optical communication wavelength. Another advantage
of using silicon for photonic devices is that silicon has a high refractive index at these
wavelengths, which can allow high confinement effect of the lightwaves.

Silicon optical devices are fabricated on silicon-on-insulator (SOI) wafers. SOI
wafers have a thin crystalline top silicon layer which is separated from the underlying
silicon wafer by an intermediate thin layer of oxide formed in-between. Especially on
SOI, silicon-based nano-scale photonic devices can benefit much from the high
refractive index contrast between the silicon and the SiO, (3.48 — 1.46 at 1.55um
wavelength). SOI-based photonic devices therefore have much room to be miniatur-
ized to small devices due to the high refractive index contrast and high light confine-
ment effect. The optical mode of the silicon waveguide, when surrounded by air or
SiO,. can be confined to subwavelength dimension, typically several hundred nan-
ometers width and height. This not only provides a way to achieve very high density
optical wiring on VLSI photonic chips but also offers feasible solutions to achieve
integration of photonic devices and electronic devices in a manner that is compatible
with the conventional silicon manufacturing process.

The overall fabrication process of the silicon nano-photonic devices is compatible
with that of the 0.18 um complementary metal-oxide semiconductor (CMOS) process.
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However, some devices require a tighter critical dimension (CD) control below
100nm scale and such devices include the inverse taper structure, fine pitch
one-dimensional (1-D) photonic crystal for Bragg reflector, and two-dimensional
(2-D) photonic crystals used as a cavity structure [32-35]. These structures need a spe-
cial care when the optical lithography process is used for pattern definition. Electron
beam lithography can create sub-10 nm scale features and, therefore, it is an ideal tool
for nano-scale patterning in spite of its slow writing speed. In the case of the dry
etching process, it is also important to control the sidewall roughness of the etched
patterns so as to minimize scattering loss of the waveguide device. The etched profile
and roughness of the structure is a complex result from the mask material, mask
sidewall roughness, etching gas mixture, chemistry, and pattern design itself. The
post-etch treatment such as thermal oxidation, wet etching, and plasma treatment
can be used to reduce the sidewall roughness. However, these processes consume
some amount of silicon layer which might affect the device performance.

In our study we used Electron Beam Lithography (EBL) and the Nano-Imprint
Lithography (NIC) techniques for the fabrication of the silicon waveguides and
devices. In the EBL process, we prepared a SOI wafer and coated the 350 nm
electron-beam (EB) resist of polymethylmethacrylate (PMMA) on a silicon wafer
and patterned it using EBL at an acceleration voltage of 100 KeV. We etched
the patterned silicon wafer using inductive coupled plasma reactive ion etcher
(ICP-RIE). The SF¢, Ar and Cl, mixture etching gas was used for achieving the
vertical etched sidewall slope. The etching time was 2min and after etching we
cleaned the residual EB resist using O, asher. We could obtain high resolution silicon
optical waveguides. As the propagation loss of a single mode in a highly confined
silicon waveguide depends greatly on the surface roughness, the surface roughness
should be minimized as much as possible during the process of fabrication. Further,
in order to increase the integration density of silicon optical wires and devices,
special attention has to be paid to the control of the roughness of the etched surfaces
of the silicon.

Compared to EBL and deep ultraviolet Lithography (DUVL) techniques, NIL
utilizes a patterned template that is pressed into a resist for structure definition,
and it is emerging as a fast low-cost and high-volume production method [36-42].
Normally in the ultraviolet nanoimprint lithography (UV-NIL) a UV-transparent
mold is used when the substrate is opaque like silicon. Especially in our study we
proposed the use of ultraviolet (UV) transparent polymer molds for UV-
nanoimprint lithography (UV-NIL) for nano-photonic devices and circuits. The
advantages of the UV-transparent polymer mold are to allow their use for opaque
substrates like silicon and to reduce the residual layer. The absence of a high pressure
results in a near-zero residual layer, which is a significant advantage.

In the NIL process using polymer mold, we fabricated the silicon master using
EBL as described above. In the NIL process one of the most important factors is to
smoothly detach the mold from the replica. As silicon is sticky to polymer materials,
a treatment is needed to prevent the sticking problem during the polymer mold
replication. We thus coated an anti-adhesion layer of dimethyldichlorosilane
(DDMS) on the surface of the silicon master using self assembled monolayer
(SAM). The polymer mold is then easily detached from the silicon master. We
dropped the UV resin on a glass substrate and imprint it with the silicon master.
Here, we used a low viscosity UV curable resin for nano-scale pattering. It was
pressed at 20 bar and was exposed to UV radiation for 15 seconds.
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Figure 5. SEM images of the micro-ring resonator made of (a) silicon and (b) polymer on
SOI wafer.

Using this mold we were able to pattern the resist on the SOI wafer and fabricate
photonic devices by silicon dry-etching. We spin-coated the UV resin on the SOI
wafer and imprinted it with the polymer mold. The thickness of the UV resin was
about 2um. It was exposed to UV radiation for 15 seconds at a pressure of
50 bar. We obtained the residual thickness less than 5nm. Since the residual layer
makes it difficult to obtain the vertical etched sidewall we removed the residual layer
using O, asher for 1 min. We obtained the resist pattern on SOI wafer with zero
residual layer and etched it to get the silicon photonic device patterns by the
ICP-RIE technique. For practical application, we also fabricated nanowire ring
resonators. Figure 5 shows the scanning electron microscope (SEM) images of the
nanowire ring resonator. The dimension of the silicon nanowire is 300 nm wide
and 200 nm high. The radius of the ring resonator is about 5 um and the separation
distance between two nanowires is 100 nm.

Silicon Nonlinear Nano-Photonic Devices with Polymer Clad

In recent years, as mentioned above, silicon materials have been studied by many
research groups for potential application to nonlinear nanophotonic devices because
of high refractive index properties of the silicon [43-47]. Large refractive index differ-
ence between the core silicon and SiO» or polymer material clad, as mentioned above,
allows very small cross-sectional size of the single-mode silicon waveguides in a
submicron scale and a tight optical confinement to enhance the nonlinear optical
properties. With these positive properties of the silicon waveguide the length of the
nonlinear functional silicon devices can be made very short in an order of millimeter
scale. However, there have been several reports that the phase matching condition
between a pump beam and nonlinear effect-induced optical beams is very important
for efficient four-wave-mixing (FWM) based nonlinear optical devices [48-50]. Foster
et al. have reported that anomalous group-velocity dispersion (GVD) condition of the
pump beam wavelength is required in the silicon core waveguides to achieve the phase
matching condition between the pump and FWM-generated signals [43].

We have performed numerically analysis for the tailored anomalous GVD con-
dition of the silicon waveguides with a polymer clad on SOI wafer. We consider the
silicon strip waveguides formed on a SiO, layer of the SOI wafer with an over-coated
polymer clad which are relatively easy schemes for device fabrication as well as
dispersion control compared to the buried silicon core in its SiO, layer as reported
in the previous studies by Turner et al. [51]. and Yin et al. [52]. Figure 6 shows
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Figure 6. A silicon waveguide scheme with a polymer cladding.

the strip-channel-type silicon waveguide scheme with a polymer clad considered for our
numerical analysis. A proper choice of the polymer clad material allows the control of
the chromatic dispersion properties of the silicon waveguides formed on a SiO, layer. A
commercial finite element method software is used to find the wave propagation con-
stant f along the silicon waveguides for a given waveguide structure at a specific wave-
length, and then to calculate the effective index of refractions n.y for the silicon
waveguides from ne= ff/k. k=2n/1 is the free-space wave propagation constant for
the wavelength A. Then, the GVD of the waveguide D can be obtained from

B édzneff
¢ di?

(1)

Numerically calculated results on the GVD of the silicon waveguide with a
PMMA polymer cladding for the wavelength of 1550 nm are shown in Figure 7.
Figure 7(a) and (b) show the calculated GVDs for various waveguide widths at a
fixed waveguide height of 300nm and for various waveguide heights at a fixed
waveguide width of 400 nm, respectively. In this numerical analysis, the Sellmeier
formulae and coefficients for the silicon, SiO, and PMMA taken from references
[48,51,52], are used. The GVD values of the waveguides become anomalous as the
waveguide width becomes greater than 350 nm for the fixed waveguide height of
300 nm or as the waveguide height becomes higher than 250 nm at the fixed wave-
guide width of 400 nm. In this calculation the PMMA polymer cladding case was
considered. In order to have high nonlinear property of the silicon waveguide, its
waveguide size should be as small as possible, but should not be too small to guaran-
tee a low optical loss of light beam propagation.

Optical Characterization of Waveguides and Materials

An optical low coherence reflectometer was developed for measuring the propa-
gation loss and any internal defects of the optical wire embedded in an O-PCB
and its schematic diagram is shown in Figure 8. The balanced detection scheme
was used to increase the signal-to-noise ratio of the measuring system [53,54]. By
changing the optical path length of the reference arm and using a low-coherence light
source, the reference beam can be selectively interfered with a signal beam reflected
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Figure 7. Numerically calculated chromatic dispersion of the silicon waveguide with a
polymer cladding (a) for various waveguide widths at a fixed waveguide height of 300 nm
and (b) for various waveguide heights at a fixed waveguide width of 400 nm.
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Figure 8. Schematic diagram of an optical low coherence reflectometer for measuring the
propagation loss and any internal defects of the optical wire embedded in an O-PCB.
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Figure 9. The variation of the interference signal according to movement of the mirror placed
at the reference arm.

from any internal cross-section of the optical wire. The optical path length of the ref-
erence beam was controlled by moving the mirror mounted on motorized translator.

A short waveguide coupled to the end of an optical fiber was measured with the
reflectometer, and the measured interferogram is shown in Figure 9. The locations of
the input and output ends of the optical wire can be found from two interference
peaks in the figure. In addition, the propagation loss of the optical wire can be
estimated from the intensity ratio of the same interference peaks.

Interconnection and Integration

Integration in photonics is one of the most important issues for achieving VLSI
photonic circuits. For integration and interconnection, various issues such as mode
mismatch, size mismatch and index mismatch should be considered. Further, in
nano-scale photonic interconnection, issues such as non-linear effects must be taken
into account. Generally the non-linear parameters are inversely proportional to
the effective cross-section of the optical waveguides [55]. Hence, the non-linear
parameters such as self phase modulation and cross phase modulation, parametric
gain in four wave mixing, and effective Raman gain in simulated Raman scattering,
are taken into consideration for the nanophotonic interconnection and integration.

We investigated the issues of the integration between, for example, a silicon
waveguide and a surface plasmon polaritons (SPP) waveguide. The SPP waveguide
is a promising candidate to achieve nano-scale photonic integrated circuits because
the modal size of the SPP can be reduced much below the wavelength [56-58]. How-
ever, the large propagation loss in the SPP waveguide may limit the use of SPP
waveguide for long range signal transmission. Hence, integration between a SPP
waveguide and a silicon waveguide can become a solution to circumvent the problem
of the propagation loss of the SPP waveguide. We investigated on the issues of inte-
grating a SPP waveguide and a silicon waveguide in terms of optical impedance
matching and polarization matching. A guided wave coupler was used for achieving
the optical impedance matching and polarization matching in the integration of these
waveguides [59]. These results will be presented in future publications.
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