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SUMMARY  We studied various types of 2D and 3D Si-based
photonic crystal structures that are promising for future pho-
tonic integrated circuit application. With regurd to 2D SOT pho-
tonic crystal slabs, we confirmed the formation of a wide photonic
bandgap at optical communication wavelengths, and used struc-
tural tuning to realize efficient single-mode line-defect waveguides
operaling within the bandgap. As regards 3D photonic crystals,
we used a combination of lithography and the autocloning deposi-
tion method to realize complicated 3D structures. We used this
strategy to fabricate 3D full-gap photonic crystals and 3D/2D
hybrid photonic crystals.

key words: photonic crystal, photonic band gap, waveguide,
photonic IC, Si photonics

1. Introduction

Photonic crystals have various unique optical properties
(1], [2} and are thus considered promising candidates as
kev platforms for future ultra-small large-scale photonic
integrated circuits (PICs). It has been theoretically
predicted that various optical properties of photonic
crystals are advantageous as regards this goal.

The selection of component materials is very im-
portant if we are to realize PICs by using photonic crys-
tals. With conventional optoclectronic circuits (such as
[T1-V semiconductor PICs or silica planar lightwave cir-
cuits [3]), a relatively small refractive index difference
is normally used to reduce the scattering loss. and fine
index variation is essential to PIC design. This means
that Si is not a good choice for optoelectronic use be-
cause fine index modulation is difficult.

The situation is different with photonic-crystal-
based PICs, where a large index difference is essential
if we are to realize field confinement using photonic
bandgap (PBQG) effects. In this case, we design the cir-
cuits (e.g., waveguides, resonators) not by tuning the
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index variation, bul by tuning the delect structures in
photonic erystals. In such a situation, Si is an ideal
material despite the conventional belief that it is un-
suitable for optoelectronic use. Si offers several advau-
tages. We can employ state-of-the-art nano-fabrication
technologies for Si, there are various technologies for re-
alizing a combination of Si and SiOg, which is ideal for
obtaining a large index difference. and Si is compatible
with VLSI chips.

For these reasons. Si is a promising material with a
view to developing photonic crystal-based PICs. Next,
we consider the photonic crystal structure. There
are two possible ways to realize photonic-crystal-hased
PICs, namely through the use of 2D or 3D photonic
crystals (1D photonic crystals are almost useless for this
purpose). It might secem that simple 2D photonic crys-
tals are sufficient for constructing PICs because normal
circuits are 2D. However, we have to introduce a cer-
tain degree of sirong confinement in the third (vertical)
dimension in order to confine the light field effectively
inside the photonic crystals, and thus we have to design
3D structures.

One of simplest structures satisfying this require-
ment is the 2D photonic crystal slab structure shown
in Figs. 1{a), (b), which can be fabricated by current
lithographic techniques and is currently the most ex-
tensively studied. This photonic crystal slab is a thin,
high refractive-index semiconductor slab. which is pe-
riodically structured and sandwiched between cladding
Inyers (typically air [4] or exide [3]) with a low refrac-
tive index. Vertical confinement is realized by adopting
a large index contrast between the slab and cladding,.

Photonic crystal slabs already have most of the
functions expected of photonic crystal-based PICs, and
they are much easier to fabricate than 3D PICs. There-
fore, we believe that 2D photonic crystal slabs are cur-
rently the most promising structures with which to con-
struct photonic crystal 1Cs. It is also true, however.
that 3D photonic crystals will ultimately be the ideal.
3D photonic crystals are greatly superior to 2D crys-
tals espeeially when we require a very large Q-factor
for point defects or we are concerned with the control
of the light emission process.

Witly the above as the background, we are study-
ing several types of Si-based photonic crystal structurc.
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Fig.1 Schematics and SEN micrograph of 2D photouic erystal

slabs. (a) bulk. (b) line defect. (¢) SEN micrograph.

First one is a 2D silicon-on-insulator (SOI) photonic
crystal slab that we fabricated from high-quality SOl
substrates by using state-of-the-art Si nano-fabrication
techuology.  In addition, we are also studying 3D
Si/Si0 photonic crystals that are predicted to exhibit
a full PBG at optical communication wavelengths and
that can be fabricated by a fairly siimple process. Fur-
thermore, we combine these two technologies and fab-
ricate 3D/2D hybrid photonic crystals,

2. SOI Photonic Crystal Slab

Figure 1{c) shows an SEM micrograph of fabricated 2D
SOI photonic erystals, A hexagonal air-liole pattern
was formed in a high-quality SOI substrate by e-beam
lithography and ECR ion-stream etching [6]. [7]. With
regard to 2D photonic cryvstals, the most important is-
sue is determining the best way to confine the light in
the vertical direction. The Si layer thickness (0.2 gan)
is desigued to satisly the single-iode condition in the
vertical direetion,

Our structure is an SOI-type photonic erystal slab
with a 8i0s cladding layer underncath {8]. Although
air-bridge-type photonic cryvstal slabs with air cladding
for both the upper and lower layvers have been widely
studied [9]. our SOI photonie ervstal is miore suitable for
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Fig.2 (a) Transmission spectrum of the bulk SOI photonic

crystal slab with 1wo erystal-axis orientations (I'-K and [-M).
{b) Calculated photonic band diagram of the same SOl photonic
crystal slab. The lattice constant ¢ = 0.39 ym and the hole
diameter is 0.55a. A reciprocal space representation of the Inttice
is also shown.

device applications and easy to extend over a large-scale
area. But it has been theoretically pointed out that
asymmetric photonic erystal slabs such as the SOl-type
arc inefficient as regards possessing a PBG for either
polarization because the asymumetry leads to polariza-
tion mixing and this breaks up the PBG. We estimared
this coupling efleet for SOT photonic cryvstal slabs with
hexagonal air holes by using the 3D finite-difference
time-domain (FDTD) method. and found that the low-
est PBG for TE-like modes rejects the TE incident wave
with an extinetion ratio of more than 35dB [10].

Il we wish Lo construet photonic erystal-P1Cs.
we must first contirm whether appropriate PBCs are
formed al desired wavelengths. This is uol an easy ex-
periment because we have to couple light to a very thin
slab and measure the transmittance over a wide fre-
quency range. Thus, there have been very few exper-
imental results related to this important information.
We have directly measured the transmittance of 21> SO1
photonic crystals by using a single-mode tapered fiber
and a wide-band white light source. Figure 2 shows
transmittance spectra along two crvstal axes and the
corresponding photonic band diagran for TIS polariza-
tion. We obscrved a common PBG fromn 1.31 to 1.58 jun
for T-K and I-M orientations, which shows that a full
PBG is open in the 2D plane. The experimental result
agrees very well with the 3D FDTD calculation [11).

The observed PBG covers the entire wavelength
range currently used for optical communications. Thus.
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this result shows that SOI photonic erystal slabs can
be considered as possible platforms for PICs in this
wavelength range.

3. Photonic-Bandgap Waveguides
3.1 Design

The previous result showed (hat SOI photonic crystal
slabs have an effective PBG. We next introduce fune-
tional defeets operating within the PBG. In photonic
crystals with PBGs. a line defect can operale as a
tightly confined waveguide and a point defect can be
an ultra-small high-Q caviey {12]. In this study, we ex-
amine line defect wavegnides operating within PBGs.
Althongh there have heen several studies on line de-
fect waveguides [13]-[15], few have provided quantita-
tive measurements and discussion.

T'he operating principles of line defect waveguides
within PBG frequencies (PBG wavegnides) are very dif-
ferent from those of conventional dielectric waveguides.
PBCG waveguides have a large degrec of freedom with
regard o tuning such waveguiding characteristics as
mode dispersion. Therefore. PBG waveguide design is
very important.

When designing the waveguiding modes of line de-
feets in photonic erystal slabs, we have to consider two
issues: group velocity and light line. To realize efficient
PBG waveguides, it is desirable to have a single waveg-
uiding mode with sufficient group velocity under the
light line of the cladding within the PBG region. This
is hard to achieve for the normal single-missing-hole
line defect of an SOI photonic crystal slab. Therefore.
we have already proposed various ways of tuning the
geometrical structure of line defects so that the gniding
mode realizes the above characteristics.

In this study, we chose the simplest. tuning method.
namely control of the line defect width. We studied
the eflect of tuning the defect width with 2D caleunla-
Lions. For experimental studies, we have to perform
3D ealculations to design the strictural parameters of
the samples. So here we used the 3D FDTD method
to calculate the wavegniding characteristics of the line
defects. Note that 3D FDTD calculations yield inlor-
mation not only about true wavegniding modes but
also about quasi-waveguiding modes (i.e., leaky modes)
above the light line [16]. For example, we can calculate
the lifetime (propagation loss) ol leaky modes. We used
a periodic boundary condition in the propagation direc-
tion and a perfectly matched layer boundary condition
for other directions.

Figure 3 shows caleulated dispersion curves of nor-
mal single-missing-hole line defects and width-reduced
line defects. Here, we define the width of defect wy
as the spacing between the centers of holes nearest the
defect, and the widihh of normnal line defect wy as W
(=sqrt(3) a). The width wy in Fig. 3(h) is 0.7 W. Nor-
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Fig.3 CQalculated dispersion curves of line defects in photonic

crystal slabs caleulated by the 3D FDTD method: (a) normal
single-line defect. (wy = 1.0W) in S8OI hexagonal air-hole pho-
tonic crystal slab. Broken lines show hypothetical index-guided
and gap-guided modes that are the origin of the mode within the
PRBG. {b) width-reduced single-line defect (uy = 0.7W) in SO1
hexagonal air-hole photonie crystal slab. The pale shaded area
corresponds 1o the region inside the light cone of the cladding,
where modes become leaky. and the dark shaded area corresponds
to the region outside the PBG.

mal line defects have at least two modes (even and odd)
in the PBG. It is clearly seen that an even waveguid-
ing mode with the PBG for normal line defects has a
very small group velocity under the light line of the
cladding (the arca indicated by two vertical arrows).
This small group velocity leads to a small transmission
window and also means that this mode might prove
very susceptible to structural disorder. which must be
present in the real samples. We attribute the origin of
this small group velocity to the fact that strong anti-
crossing oceurs between the index-guided mode and the
gap-guided mode around this region (they are shown
by broken lines in the plot, and are the origin ol the
waveguiding mode in the PBG). Therefore, the posi-
tion and suwrength of this anticrossing can be signifi-
cantly changed by employing properly designed struc-
tural tuning [17].

By contrast. width-rednced line defects (wyg =
0.7 W) in the saie photonic crystal slab have a single
waveguiding mode with a sufficiently large group ve-
locity under the light line within the PBG. This leads
to a larger transmission window (the transmission win-
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Fig.4 SEM micrographs of width-controlled line defecis of 2D

SOI photonic crystal slabs. (a) normal width (w = 1.0W). (b)
reduced width (w = 0.70 \W).

dow is indicated by two vertical arrows determined from
the lower mode edge and the intersecting point of the
mode curve and the light line). The improvemoent seen
in this 3D calculation is basically consistent with the
2D calenlation. By using this 3D caleulation resnlt,
we determined the structural parameters of the width-
reduced line defects {The fabricated structure is shown
in Fig.2). In addition. this 3D calculation directly
shows that the waveguiding mode of width-reduced
wavegnides is truly single-mode even if we take leaky
modes above the light line into account. This feature
is very important for practical applications.

We fabricated a variety of width-controlled line de-
fects in SOT photonic crystal slabs [18]. as shown in
Fig. 4. The fabrication process is basically the same as
that described in Sect. 2.

3.2 Transmission Spectra of Line Defects

(a) Normal line defects

We measured the transmission spectra of line defeets
with the same tapered fiber set-up that we used for
bulk photonic crystal samples. The input light was di-
rectly coupled to the cleaved edge of the line defects.
and the output signal was collected from the output
port of 10-um-wide stripe waveguides. The measured
transmission spectrum is shown in Fig. 5(a}, which also
shows the transmission specirmm of the bulk smmple.
The result reveals that there was almost no sign of
meaningful transmission within the PBG for this line
defect. This is consistent with our expectations based
on the calculated dispersion curve.
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Fig. 5 Transmission spectra of line defeets: (a) normal siugle-
line defect. (wg = 1.0 W), (b)-(d) width-reduced single-line defect
{uq = 0.80, 0.75, 0.70W). The dark shaded area corresponds to
the region outside the PBG. and the pale shaded area corresponds
to the transmission window where guided modes exist.

(b) Width-reduced line defects

Next, woe examined width-redneed line defects. We pre-
parad o series of liue delects with wy values varying
from 0.65 to 0.85W. Figures 5(b), (¢). (d) show the
transinission spectra of widt h-reduced line defects when
wqg =0.80. 0.75, and 0.70 W. The effect of the struc-
tural tuning is clearly seen in this spectrum. As uy de-
creases, a transinission mode appears from the longer
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wavelength edge of the PBG and shifis to the shorter
wavelength region. The width of the transmission win-
dow is approximately 100um at wy = 0.7 W. When
we compare the result in Fig. 5 with the theoretically
caleulated dispersion curves in Fig. 4, the observed wy
dependence can be understood in terms of a mode with
a large group velocity entering the PBC region lrom
the lower band edge.

To examine this in more in detail, we plot the
transmission window as a [unction of wy between 0.G5
and 0.80W in Fig. 6. The w, dependence of an experi-
nmentally determined transmission window is fairly well
explained by the theoretical caleulation. This directly
shows that the expecied structural tuning is indeed re-
alized in the Tabricated line defect waveguides.

4. 3D Full Gap Photonic Crystal Fabrication

3D photonic crystals are much more difficult to ab-
ricate than 2D photonic erystals.  Purthermore, the
requirement for the realization of a full gap in 3D is
more severe than that in 2D. Thus, the reported meth-
ods for fabricating 3D photonic crystals with o full gap
are fairly complicated [19], [20], and simpler fabrication
wethods are needed. We have recontly proposed a new
structure. This structure can be fabricated by a sim-
ple process that is a combination of alternating-layer
deposition and two-step lithography [21].

Figure 7 shows the proposed structure and fab-
rication process, which is based on the autocloning
bias-sputtering method [22] and the dry etching pro-
cess.  Pirst, we fabricate 21 Si/Si0Os periodic struc-
tures by alternating-layer bias-sputtering deposition in
the autocloning mode. Then, we employ an additional
lithography-and-ctching process that provides vertical
air through-loles into the 2D periodic structuves, This
structure s geometrically equivalent to a diamond lat-
tice, which is known 1o possess a 3D full PBGT, and
our hand calculations using 3D plane-wave expansion
revealed that ont striueture has a fairly large full PBG
(approximately 12% of the center frequency).

The autocloning deposition method is powerful in

autocloning depo. lithography & etching

drilled air-hole (C)
|

Fig.7 TFabrication process (a) and schematic (b} of the pro-
posed 3D drilled alternating-layer photonic crystal structure.
SEM wicrograph of a fabricated sample {c).

that it is capable of fabricating 2D or 3D periodic strue-
tures by a rather simple process {one-step deposition
and one-step lithography). However, this alternating-
lnyer deposition does not lead to full PBG because of
tlie absence of connectivity in Lhe vertical direction.
The proposed Tabrication method consists of a one-step
deposiiion process and a two-step lithography process.
T'his approach is much simpler than other methods de-
veloped 1o fabricate 3D full PBG materials.

Recenily, we fabricated this type of photonie crys-
tal that is designed for optical communication wave-
lengths by using e-beam lithography and ECR ion-
stream dry ctching [23). Figure 7(h) shows the fab-
ricated structure. This is still a preliminary result but
this photograph shows that the proposed 3D geometri-
cal structure can really be fabricated. Recently, we have
characterized the optical transmittance of the crystal in
the x, y. and z directions, and observed common dips
it the transmittance spectra, suggesting Lhe formation

ol gaps.

5. 3D/2D Hybrid Photonic Crystals

Full gap photonic crystals are ideal but it is not casy
1o incorporate functional defects in them and thus re-
alize photonic crystal P1Cs. Therefore, we are also in-
vestignting 3D/21) hybrid photonic crystals as shown
in Fig. 8. which can be [abricated by a process similar
to that described in the previeus seciion [24]. In this
structure, P1Cs are formed in the 2D Si/air hexagonal
air-hole photonic crystal layer sandwiched between 3D
Si/Si0. photonic crystals. The photonic crystal itself
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Fig.8 Schematic of 3D/2D hybrid photonic crystals (a). SEM
micrograph of the fabricated structure (b).

is the same as the Si photonie erystal slab described in
Sect. 3. but here the cladding layers are 3D photonic
crystals.

As mentioned above, n PIC structure may be 2D,
and therefore we will need photonic erystals with a
larger PBG within the 2D plane. Si/air photonic crys-
tals have a large PBG within the 2D plane. 3D Si/SiO.
photonic crystals do not have a large PBG in the 2D
plane, but have a large PBC in the vertical direction.
We expeet this type of photonice erystal 1o be eflfective
for controlling the radiation loss or emission process in
a particular direction, which are difficnlt to accomplish
with 2D slab structures.

A combination of the lithography-and-etching pro-
cess and autocloning technology can cuable ns to fab-
ricate this complicated structure. First, we fabricate
3D photonic crystals using the autocloning technology.
Then, we fabricate periodic air holes on the top Si layer
of the 3D photonic erystals nsing the lithography-nnd-
etching process. Finally, we undertake additional an-
tocloning deposition on this periodically patterned 2D
surface. resulting in 3D Si/Si0z photonic erystals. An
important point is that the upper 3D photonic erystals
are identical 10 the lower ones becanse Lhe autocloned
surface shape does not depend on the depth of the ini-
tial corrugation. In addition, the air holes in the 2D
photonic crystals arve not buried during the final depo-
sition by using a certain deposition mocde.

We fabricaled 3D/2D hybrid photonic erystals us-
ing the above wethod. Figure 8 shows an SEM mi-
crograph of the fabricated structure. The fabricated
structure is almost the same as the schematic figure.

This result shows that a combination of anto-
cloning deposition and the lithography technique makes
it possible to [abricate rather complicated photonie
crystal structures. This technique may prove impor-
tant in terms of realizing future photonic LSls using
photonic crystals.

6. Conclusion
In snmmary, we have shown three types of photonic

crystals that are currently being investignted in our lab-
oratories. As regards SOI phiotonic crystal slabs, we are
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now able to fabricate various defect structures operat-
ing within the PBG frequency. The observed charac-
teristics agree well quantitatively with theoretical cal-
culations, and therefore the quantitative design of finc-
tional defect structures is now possible. The fabrication
of 3D photonic crvstals is still at a primitive stage. but
a combination of lithography and deposition methods
cnables us to fabricate various types of 3D structures
by a relatively simple process. The photonic crystal
structures investigated in this paper have various mer-
its and demerits and we believe that ultimately these
three (or more) types of photonic crystal are needed
to renlize photonie-crystal-based PICs, ud developed
fabrication technologies will he nsed to realize fitture
photonic 1.Sls.

\We thank S. Ishihara, 1. Tamamura. M. Morita.
and H. Morita for their support.
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