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1. Introduction

The prime focus of this chapter is a hollow optical waveguide for integrated optics. Starting
with a review of various novel hollow waveguide structures, physics and technology of
tunable hollow waveguide have been presented with theory and experiments. With the
flexible structure of hollow waveguide, a number of tunable optical functions can be
realized; some of them are presented in the chapter. After giving a brief review on various
hollow waveguides, we describe the basic structure and propagation characteristics of the
tunable hollow waveguide. The possibility of two-dimensional (2D) confinement with a 3D
hollow waveguide has been discussed. A widely tunable Bragg reflector based on hollow
waveguide is then presented and the possibility of on-chip polarization control using 3D
hollow waveguide has been discussed which is followed by the description of a novel
tapered 3D hollow waveguide Bragg reflector for an adjustable compensation of
polarization mode dispersion (PMD). The chapter closes with a discussion on future
prospects of using tunable hollow waveguide in reconfigurable integrated photonic circuits
and in other applications. The integration Technology for widely tunable hollow waveguide
devices has been introduced and a novel hollow waveguide with vertical and lateral
periodicity has then been shown with a high index contrast grating which can add extra
design flexibility to control the polarizations and can be more fabrication tolerant.

2. Novel hollow waveguides

Guiding light in lower refractive index media has been interesting for many applications.
The novel concepts for guiding light in a waveguide of a core of refractive index lower than
that of cladding were proposed in form of Bragg fibers [1], Omni waveguides [2], and
antiresonant reflecting optical waveguide (ARROW) [3]. Usually, optical guiding is
accomplished by confining light to a region with high refractive index surrounded by
cladding material with lower refractive index. Hollow waveguide with an air core offer the
potential to minimize the dependence of light transmission on air core transparency, thus
various hollow waveguide structures such as photonic band-gap fibers have been studied
extensively as shown in Fig. 1.

The index of air is lower than those of typical solid cladding materials, thus it is impossible
to confine light due to total internal reflections in hollow waveguide structures. Until now,

various ways [4-10] to achieve low index guiding have been proposed and demonstrated,
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which include Bragg waveguides (Photonic band-gap waveguide), metallic waveguides,
ARROW, and slot waveguide. Recently, silica hollow core photonic band-gap fiber with a
minimum attenuation of 1.72 dB/km has been reported [9]. These hollow core waveguides
have a lot of advantages including low nonlinearity, low optical damage threshold and
strong optical confinement. Thus, there are various applications such as high power
lasers/optical guiding, precise micromachining and gas/liquid sensing as shown in Fig. 2
[11-13].
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Fig. 1. Various air-core guiding structures [1-3].

Another advantage of hollow core waveguides is temperature insensitivity [7, 14-16]. For
many applications in optical fiber communications and sensing, the sensitivity of the phase
delay of optical guided mode to temperature is critical and it would be advantageous to
decrease this sensitivity. In hollow waveguides, the guided mode is almost entirely confined
to the air core region, whereas in a conventional waveguide it is entirely contained in solid
materials. Since the temperature dependence of refractive index of air is smaller than that of
solid material, the phase delay in hollow waveguides will have much smaller temperature
dependence than that in conventional waveguides. In addition, a combination of vertical
and lateral periodicities as top and bottom mirrors in hollow waveguide can reduce its
polarization dependence [17] and thereby can make it more useful. Also, ultra low-loss
hollow waveguide can be realized by using high index contrast grating [18] as top and
bottom mirrors with periodicity being in the direction of propagation [19].
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Features Application
Low nonlinearity "High power pulse laser
[lLow optical damage threshold "High power guiding
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ITunable optical devices
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Fig. 2. Application of air-guiding waveguides [11-13].

3. Tunable hollow waveguide

3.1 Tunable and high confinement hollow structure

It has been difficult to utilize the conventional tuning schemes such as thermo-optic or
electro-optic effects in hollow waveguides with an air core. Thus, applications to tunable
optical devices were hardly discussed at all. In 2001, a novel tunable hollow waveguide
structure with variable air core for tunable optical device applications was proposed by T.
Miura and F. Koyama [7]. The combination of both hollow waveguides and MEMS actuators
enable us to add the tuning functions to hollow waveguides. In tunable hollow waveguides,
the light is guided in an air gap between the two multilayer mirrors. Multilayer mirrors with
MEMS actuator driven by electrostatic force or thermal bimorph stress bring dynamic
mechanical displacement of an air core. The propagation characteristics of hollow
waveguide are strongly dependent on air-core dimension, thus one can achieve wide tuning
operation of optical properties by air-core dimension control. One-dimensional (1D) and
two-dimensional (2D) confinements have been proposed and demonstrated with tunable
hollow waveguide structures based on this concept as shown in Fig. 3 [20-23]. In 1D
confinement hollow waveguides, vertical confinement of light is achieved by Bragg
reflections due to multilayer cladding. To obtain horizontal optical (2D) confinement in 3D
hollow waveguides, we use total internal reflections due to effective refractive index

1D waveguide 2D waveguide 2D waveguide
Displacement -1- -2-

1 Bragg reflection I Bragg reflection I Bragg reflection
<« Effective index <— Bragg reflection

Fig. 3. Tunable Hollow optical waveguide structures [38]-[40].
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differences generated by the air-gap steps or Bragg reflections due to periodic cladding
structures just like vertical confinement. Tunable hollow waveguide structures are suitable
for the temperature insensitive and widely tunable optical devices.

3.2 Propagation characteristics of tunable hollow waveguide

For the simplicity of the consideration, we assume the hollow waveguide composed of
metal cladding. Metal-coated hollow waveguide is widely used in microwave or mili-wave
frequency region. If the propagation loss of metal-coated 3D hollow waveguide is in an
acceptable level, it can be used in our hollow waveguide devices. We investigate the
propagation characteristics of metal coated 3D hollow waveguide in optical frequency
region [24].

A

L%
>

b
Fig. 4. Assumed 3D hollow waveguide model for analysis.
Assumed 3D hollow waveguide model for analysis is shown in Fig. 4. We have to derive the
power flowing in the 3D hollow waveguide for determination of an attenuation factor. The

flowing power ®, which can be obtained by integrating the Poynting vector over transverse
waveguide area of xy-plane, is expressed by

@:%-Re“j‘[ExH*]zdxdyJ (1)

0 0

where [E x H], is the z-component of [E x H*]. We focus on TE;p mode that is expected as
the mode of the lowest propagation loss. The power flow of TE;o mode can be expressed by

1 [2a A
D, :ZU(TJW/I_Z'WZ)'H(f )

where wave impedance: 1 = (p/€) /2 and E, = 0 is used.

The main factor of the propagation loss of a metallic hollow waveguide is ohmic loss in a
metallic wall. If the electric conductivity is finite value, the electromagnetic wave penetrates
into the inside of the metallic wall. The depth of this penetration, called skin depth, is
expressed by
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5 1 [ 2 .

where f and 6 is frequency and electric conductivity of metal, respectively.
Then faradic current is caused by the penetrate electromagnetic wave as shown in Fig. 5.
Assuming magnetic field to be Hy, the surface current density can be expressed by

i,=H, [A/m]. (4)
It is thought that the surface current is flowing uniformly in the penetrate depth of o.

Therefore the ohmic loss for the unit area is expressed by

1 1
p=ti’R =L ™ (o (5)
2 2 o

where R is surface resistance,

R == ™ iw/ma. ©)
0-o0 o

The total ohmic loss P can be obtained by sum of the ohmic loss p along all surrounding
metallic wall for the unit length. Therefore the attenuation factor for the power flow can be
expressed by

P
a, = — [Neper/m]. (7)
)]
The attenuation factor for the electric or magnetic field flow is also expressed by

a=L-L ®
2 20

We derive the ohmic loss in surrounding metallic wall for TE10 mode.
The all of the surrounding ohmic loss for TE;o mode is given by the sum of pi, p> and p3. p1
is the ohmic loss at the surface of y = 0, b resulting from the faradic current i, which is
caused by H, at the surface of metallic wall. p> is the ohmic loss at the surface of x =0, a
resulting from the faradic current iy, which is caused by H; at the surface of metallic wall. ps
is the ohmic loss at the surface of y = 0, b originated from the faradic current i,, which is
caused by Hy at the surface of metallic wall. Each component of magnetic field can be
obtained by solving Maxwell’s equations as shown in [24].

. a . X .
H =j—-pB, 'Hosm( J-exp (‘]ﬂmz)
VA a
H =0 9

H . =H,- cos(ﬂj -exp (—jByz)
a
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where o1 is the propagation constant of TEq; mode.

Bo=k 1—(%] (10)

£ 1\

Surface current

Fig. 5. Surface current caused by the penetration of electromagnetic waves.

The ohmic loss p1, p2 and p3 can be expressed by

L. 2 1. 2 1
P = I|:E I, =0 Rs+5lx —b RS:PX ——RYHOCI
1. 2 1. 2 )
2= 1|kl Rt gl Rojdy = HoRb (11)
0
1., P, Il P a’ oo
p3 - .‘([|:E‘lz|y=0 Rs+ Elz y=b R9:|dx - 272_2 ﬂ()] HO Rs

Therefore the total ohmic loss is expressed by

1 a3 2
PTE]O :p1+p2+p3:ERSHO|:a+2b+?ﬂOI :| (12)
The attenuation factor for power flow can be described as

3
a
2Rs{a + 2b + 72-2ﬂ102}
TE

apTEm - (I) N 2 2
TE o 2a A
nab 1-|{ —
A 2a

(13)

We can estimate the propagation loss of metallic hollow waveguide for the optical
frequency region using eq. (13). The propagation loss for 20 x 20 pm hollow waveguide is as
large as about 95 dB/cm at a wavelength of 1550 nm with gold walls. Even if the waveguide
width is set to 100 pm, the propagation loss of about 19 dB/cm is expected. This
propagation loss is too large to use in the optical devices.

The propagation constant of the light guided in the waveguide, shown in Fig. 6 can be
expressed both for TE and TM mode as

o BT

www.intechopen.com



Tunable Hollow Optical Waveguide and Its Applications 349

/\l AD
Plp2f =3

Core thickness change

Fig. 6. Conceptual diagram of propagation constant tuning.

where m and n are mode number, k is wave vector in vacuum. This equation can be derived
from Maxwell’s equation [24]. We are now focusing on the case of the slab hollow
waveguide; the width of the waveguide D becomes infinite. Therefore the propagation
constant is independent of the mode number of n, since the light cannot form the mode for
lateral direction. The propagation constant can be expressed as

ma)’
=kall-| — 15
“ (20) (1)
We rewrite this equation for a fundamental mode as
A jz
=k,4[1- 16
By = ( D (16)

Waveguide
Depth: D

Waveguide P
Width: W Wer
Fig. 7. Assumed model for analysis of propagation characteristics of hollow waveguide.

This equation shows the dependence of propagation constant of the guided fundamental
mode on the air core thickness of the waveguide. From this equation, we can say that the
propagation constant will be larger for larger values of waveguide thicknesses; the
propagation constant is very sensitive to any change in the core thickness for the narrower
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cores. The propagation constant in the hollow waveguide is smaller than that in free space,
in other words, the effective refractive index becomes smaller than unity. It is to be noted
that the phase velocity of the guided mode seems faster than that of the free space.
However the propagated mode doesn’t propagate faster than the light propagated in free
space. The group velocity of the guided mode remains slower than that in the free space.

10
S
< 1 D1=3um,~
=
@
=
£ 0.1
é Di1=5pm
0.01 Di=10um ~Di=20um A =1.55um
0.1 1 10 100

Displacement AD (um)
Fig. 8. Calculated effective refractive index change with the displacement of core thickness.

The calculated the effective refractive index change, namely change in propagation constant,
is shown in Fig. 8. The effective refractive index change is plotted as a function of the
displacement of the core thickness, when the core thickness changes from “initial thickness”
to “initial thickness - AD” for the different initial thickness of 5, 10, 15 and 20 pm. The
effective refractive index change diverges, when the displacement of the core thickness
approaches to the initial core thickness. This can be understood from eq. (16). From Fig. 8,
we can see that the effective refractive index change of few % can be expected. For example,
when the core thickness is decreased from 5 pm to 3 pm, the effective refractive index
change becomes as large as 2.2 %. It is difficult to achieve such a large number in
conventional dielectric waveguides. This graph also shows that the change in effective
refractive index becomes large as the range of the core thickness deviation becomes small.
Therefore a narrow core hollow waveguide can effectively provide larger tuning.

4. Tunable 3D hollow waveguide

Hollow waveguides offer various interesting features including high power transmission,
temperature insensitivity, low nonlinearity and strong optical confinement in comparison
with conventional waveguides consisting of solid materials. In addition, waveguide type
devices provide us the advantages in terms of miniaturization and integration of optical
components and modules. These characteristics are very suitable for optical communication
and sensing applications. Especially, the requirements of temperature insensitivity and wide
tunability in optical components will become important along with the progress in future
photonic networks. Our group has demonstrated a number of tunable optical devices based
on slab hollow waveguides [25-27]. As shown in Fig. 3, the lack of lateral confinement in
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slab hollow waveguide is not suitable for practical applications in integrated photonic
circuits, especially for two port devices where spot size mismatch may be an issue. A 3D
hollow waveguide can solve this problem and can be flexibly designed for number of
functionalities [28].

Displacement

4. Substrate

- Substrate

YL LS
1.__“,_!_: e Y

: Lﬁ.il CDID
. i
— it/

Air core

Spotsize: T pm {vertical)
a 11 pmi (lateral)

(b)

Fig. 9. (a) Schematic of tunable 3D hollow waveguide. All the layers in top and bottom

DBR mirrors are quarter wavelength thick except the first silicon layer in bottom DBR just
under the air core which we call phase matching layer with thickness f, shown in inset.

(b) Computed effect of step-height on mode-field distributions at an air core thickness D =5
pm and step width W = 10 pm, and (c) measured near field pattern for TE-mode.

The schematic of tunable 3D hollow waveguide is shown Fig. 9(a). The light is guided in the
air with the help of two multilayer mirrors called distributed Bragg reflectors (DBRs). The
vertical optical confinement is achieved by making the layers of DBR quarter wavelength
thick for oblique incidence of light. For the lateral optical confinement, a groove is formed in
the bottom DBR. The air core thickness will be larger in the region of this groove than in the
lateral region. In view of eq. (16), larger air core thickness will have larger effective index. If
the effective index of air core is n; and that of lateral air cladding is 1, where n; > n, because
of the difference in air gaps in lateral direction. The guided wave exhibits a difference in
effective indices in the lateral direction, resulting in a lateral optical confinement by guasi
total internal reflection. Thus, light can be laterally confined in the core region with a groove
in one of the DBRs. In addition, the presence of groove, we call it a step, formed in one of the
DBRs provides extra degree of freedom to control the propagation characteristics of hollow
waveguide which can be tailored for a number of applications.
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The lateral optical confinement and hence the lateral spot size can be varied with the step
height /. The variation in TE-mode field distribution has been studied in Fig. 9(b) at an air
core thickness of 5 pm with step width of 10 pm. Fig. 9(c) shows measured near field pattern
for TE mode of the waveguide where the top DBR mirror of the 3D hollow waveguide with
2.4 pm deep and 8 pm wide groove is fabricated by electron-beam evaporation with 11 pairs
of Si/SiO; on silicon substrate followed by inductive coupled plasma (ICP) -reactive ion
etching (RIE). A strong optical confinement, in both vertical and lateral directions, can be
achieved with the 3D hollow waveguide with a step formed in one of the two DBRs. The
lateral optical confinement in hollow waveguides carries multifold benefit of efficient
external coupling and wider tuning [29]. In following sections we will discuss the tailoring
of hollow waveguide characteristics to realize important optical functionalities.

Displacement

DBR region

Input regionr,,{/

SifSio, DBR
il

<0

Light Input/Output

two high reflective Sirsio, DBR

mirrors

() (b)
Fig. 10. (a) Schematic of tunable Bragg reflector based on 3D hollow waveguide and (b) cross
section of 3D hollow waveguide.

5. Tunable Bragg reflector based on 3D hollow waveguide

5.1 Bragg grating loaded hollow waveguide

The wide tuning in propagation constant, discussed in section 3, of hollow waveguide with
variable can be utilized to make various tunable optical devices. One example of this can be
a Bragg grating loaded hollow waveguide which shows a tuning in Bragg wavelength by
varying the air core [25] which can be an important photonic building block for the
realization of in-plane photonic integrated circuits. Fig. 10 shows a tunable Bragg reflector
based on a 3D hollow waveguide. The top DBR is having a step formed in it for the lateral
optical confinement and the bottom DBR is loaded with a circular grating.

The top and bottom DBRs provide vertical confinement in the air gap and the step in top
DBR provides lateral confinement. The circular Bragg grating on the bottom DBR gives high
reflection for Bragg wavelength which is decided, for first-order grating in slab hollow
waveguide [25], by the following equation

Airge =2-(B 1 ky)- A (17)

where A is grating pitch. Putting eq. (16) into (17) gives

A

Bragg

=2/(1/ D) +(1/ A% (18)

This eq. shows that Bragg wavelength can be tuned with a variable air core thickness.

www.intechopen.com



Tunable Hollow Optical Waveguide and Its Applications 353

5.2 Fabrication and characterization

The two DBRs used in hollow waveguide are fabricated by electron beam (EB) evaporation.
A 2.3 pm deep and 10 pm wide step is formed in top DBR by dry etching followed by
selective wet etching. To confirm the optical confinement in hollow waveguide, a
measurement set up discussed in [25] is used. The measured near field pattern for TE mode
was shown in Fig. 9(c). To form the Bragg reflector, a circular Bragg grating is fabricated
using EB lithography followed by dry etching. The grating depth, pitch and length are 500
nm, 820 nm and 1 mm, respectively. The total device length is 3 mm.

— 10pm —Hpm —lﬂum Eurﬂ

—_—Tum — Eum A5 7 m g um
m-15 } &l
TJ S
st >-17 F |
27 } = !
i e |
et
FREN ‘ g-10 | I
frass ' l ] I l
m |
 -21 = Di-21 s

1440 1480 1540 1590 1640 1440 1490 1540 1590 1640
Wavelength (nm) Wavelength (nm)

Fig. 11. Measured reflected spectra at various air core thicknesses of tunable Bragg reflector
based on 3D hollow waveguide for (a) TE mode and (b) TM mode.

The same measurement set up of [25] is used to demonstrate the tuning in 3D hollow
waveguide. As is clear from eq. (18), a variation in air core thickness D leads to a change in
Bragg wavelength. The air core has been varied using an external piezoelectric actuator. The
measured reflected spectra of TE and TM modes, at various air core thicknesses, are
respectively shown in Fig. 11(a) and (b). The reflected spectra are measured at air core
thicknesses of 10, 8, 7 and 5 pm. A clear blue-shift in the reflected spectra of the Bragg
reflector, for both TE and TM modes, has been observed by decreasing the air core thickness
from 10 pm to 5 pm. It is evident that a change in air core thickness can change the Bragg
wavelength and hence a tunable Bragg reflector can be realized with hollow waveguide.

e TE M

A Measured = Calculated
E 1650
E 0.012
£ 1600 | 001 8
+ sy
e 0.008 &
= 1350 0.006 =
= 0.004
28 1500 ’ =

]
E 0.002
1450 L 0
4 6 8 10

Air-core thickness (pum)
Fig. 12. Right y-axis: measured tuning in Bragg wavelengths with a variable air core for TE
and TM modes. Left y-axis: measured tuning in birefringence by varying the air core thickness.

www.intechopen.com



354 Frontiers in Guided Wave Optics and Optoelectronics

5.3 Tuning in Bragg wavelength and in birefringence

The measured Bragg wavelength as a function of air core thickness is shown in Fig. 12. By
varying the air core thickness from 10 pm to 5 pm, a Bragg wavelength tuning of 152 nm for
TE mode and that of 164 nm in TM mode are measured. Thus a grating loaded hollow
waveguide can be used to provide giant tuning in Bragg wavelength which can find
applications in realizing various tunable optical functions such as tunable filter, tunable
lasers and so on. Further large tuning range can be achieved with narrower air core. The
displacement of air core from smaller values of air core thicknesses results in larger tuning
because of the tighter confinement. The reported tuning range is much larger than that in
the tunable photonic devices based on the conventional dielectric waveguides using electro-
optic and thermo-optic effects. Also, the tuning range is larger than that of slab hollow
waveguide for the same displacement of air core because of the lateral optical confinement
due to the presence of the step in top DBR [29]. Fig. 12 also shows how the modal
birefringence can be tuned with variable air core thickness. The birefringence is defined by B
= (Ate - Arm) / Ate, where Arg and Aty are the Bragg wavelengths of TE and TM modes,
respectively. By varying the air core thickness from 5 pm to 10 pm, the birefringence
decreases from 0.012 to 0.0012, providing a 900 % tuning and thereby making the 3D hollow
waveguide a potential candidate to realize on-chip polarization control. The tunable
birefringence can be useful for making tunable polarization manipulating devices.

6. Adjustable first-order polarization mode dispersion compensation

6.1 Giant birefringence from hollow waveguide

In long haul optical transmission systems, the degradation of transmitted optical signal from
material and waveguide dispersion is a crucial problem. The dispersion, including
polarization mode dispersion (PMD), is also a potential data rate limiting factor [30]. PMD
occurs because of many intrinsic and extrinsic parameters including fiber core asymmetries,
pressure, tension, vibration and temperature fluctuations, which lead to different
transmission speeds of orthogonal polarizations causing random pulse distortion and pulse
broadening in data stream; PMD becomes severe at increased data rates over 40 Gbit/s and
higher [31]. To avoid the degradation of signal in fiber optic links, PMD compensation is
necessary. A large birefringence and a tunable differential group delay (DGD) are needed to
realize an adjustable PMD compensator, which can be achieved with a chirped Bragg
grating filter to cancel the PMD in optical fibers [32]. A long fiber Bragg grating with some
complicated tuning scheme is usually required to achieve large birefringence and a wide
tuning in DGD [33]. An on-chip control of DGD with the tuning scheme other than the
thermal tuning can be useful to realize a compact, temperature insensitive and low power
consumption PMD compensator. Based on a tapered slab HWG, a planar Bragg reflector can
provide chirping and an adaptable dispersion compensator can be realized [27]. In this
section, we show that a giant birefringence can be realized with a 3D HWG by optimizing
the step-height. A tapered-3D-HWG-Bragg-reflector has been proposed in which DGD can
be tuned by varying the taper angle.

The schematic side-view of tunable Bragg reflector based on a 3D HWG is shown in Fig.
13(a), in which a step, of height 1 and width W, has been formed in a top DBR while the
bottom DBR is loaded with a SiO; grating. The cross-section of the 3D hollow waveguide
was shown in Fig. 10(b). The quarter wavelength thick top and bottom multilayer (DBR)
mirrors provide strong optical confinement in vertical direction. Fig. 13(b) shows the effect
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of step height on the birefringence which is defined by B = (Bte - Prm) / Pre, where B is
propagation constant. The birefringence increases with increasing step-height because of the
increase in lateral effective index contrast which was shown in Fig. 9(b). The calculated
birefringence at a step-height of 2.3-pm is 0.012 with 5-pm thick air core. This giant
birefringence, which is two orders of magnitude larger than that with other conventional
fiber based technologies, can provide us compact devices with efficient functionality for
PMD compensation etc.

Uniform Circular Grating

o 0.013
_.--"""—--'"‘f‘d- 11 7‘-){ ln 8
""""f Air core £
ml-m O 00 ;Mo l qqc_) 0009 »
e Vi rTOr =
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;l” d.‘.'l “'2:?“‘ 0 051 15 2 25
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Propagation constant chirping

Fig. 13. (a) Schematic of tapered 3D hollow waveguide Bragg reflector (b) calculated
birefringence (of straight hollow waveguide) versus step height & at an air core thickness
D =5 pm and step width W =10 pm.

For the fabrication of tunable Bragg reflector based on 3D hollow waveguide, the top and
bottom Si/SiO, multilayer mirrors have been prepared by electron beam (EB) evaporation.
The 2.3-pym deep and 10-pm wide step is formed, in the top DBR mirror, by dry etching
followed by selective wet etching. The grating has been fabricated, on the bottom DBR by
electron-beam lithography followed by dry etching. The grating depth, pitch and length are
500 nm, 860 nm and 1 mm, respectively; and the total device length is 3 mm. The larger step-
height, discussed above, carries multifold benefits of increased birefringence and reduced
spot size because of increase in lateral index contrast. Also, The grating coupling coefficient
is largest around 2.3-pm, which can broaden the reflection-band of the Bragg reflector [28],
an important requirement to define a constant wavelength of operation of the device for two
orthogonal polarizations.

6.2 Demonstration of tunable DGD

The dispersion and hence the group delay in hollow waveguides can be enhanced by
introducing a taper. The large birefringence causes a delay between TE and TM modes of
the 3D HWG; and the variable taper-angle can enhance the group delays and delay
difference between these two orthogonal polarizations. The measured reflected spectra of
TE and TM modes at various taper angles are shown respectively in Fig. 14(a) and (b). The
broadband reflection of both the polarizations is obtained which is because of the combined
effect of optimized 3D hollow waveguide and tapering. An overlap between the reflection-
bands of TE and TM modes has also been observed. The taper angle has been varied from -
0.038° to 0.057°. The taper-angle 0° refers to the straight 3D hollow waveguide (without
taper). Increasing the taper-angle has the effect on reflection bandwidths of TE and TM
modes; the bandwidth increases by increasing the taper-angle, because of the increased
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spatial chirping in Bragg wavelength. The net insertion loss remains less than 2.5 dB for 3-
mm long device.
— 0,038 —-0.02 —0

——-0.038" —-0.02° ——0° R o °
0.02° 0.038° 0.057° 0 0.02 0.038 0.057

Intensity (dB)
Intensity (dB)

1545 1560 1575 1590 1605 1545 1560 1575 1590 1605
Wavelength (nm) Wavelength (nm)

(a) (b)
Fig. 14. Measured reflection spectra of tapered 3D hollow waveguide Bragg reflector for (a)
TE mode and (b) TM mode.

In hollow waveguides, because of air core guiding, the angle of incidence of fundamental
mode is smaller than Brewster’s angle which makes the orthogonal polarizations out of
phase causing large polarization dependence. Also, the presence of a step in one of the
multilayer mirrors affects the orthogonal polarizations and polarization dependence can be
further increased by varying the step-height. As shown in Fig. 13(b), by increasing the step-
height, birefringence can be increased; an ultrahigh birefringence of 0.012, much larger than
that of the slab HWG (step-height h = 0), can be achieved in a straight 3D HWG with a 2.3-
pm high and 10-pm wide step at a 5-pm thick air core. The measured birefringence of the 3D
hollow waveguide Bragg reflector as a function of taper-angle is shown in Fig. 15(a); where
birefringence is defined by B = (Ate - Atm) / Ate, where A is the center Bragg wavelength. A
small variation in birefringence has been observed by varying the taper angle. The
birefringence is less dependent on the taper angle; the birefringence remains around 0.01,
which is in agreement with the Fig.13(a), and is almost two-order of magnitude larger than
the birefringence of fiber Bragg gratings.
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Fig. 15. (a) Measured birefringence versus taper-angle and (b) measured group delays of TE
and TM modes, and DGD as a function of taper-angle.
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The measured group delays of TE and TM modes of the Bragg reflector based on tapered
3D hollow waveguide, at various taper-angles, are shown in Fig. 15(b). By increasing the
taper-angle, group delay, for both the polarizations, increases because of the enhancement
of chirping in propagation constant of the guided mode. The increasing taper-angle has
larger effect on TE polarization than that on TM polarization. Thus at larger taper-angles,
the difference between group delays of TE and TM modes becomes larger which causes a
tuning in DGD, where DGD is defined as the difference of group delays between TE and TM
modes. Fig. 15(b) also shows tuning in DGD as a function of taper-angle; increasing the
taper angle from -0.038° to 0.057°, DGD increases from 1.5-psec to 14.6-psec, providing us a
13.1-psec tuning in DGD, with a 3-mm long compact device. The large birefringence and
tunable DGD of the proposed compact 3D HWG Bragg reflector makes it a good candidate
for dynamic adjustable compensation of PMD in high bit rate and high speed transmission
in optical fiber links. The giant birefringence can be used in tunable polarization
manipulating devices based on a tunable 3D hollow waveguide.

7. Future prospects

7.1 Integration technology for tunable hollow waveguide devices

Hollow waveguides offer various interesting features including temperature insensitivity
and ultra wide tuning. The design of hollow waveguide is flexible which carries the
possibility of implementation of other functionalities in hollow waveguides. For efficient
coupling of a hollow waveguide with a single mode fiber, a spot size converter may be used
[26]. Fig. 16 shows how the tunable hollow waveguide can be implanted to realize
reconfigurable photonic integrated circuit using high index core loaded waveguides for
WDM applications. A spot size converter can be used for coupling to ultra-widely tunable
functional devices consisting of hollow waveguide with sub-micron air core. And then, high
index core loaded non-taper waveguides can be used as connecting waveguides between
tunable devices or input/output waveguides to hollow waveguide devices. This kind of
circuit is shown in Fig. 16.

High index core UItraTwider tu_nable
loaded taper waveguide | functional device

~ /

Temperature insensitive Displacement Temperature insensitive
demultiplexer multiplexer

Z“DBR platform

Input High index core Output
loaded wire waveguide

Fig. 16. Image of the scheme of reconfigurable photonic integrated circuit with tunable
hollow waveguide using a high index core loaded waveguides for WDM applications.
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The limiting factor of the tuning range has resulted from the alignment accuracy of air gap
between two multilayer mirrors used as hollow waveguide cladding. This difficulty could
be overcome by replacing a PZT actuator with a monolithic MEMS actuator. For this
purpose a tunable hollow waveguide Bragg reflector with monolithically integrated MEMS
electro-thermal actuator is shown in Fig. 17 [34]. This concept for hollow waveguide
integration would enable to realize the tunable optical devices such as tunable lasers and
tunable filters etc. with ultra-wide tuning and temperature insensitivity at the same time.
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] DBR with grating
on substrate
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: .
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Fig. 17. Schematic structure of tunable hollow waveguide Bragg reflector with integrated
electro-thermal actuator. (a) Bird’s-eye and (b) cross-sectional views.

Input / Output light

7.2 Hollow waveguide with DBR and high index contrast grating: Extra degree of
freedom for on-chip polarization control

As discussed in previous sections, the strong vertical optical confinement in hollow
waveguides (HWGs) can be achieved using top and bottom DBRs as cladding, having
quarter wavelength thick layers designed for oblique incidence of light, where light is
guided in the air gap in between the two DBRs. The reflectivity of DBRs in the HWG is
highly polarization dependent because of the periodicity only in one direction. The
polarization dependence of a HWG becomes very large at a narrow air core where a HWG
offers giant tuning of over 10% in propagation constant.

The birefringence of the HWG largely comes from the guiding DBR having periodicity only
in the one direction. If a lateral periodicity (perpendicular to both, the direction of
propagation and the direction of DBR periodicity) is introduced in the HWG, the
polarization dependence of the HWG can be reduced. High reflectivity DBRs can be
replaced with a high contrast grating (HCG) mirror which gives broadband high reflection
[28, 29]. The HCG mirror can be introduced, as a lateral periodicity, in hollow waveguides
to reduce its birefringence. The combined (and opposite) effect of DBR (vertical periodicity)
and HCG (lateral periodicity) enable us to reduce birefringence even at a narrow air core.

In this section, a hollow waveguide with vertical and lateral periodicity is proposed which
consists of a DBR mirror as vertical periodicity and an HCG mirror as lateral periodicity. We
show that the combination of DBR and HCG mirrors can provide strong optical confinement
and can reduce the birefringence of the hollow waveguide with narrow air-cores.

The schematic of the proposed hollow waveguide is shown in Fig. 18(a). It consists of a DBR
as a bottom mirror and a high index contrast grating (HCG) as a top mirror of a hollow
waveguide. Light can be confined vertically in an air-core utilizing the high reflectivities of
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DBR and HCG. The structure consists of a 5 pairs Si/SiO; bottom DBR mirror where each
layer in DBR is quarter wavelength thick, which is designed for oblique incidence. Because
of the high refractive index contrast between Si and SiO», only 5-pairs Si/SiO; are enough to
achieve a high reflectivity. The top HCG mirror consists of a high index contrast silicon/air
grating. In an HCG mirror, many in-plane reflections add up and give rise to vertical high
reflection [18]. The design parameters for the hollow waveguides are: air core thickness D,
grating thickness f,, grating pitch A, grating teeth width w and grating duty cycle C. The
calculated mode field distributions of TE mode in the hollow waveguide is shown in Fig.
18(b). A strong vertical confinement is observed in the hollow waveguide. The propagation
loss at A =1.2 pm, C = 0.41 and ¢; =0.45 um is 0.55dB/cm foe TE mode and that of TM mode
is 2.7 dB/cm, at an air core thickness of 5um which is acceptable for millimeter long
waveguide devices. The set of the optimized parameters with D =5 um, t, =0.45 pm, A =1.2
um, w = 0.5 pym and C = 0.41 is called “set A” for convenience.

== Si/SiO, DBR-5 pairs =74
Si-substrate

um—

Fig. 18. (a) Schematic of hollow waveguide with DBR and HCG and (b) computed TE-mode
distribution.
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Fig. 19. birefringence as a function of D at the grating parameters in “set A”, also shown
birefringence of hollow waveguide with DBR on the both sides.

Hollow waveguides show large polarization dependence because of the shallow incidence
angle of a fundamental mode. To realize ultra wide tuning in hollow waveguides, we need
to use a hollow waveguide with a narrower air core; but the birefringence at narrower cores
remains large. The polarization characteristics of HCG hollow waveguides are shown in
terms of birefringence in Fig. 19 at the grating parameters of “set A”. The birefringence is
defined as B = (B - frm) / Pre, where p is propagation constant. In Fig. 19, the effect of an
air core on the birefringence is shown where the birefringence of conventional hollow
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waveguides (having DBRs on top and bottom) is also shown for comparison. The result
shows that the birefringence of the HCG hollow waveguide is smaller than that of the
conventional hollow waveguide at narrower air cores. By increasing the air core thickness,
the birefringence of the hollow waveguides decreases for both the cases. At an air core
thickness of 5 um, the birefringence of the HCG hollow waveguide is 2.8 x 10-3; which is
almost 2.6-times smaller than the birefringence of a conventional hollow waveguide. To
achieve ultra wide tuning, the HCG hollow waveguide with narrower air-cores can be
realized with smaller birefringence. The reason for this small birefringence is because of the
opposite nature of conventional DBR mirror and HCG mirror; their combined (and
opposite) interaction with the orthogonal polarizations results in the reduced birefringence.
In case of the DBR-DBR HWG, the large birefringence comes from the field penetration of a
TM mode into the DBR. The propagation constant of a TM mode is larger than that of a TE
mode. On the other hand, a HCG gives us stronger optical confinement for a TM mode in an
air core than DBRs. Thus, the propagation constant of a TM mode in the HCG-DBR HWG is
smaller than that in the DBR-DBR HWG while the propagation constant of a TE mode
remains almost same for both the cases. The difference in the field penetration results in a
reduced birefringence.

The birefringence and the polarization dependence loss can be reduced with the further
optimizations of the grating and the waveguide parameters [17]. The introduction of HCG
into hollow waveguides can extend the fabrication tolerance of the structure because of the
large fabrication tolerance of HCG and it can provide the lateral optical confinement as well
[17]. Also, because of the ease of fabrication of HCG, it is possible to design it for one
particular polarization, making polarization control very flexible. With the flexibility of
HCG-design, it is possible to build hollow waveguides with widely tunable polarization
nature for variety of applications. With the collaboration of HCG and the inherent
properties of hollow waveguides such as temperature insensitivity and wide tuning, it will
be possible to design novel tunable optical functions with large design tolerances.
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