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Buried Metal Grating for Vertical Fiber-Waveguide
Coupling with High Directionality

Student: Che-Yao wu
Advisor: Dr. Po-Tsung Lee

Department of Photonics and Electro-Optical Engineering Institute,
National Chiao Tung University

Abstract

Coupling efficiency. .of . the grating coupler which vertically couples
fiber-waveguide is affected by directionality and fiber mode overlap. Although the
directionality can be improved by poly-silicon overlay grating structure or additional
bottom mirror, these structures need additional fabrication procedures like deposition
and lithography. But metal grating structure can be fabricated by easier lift-off
process. In this thesis, we design a metal grating which is buried under silicon
waveguide, and used the photonic band gap effect of photonic crystal with the grating
structure to reduce the substrate loss, and improve the directionality of grating
structure.

First, we investigate the dependence of directionality on grating height, filling
factor and silicon oxide thickness by simulation. The results show that the grating
structure can reach 90% coupling directionality when grating is 1000 nm in height. A
metal grating of 200 nm in height, buried in oxide layer of 1450 nm in thickness, can
also reach 80% coupling directionality and 65% coupling efficiency. And this high
directionality grating structure is adapted to lift-off technique. We also investigate the
alignment tolerance of our grating structure. A 2° alignment error in angle results in
1.19dB additional coupling loss. And 1 pum alignment error in lateral only results in
0.32dB additional coupling loss.
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Chapter 1.

Introduction
1-1.  Coupling into optical integrated circuits

Photonic integrated circuits' made on silicon-on-insulator (SOI) platform with
high refractive index contrast can confine light in sub-wavelength extends. It greatly
reduces footprint of photonic devices, and is compatible with standard fabrication
processes for complementary metal-oxide semiconductor (CMOS) [1]. However, an
inevitable trade-off accompanies miniaturizing device size is the large mode
mismatch in size and shape between photonic waveguides and single mode fibers.
Therefore it will becomes more and more challenging to couple light into such small

photonic circuits.
1-1-1.  Butt-coupling

The most intuitive way to couple light into optical waveguide is from one of its
end which is called butt-coupling. Many researchers had studied for coupling light
from fiber into optical waveguide in this scheme. Because the core cross-section of
typical optical fibers (of about 8 um diameter) are much larger than that of photonic
waveguides, butt-coupling with mode size converter is one solution to improve
efficiency[2-8]. In 2002 Morita et al. designed inverse taper to serve as mode size
converter between the silicon wire and the silicon-based waveguide [3]. As Fig. 1-1

shows, the inverse tapper was embedded inside a high-index polymer waveguide with



3 um x 3 um cross-section. The structure is optically equivalent to a silica-based
waveguide, and the taper was connected directly to the silicon-wire waveguide. The
cross-section of the silicon-wire waveguide was 0.3 um X 0.3 um to achieve a single
mode condition. The very low mode size conversion loss 0.8 dB (83.2% coupling
efficiency) is obtained when the taper tip width less than 60 nm and taper is 200 um
long. In 2003 Manolatou et al. developed a three-dimensional adiabatic-taper [5].
As shown in Fig. 1-2, optical fiber can be simply butt coupled to the large end of the
taper. Then the 3D taper couples the fiber mode Into a 240 nm silicon channel
waveguide implemented in SOI platform. With this design they can couple light from
single mode fiber with circular mode of about 10 pm diameter to sub-micrometer
silicon channel waveguides of 250 nm X 250 nm cross-section. Their simulation
showed that nearly all the power is efficiently compressed to 240 nm mode size. They
also did the experiment by coupling light from a fiber to a 10 pm three-dimensional
mode converter where it tapers down to a 240 nm slab mode. And the optical

coupling losses were very high at 16-17 dB (2-2.5% coupling efficiency).

Although butt-coupling can achieve good coupling efficiency by using these
inverse taper structures, it requires wafer-cleaving which is undesirable for chip
system and will make photonic circuit design difficult. Besides, it needs precise
alignment between fiber and waveguide, which will lift the operation criterion.
Fortunately, these difficulties can be avoided by using grating structures to couple

light from vertically arranged fiber into on-chip waveguides.



Si wire core

Polymer core

Fig. 1-1.'Schematic diagram of proposed mode size converter for silicon wire.

Silicon
Waveguide
0.24 x 0.24 um

/

Fiber Coupling
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10 X 10 pm

Fig. 1-2. Schematic view of an adiabatically tapered 3D silicon mode converter
~implemented in SOI technology.

1-1-2.  Out of plane coupling

Grating structure can be utilized to couple light in and out of optical waveguides
with fibers nearly perpendicular to chip surface. This technique will raise freedoms of
photonic circuit design and enable wafer-scale testing because there is no need to
cleave the chip. In order to efficiently coupling light between photonic waveguide and

single mode fiber, there are two important factors we need to consider; one is mode

3



match between the field profiles of diffracted light from grating and fiber mode. The
problem of mode mismatch can be solved by using apodized grating structure, which
can diffract waves in Gaussian-like profile for matching fiber mode and has been
proposed [9, 10]. Another important factor is directionality defined as the percentage
of light power that propagates along waveguide and is finally diffracted upward
toward coupling fiber. Without any design, grating will diffract waves propagating in
waveguide, and the diffracted waves will transmit upward and downward with equal
power. Therefore the directionality is naturally limited to 50 %. For directionality
beyond 50 %, many designs had been proposed [11-19]. In 2006, Laere et al. added a
gold bottom mirror to the structure which can reflect downward diffraction back to
upward counterpart and improve the directionality [12]. As shown in Fig. 1-3, the
grating structure and waveguide is first covered by BenzoCycloButene (BCB). Then
gold mirror Is evaporated on it. Finally the whole structure is bonded with another
BCB-layer onto a host-substrate and grating coupler with gold bottom. mirror is
completed. The theoretical coupling efficiency to nearly vertical arranged fiber is 72%.
Another scheme for improving directionality is achieved by increasing vertical
asymmetry in the grating structure. In 2006 Roelkens et al. presented a grating
structure made on locally deposited poly-Silicon overlay on optical waveguide as
depicted in Fig. 1-4. The grating structure is etched through the overlay and
shallow-etched to the waveguide. The overlay changes diffraction property of the
grating which will provide batter directionality and improve coupling efficiency to 66

% when coupling fiber is 10 degrees with respect to vertical axis [13].
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Fig. 1-3. The cross-section of the fabricated structure.
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220nm Si WG p:/oly-Si overlay
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Oxide buffer layer
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Fig. 1-4. Schematic illustrating the grating structure with poly-silicon overlay.

Single mode
fiber core

. 1 1§ 1

Metal grating

Silicon
waveguide layer

Buried oxide layer

Silicon substrate

Fig. 1-5. Metal grating on top of an SOI-waveguide for coupling to a single mode
optical fiber.

However for improving directionality, there are always structures, except grating
itself, requiring additional fabrication procedures like deposition and lithography.
That will complicate the fabrication and raise the cost. So we aim at designing a
simple structure which can provide certain vertical asymmetry and generate high
directionality. In 2007, Scheerlinck et al. had used simple lift-off technique to make

metal grating on waveguides [20]. The metal grating coupler layout is depicted in Fig.
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1-5. At a wavelength of 1550 nm, there is a very high refractive index contrast
between the metal stripes and the surroundings. Thus, light incident on the grating is
strongly scattered. Although metal is introduced, loss does not dominate because it is
not bulk and only occupies a small portion. Only few periods is needed for obtaining
comparable coupling efficiency due to the strong scattering. In this scheme the
utilization of lift-off technique for producing metal grating is most attractive because

of its simplicity.

1-2.  One dimensional Photonic Crystal for metal grating

Grating structure with. periodically distributed materials should provide some
artificial dispersion relations other than additional wave vectors. However to our
knowledge only the diffraction phenomenon has been utilized. If we can utilize its
artificial dispersion relation, we may be able to generate a vertically asymmetric

structure to improve directionality. This is the target of our work.

In solid state physics, scientists discovered the periodic variation of atomic
potential in crystal determines the energy band structure and conduction behavior of
electrons. In 1987, Eli Yablonvitch [21] and Sajeev John [22] first proposed the
concept of photonic crystal, a periodic environment for photons that can provide
interesting characteristics similar to that of electrons behave in solid state crystal, for
example the photonic band structure and photonic band gap, which relate to energy

band structure and energy band gap.

One of the simplest possible photonic crystals is multilayer film. As shown in
Fig. 1-6 the structure is periodic in z direction and homogeneous in xy plane.

Propagation of light in photonic crystal can be affected significantly by diffraction



coupling between optical modes, result in interesting dispersion characteristics which
forms photonic band diagram. By changing the lattice geometry or contrast of
dielectric constants, there will open specific frequency ranges, named photonic band
gap (PBG), can completely forbid propagation of electromagnetic wave in z direction
through the one-dimensional photonic crystal. Fig. 1-7 shows the band diagram of the
multilayer structure formed by alternating gold and air layers. And the communication
wavelength 1550 nm is just within the band gap when grating period is 610 nm.
Therefore 1550 nm waves with z direction component will propagate evanescently in
this periodic structure. Constructing this grating on one side of the waveguide will

generate the vertical asymmetry we want.

Fig. 1-6. The one-dimensional photonic crystal.
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Fig. 1-7. The band diagram of the grating structure with period of 610 nm.



1-3. Motivation

In order to efficiently couple light into integrated photonic circuits without
wafer-cleaving, grating structures shows their ability to couple light from vertically
arranged fiber into on-chip waveguides. In earlier designs, although the grating
structure with poly-silicon overlay or additional metal bottom mirror can generate
high directionality, those structures_always need additional fabrication processes.
Metal grating coupler not only simplifies fabrication processes by lift-off technique,
its high index contrast with respect to surrounding also make the diffraction only need
few periods. Thus the coupler footprint can be small. Besides, grating structure can be
considered as one-dimensional photonic crystal. When operating wavelength is in
band gap of the grating structure, waves propagating through will be forbidden. Only
diffracted waves propagating toward the coupling fiber is allowed. Therefore coupling
between on chip waveguides and vertical arranged fibers will be more efficient with
higher directionality. For doing this we design a metal grating which is buried in
oxide layer under the silicon waveguide. This grating structure can forbid diffractions
toward substrate by grating itself, so it can have high directionality without need of

any additional structure.



Chapter 2.

Theoretical characterization and structure design
2-1  Phase matching condition

When waveguide mode propagating (in z direction) with propagation constant S
impinges on the grating structure, it will be provided an additional wave vector by the
grating as illustrated in Fig. 2-1. The additional wave veetor is m times of reciprocal
lattice K = 2m/a of the grating, where m is an arbitrary integer and a is the grating
period. The hybrid propagation constant can be expressed as f —mK (denoted by
vertical dash lines). When-it-matches z-component of radiation wave vector 2m/A
(crossing with dotted circle), the waveguide mode will be diffracted out. The

z-component of the diffracted wave can be expressed as
kz,m = .8 — mK, (2-1)

where m is the integer denoting diffraction order and subscription z indicates

I 1 | I
| : el Jo = 2 /A |
| : A |
I 1 : 1 I
I | : I I
............ I‘|'|1>
| : Ky |
I 1 i I I
: | o k=2
5 B

Fig. 2-1. Phase matching conduction graphically illustrates the occurrence of different
diffraction orders.
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z-component. Finally the diffraction angle 6 is determined by 4, £ and K. Note that
waves will be diffracted upward toward coupling fiber and downward toward

substrate simultaneously.

By properly design the grating structure, diffraction can be limited to a single
diffraction order (only one vertical dash line crosses the dotted circle). And it allows
efficient coupling between the optical fiber and the photonic integrate circuit. In our
grating structure the grating period of 610 nm is chosen for yielding diffraction of
single order with single diffraction angle (6 ~ 8°) around 1550 nm. The nonzero
diffraction angle is intended because a zero diffraction angle occurring in the case of

B = K will accompany severe back-reflection into the waveguide.

2-2 Finite element method

For numerical investigation we simulate waves propagating along waveguide
and diffracted by grating by using finite element method (FEM). The method is
provided by Comsol software and is a numerical technique for solving problems of
physics consisted of partial differential equations (PDE) with a series of well-defined
boundary conditions. The problems can be solved independent of time evolution. So
its advantage is time-saving. For complicated optical systems, it can solve boundary
value problem, eigenvalue problem and find steady state solution of a system by
employing variational method. To apply this method, it requires discretizing a
continuous domain into a set of discrete sub-domains, usually called elements, and the
solution of each element would be approximated by certain characteristic form to

solve the problems.
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Here, the wave equations in the frequency domain for the magnetic and the

electric fields are

Vx (A X HP) = L HE (2-2)

e 1PV X VX E(F) = S E(P) (2-3)

where c is the speed of light in vacuum. To solve the wave equation for either
magnetic or the electric field in frequency domain together with boundary conditions,
standard FEM method proceeds in three steps [23]. First, the wave equations are
identified as solutions of certain variational problems where boundary conditions at
the surface @V have been incorporated as additional terms of lagrangian L. The most

general variational formulation for the electric field is given by
E 1 7 ol “ A cr¥e (= =
L(E) = [, dr? [;(v XE): (VXE) =2 ¢k - E] + f,, dSTEe (i x E)-
A xaE) — F -1 454 & (¥ 3F .7 ’
(nxE)-E U]+LC\/:0derE] (2-4)

where u is the magnetic permeability and ¢ is dielectric function both may
varied in space. In addition, n denotes the outward normal at the surface dV and the
electric field has to satisfy the Dirichlet boundary condition 7 x E = 0 on 9S. v,
and U are known quantities which are used represent various other types of
boundary conditions such as impedance boundary conditions and Sommerfeld
radiation conditions. Finally, radiation sources within the computational domain V are

described through the spatially varying current density ;.

The second step is the most demanding step which consists of the discretization

of the Lagrangian. The computational domain V is divided into a number of
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small-volume elements, the so-called finite elements. Within each element, the
electric field is expanded into a series of certain elementary functions with unknown
coefficients. It becomes possible to approximately enforce the div-conditions of the
electric field within a given element as long as the dielectric function does not vary
within this element. Fig. 2-2 show the model with/without mesh generation in

someone case.

In the final step, these expansions facilitate the transformation of the variational
eqs. 2-4 into a sparse set of linear expansions via the Galerkin method. This matrix
system can subsequently be solved via advanced linear algebra methods, either for
obtaining eigenfrequencies and eigenmodes of the system of interest or to determine
scattering cross sections-of--complex structures as well as transmittance and

reflectance through functional elements.

An additional advantage of using FEM of COMSOL is its nun-uniform mesh
rule which fits especially for critical structures. Besides, the mesh of each part can be
defined individually depending on its importance. So we can largely save computer
memories for calculation, and get the simulation results quickly. Finally its capability
in post processing is almost impeccable. We can get all information we need, such as

transmittance, reflectance, and field distributions, from a single simulation.

Fig. 2-2. The model (a) before (b) after mesh generation.
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2-3  Plane-Wave-Expansion method

Because we intend to take advantage of periodicity of the grating structure, we
have to understand the effect caused by periodicity. PWE method is an efficient and
useful way to obtain the dispersion relation of a given periodic structure. According to
the Bloch theorem, eigen-function in a periodic system can be expressed as the
product of periodic envelope and plane-wave function. The main idea of PWE
simulation is expressing the dielectric function and periodic function in Bloch

function as Fourier expansion:

eH@) = Ygezle®T (2-5)
H@) = Yghy(G)el®+or (2-6)

where vector G is reciprocal lattice vector. The Fourier coefficient can be expressed

1
as &z = —

G = of funitce”s(F)e‘iE'7, where Vs the volume of the unit cell. By

substituting equations (2-5) and (2-6) into master equation, the master equation

becomes
(k+6) g ez (K + 6)hp(67) = —Coh(6) (2-7)

With different in-plane k-values along the 1% Brillouin zone, which is determined by

the PhC structure, several G vectors are used to obtain numerous coupled equations.

In the computation, proper and finite numbers of plane-waves (linear combinations of

G vectors) are used to increase accuracy of the solved dispersion relation. In these
2

coupled equations, we can obtain the eigen-values (;"—2) and dispersion relation
0
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(% v.s.k,;) by matrix diagonalization method. Finally we will know whether the

operating wavelength is in photonic band gap or not and design the structure we need.
2-4  Simulation results

Fig. 2-3 (a) illustrates the model and computational domain used in this study.
The grating structure is made of gold strips (refractive index n = 0.55+11.5i @ 1550
nm) separated by period a of 610 nm, and is buried in the oxide layer (n = 1.45 with
thickness d) under 220 nm silicon waveguide (n = 3.46). In order to avoid reflections
at the interface between fiber and air, index matching glue (n = 1.45) is introduced
between the optical fiber-and-the waveguide. Light propagating in the waveguide will
finally be diffracted by the grating structure. Some portion will be diffracted upward
directly toward the fiber (denoted as ray a). The other portion will be diffracted
downward and reflected by the substrate interface (denoted by ray b). Therefore the
thickness of oxide layer will affect the interference between rays a and b. This will be
discussed in the following sections. For comparison we also construct upright gold
grating (Fig. 2-3 (b)) as reference with stripes standing on the waveguide instead of

buried under it.
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Fig. 2-3. Schematic illustration of (a) the proposed buried grating coupler and (b) the
upright grating coupler.

There are many parameters which will affect the directionality, such as grating
high t, oxide thickness d,-and-filling factor (grating width, w, to period ratio, w/a).
Here we set negative t values as buried gratings and positive t values as upright
gratings. To know the character as well as the maximum directionality of our grating
design, we used the commercial software COMSOL to carry out the detailed
two-dimensional finite element numerical analysis. The material properties of
waveguide, glass substrate, and surrounding index matching glue were taken into

consideration while solving for the electromagnetic field distribution.

In this work, wave propagating along the waveguide is at wavelength of 1.55
um and is transverse-electric (TE) polarized fundamental mode. The waveguide
mode is calculated by package of boundary mode analysis in the software. Because
the wave is TE polarized without components perpendicular to metal-dielectric

interface, no surface plasma resonance would be induced at the metal grating region.

2-4-1 Dependence of directionality on grating height
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We first fix filling factor (FF) % to be 30% as suggested in [20], and investigate

the dependences of directionality on t when oxide thickness d = 1.35, as illustrated
in Fig. 2-4 (a). At first we consider the case of upright grating. The directionality
reaches a peak value about 64% at t = 40 nm. For smaller t, the directionality
decreases to zero due to the reduction in grating strength. In this situation, most
energy would transmit though the grating region without being diffracted. On the
other side, the grating with larger t can be regarded as a one-dimensional photonic
crystal with gold and index-matching glue distributed periodically in z direction.
Band diagram of the one dimensional photonic crystal with period a = 610 nm and FF
= 30% is shown in Fig..2-4.(b). The wavelength of 1.55 um is just within the
photonic band gap (PBG) and therefore waves will propagate evanescently. Thus less
diffracted wave would be able to transmit through the grating of larger t, and the
directionality decreases exponentially. Next we consider the case of buried grating
coupler. For t ranging from O to -40 nm, the directionality of the buried grating
coupler is similar to that of the upright grating with t from 0 to 40 nm. And when t
becomes more negative, the grating structure can again be regarded as a
one—dimensional photonic crystal. However in this case, the grating is buried under
the waveguide. PBG effect would forbid diffracted waves of 1.55 pm propagating
downward. More of the diffraction would propagate upward toward fiber and thus the
directionality increases progressively and finally saturate as high as 90%. The
remaining 10 % is caused by inevitable absorption of metal. Before it saturates, the
directionality oscillates as a function of t. This is resulted from the interference
between waves diffracted upward and reflected from the substrate interface (denoted
by rays a and b in Fig. 2-3 (a) respectively). We will discuss this feature in the

following section.
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Fig. 2-4. (a) The relations between directionality and grating height under two
different thicknesses of oxide layer. (b) The band diagram of grating infant grating
structure with FF = 30%.

2-4-2 Dependence of directionality on the thickness of oxide layer

In this part we investigate the dependence of directionality on thickness d. For
upright grating, 40 nm grating height for example, the directionality oscillates with d
as shown in Fig. 2-5 (a). This is because the optical path length (OPL) of ray b in Fig.
2-3 (b) first propagating downward and being reflected by the substrate depends on d.
The reflected component interferes with ray a and causes the directionality oscillation.
The interference also occurs in the buried case. Thus the relations of directionality and
oxide thickness are similar for buried grating, as shown in Fig. 2-5 (b). For practical
consideration, it is much difficult to fabricate buried metal grating with more negative
grating height. Here we investigate -200 nm buried grating as a target. From the
dependence of directionality on oxide thickness, we find that the maximum
directionality for -200 nm buried grating happens when d = 1.45 um instead of 1.35

pm.
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Fig. 2-5. The relations between directionality and thickness of oxide layer for grating
height is (a) 40 nm and (b) -200 nm.
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grating at varying oxide thickness.

We further compare the oscillation of directionality between several grating
heights. Fig. 2-6 shows the result of upright grating. The directionality peaks of
different heights coincide in the same oxide thickness. This is because both ray a and
b go through the grating region. The increase in grating height doesn’t change the
difference of OPL, and only reduces the overall directionality by PBG effect. When
grating height increases, the PBG effect becomes significant, and finally the

directionality flattens and converges to 0 %.

However for buried grating, only the ray b goes through the grating region twice.
The grating height changes the OPL with oxide thickness and therefore the peak
directionality shifts correspondingly, as shown in Fig. 2-7 When grating height
increases, PBG effect becomes significant, and finally the directionality saturates to

90 %.

Fig. 2-8 shows the field distributions when TE polarized light at 1550 nm is
coupled into the waveguide and impinges gratings of t =-1000 nm, -200 nm, and 40
nm. Their FFs are all 30 %. For t = -1000 and -200 nm, the oxide thickness d is 1.45
um. And for t = 40 nm, the oxide thickness d is 1.35 um. It is obvious that wave
propagating along waveguide is diffracted by the grating of t = -1000 nm without
substrate loss. Almost all of the incident waves are diffracted upward. And therefore
the directionality is 90 %. In the compromised case of t = -200 nm, there is substrate
loss, but it is insignificant. The directionality of 80 % is still high. However in the
upright case, it is obvious that the substrate loss is severe. And therefore the

maximum directionality is only 64 %.
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Because of the high refractive index contrast between metal stripes and
surroundings, light can be diffracted out of the waveguide with grating of small stripe
number. As shown in Fig. 2- 9, all -200 nm and -1000 nm buried grating, and 40 nm
upright grating can attain their own highest directionalities when the gratings are
composed of more than 20 stripes. And for grating of 20 stripes the total length is only
about 12 um. Again in the figure we can see that metal grating of buried design can

attain higher directionality than that of the upright design.
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Fig. 2-8. Plots of x components of electric fields for the buried metal gratings of (a)
t =—1000 nmand (b) t = —200 nm with 1.45um oxide layer thickness. (c) Plots
of x components of electric fields for the buried metal gratings of ¢t = 40 nm with
1.35 um oxide layer thickness.
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strip number

Fig. 2- 9. The relations between directionality and number of the grating stripes under
different grating height.

Finally we also compare our results with conventional silicon gratings. It had
been reported that grating structure shallow-etched on silicon waveguide with
apodization design (will be discussed in the next section) can reach 87.6 %
directionality [10]. However very precise fabrication process is required to control
each width of the grating grooves and get harmonic diffraction wave front as shown in
Fig. 2-10 (a). If itis reduced to a uniform grating with 610 nm period and 40% FF, the
directionality will decrease to 74.3% and the diffraction wave front will become
complex as shown in Fig.2--10.(b).

Fig. 2- 10. Plots of x components of electric fields for the silicon gratings (a) with
apodization and (b) without apodization.

Si substrate

Fig. 2-11. A plot of X component of electric fields for the silicon grating with

wavelength of 1550 nm is in the band gap of the grating structure.

Even if we design the silicon grating with operation wavelength (1550 nm) in
PBG, the effect does not prominent as shown in Fig. 2- 11. That is because both
waveguide and grating are made by silicon. Waves impinging on the grating will
partially bent into the stripes and become loss. As shown, the grating coupler cannot
forbid waves propagating through the grating region, and thus the directionality is
only 55.2%. Besides, the diffraction angle under these parameters is opposite to
common designs. That will complicate the coupling scheme because input and output
fibers may cross in the upper surrounding. So here we use gold as our grating
material.
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2-4-3  Dependence of directionality on grating filling factor

In the following discussion, we fix the oxide layer thickness at 1.45 um, and
investigate the dependences of directionality on t for FF ranging from 20 % to 60 %,
as illustrated in Fig. 2-12. Operating wavelength at 1550 nm is within the photonic
band gap of gratings for these FFs when period is 610 nm. It is obvious that, the
directionality oscillates as a function of t for buried grating of small FF. The
oscillation of directionality is caused by interference between rays a and b as above
mentioned. However in the upright cases, directionality reduces monotonically as
grating height increases no matter how large FF is. We can see that when FF increases
from 20 % to 30 % the amplitude of oscillation reduces gradually. That means the
interference between rays-a-and-b in Fig. 2-3 (a) becomes weaker. That is because the
operating wavelength will get closer to the center of PBG when the FF increases. And
therefore the component of ray b is forbidden and reduces while most waves will be
diffracted upward directly as ray a. The growing of overall direction supports this idea.
When we further increase the FF from 20 % to 60 %, the oscillation of directionality
becomes more and more flattened, however the value reduces progressively. This is
because the inevitable metal absorption becomes severe when the FF increases. From
the figure we can see that FF = 30 % for buried grating 1S most promising and can

provide highest directionality not only for large but also for finite t values.
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2-4-4 Apodization

From the above investigation we know a buried gold grating can achieve 90 %
directionality when PBG effect is utilized and dominates over metal absorption.
Besides, we also know that to improve the overall coupling efficiency of the grating,
fiber mode overlap must be carefully considered. But for a uniform grating coupler, it
is difficult to achieve high fiber mode overlap. This is because the diffracted wave
declines exponentially along waveguide in z direction, but the mode of single mode
fiber distributes as Gaussian function. These mode distributions are naturally out of
match. So we use apodization design to make grating structure have Gaussian-shaped

diffraction mode profile [10].

When waves propagating along the waveguide impinge the grating structure,
some will be diffracted, and the remaining in the waveguide decay exponentially

along the propagation direction as equation 2-8. describes.

P(z) = Pye 2% (2-8)

Where P(z) is the remaining power in the waveguide at z, Pg Is incident power of the
waves before impinging the grating, and « is called the leakage factor or grating

strength. And therefore the diffracted wave has an exponentially decaying power

dp

== —2aP,e~%%* (2-9)

Pour =

along the propagation direction. For non-uniform grating structure, a becomes a
function of z, and the diffracted mode profile can be shaped correspondingly. To

achieve a Gaussian-shaped diffracted mode profile, a(z) is given by

24



G%(2)
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(2-10)

where G(z) is a normalized Gaussian profile. For coupling with standard single mode
fiber at 1550 nm (diameter ratio of core/cladding is 8 um/ 125 um), we aim at
generating a Gaussian distributed diffracted wave with 10.4 um mode diameter. To
achieve this z-dependent grating strength «, either grating height or filling factor can
be varied [17, 24-26]. Considering the fabrication process, change filling factor is
much either than change grating height. So we use changing filling factor to achieve
Gaussian-shaped output beam. According to Eq. 2-9, we can get the grating strength
by measuring the diffracted power-of the grating. So we increase the grating filling
factor from 0 to 0.9 and measurement the output power of each grating to get the
relationship of FF and grating strength as shown in Fig. 2-13. And from Eq. 2-2, we
know.how to change the grating strength along the propagation direction z as shown
in Fig. 2-14. We fix grating period and chose FF of each stripe of the grating to let

grating strength vary in z direction as shown in Fig. 2-14.
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Fig. 2-13. The relations between grating strength and filling factor for buried grating

with 200 nm grating height and its fitting curve.
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Fig. 2-14. The grating strength variation along the propagation direction z, which is
for apodized grating has Gaussian-shaped output beam.

The apodized gratings were design for coupling between single-mode fibers with
10.4 pm mode field diameter-and the fundamental TE mode in the waveguide. The
coupling. efficiency of 200 nm buried metal grating with uniform FF was 65 %.
According to the dependence of grating strength on FF as shown in Fig. 2-13 we
design the apodized grating with FFs listed in Table. 2-1. Finally we can attain the
distribution of grating strength as shown in Fig. 2-14. The coupling efficiency of our

apodized grating was 67.3%, which is better than uniform grating.

Stripe
1 2 3 4 5 6 7 8 9 10

number
FF 0.494 | 0.444 1 0.395|0.348| 0.3 |0.251| 0.2 |0.237 |0.355| 0.42

Stripe
11 12 13 14 15 16 17 18 19 20

number
FF 0.237 | 0.237 | 0.237 | 0.237 | 0.237 | 0.237 | 0.237 | 0.237 | 0.237 | 0.237

Table. 2-1. The filling factor of apodized grating designs with 20 stripes.
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2-4-5  Alignment tolerance

The parameters of our grating structure have been analyzed in the previous
section. But for a coupler, alignment tolerance is also an importance characteristic
because it relates directly to reliability of a device. So we set a fiber as the input port,
and lunch TE polarized fundamental fiber mode of 1550 nm wavelength with 1 W
power. The mode is attained by using boundary mode analysis package in the
software. Here we use apodized grating structure, with -200 nm height buried in 1.45
um oxide layer, as the investigation target. The apodization rule of FF is as listed in
table 2-1. First is the tolerance of coupling angle 6, which is the angle projected on
yz-plane between the fiber axis and the direction perpendicular to the top surface of
waveguide. As discussed-before, the nonzero coupling angle is set to avoid back
reflection at the grating. In this case, the optimal coupling angle is about 10.5°. A
deviation on 6 reduces the coupling efficiency, as shown in Fig. 2-15. An offset of 2°

will reduce the overall coupling efficiency for about 16 % (1.19 dB additional loss).

Second is the influence of distance between the fiber facet and the grating as
shown in Fig. 2-16 when fiber is aligned with optimal angle of 10.5°. Considering the
diameter of the cladding layer, the minimum distance between fiber facet and the
grating is about 12 um as indicated in the inset. The coupling efficiency will reduce
12.5 % (0.8 dB additional loss) when the fiber moves from the optimal distance for

100 um. And the nearer distance the fiber is, the higher the coupling efficiency is.

And then we investigate the tolerance of coupling position along z direction
when fiber is aligned with optimal angle and is distant from the grating by 20 um. The

dependence of efficiency on the coupling position is shown in Fig. 2-17. The coupling
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efficiency only reduces 5 % (0.32 dB additional loss) when the fiber moves from the

optimal position for 1 um.

Finally we investigate the tolerance of input wavelength when fiber is well
aligned with optimal angle, distant and position. The bandwidth of 1 dB additional

coupling loss is about 50 nm as shown in Fig. 2-15.
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Fig. 2-15. The coupling efficiency as the function of the fiber angle.
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Fig. 2-16. The coupling efficiency as the function of the distance between fiber and
waveguide.
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2-5  Summary

In this section, the gold grating structure with proper design can form PBG to
forbid light propagating through it. The directionality therefore increases when
grating buried under the waveguide eliminates substrate losses. The directionality
finally saturate at 90% when the buried grating is higher than 1000 nm with FF = 30%.
For adapting to practical fabrication, we choose -200 nm grating buried in 1.45 um
oxide layer. The 80% directionality is still high, and the overall coupling efficiency of
65% is higher than that reached by metal grating on top of waveguide. Considering
fiber mode overlap, we also introduce apodization design to improve coupling

efficiency up to 67.3%.
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Chapter 3.

Fabrication and measurement

In this chapter we are going to present detail of fabrication processes and
measurement results of the structure we design. The fabrication processes include
making silicon waveguide, conductive assistant layer, and metal grating structure.
And then we will show the system we setup for measuring and comparing the
characteristics of upright and buried metal grating. Finally we will discuss the

measured results in detail.
3-1..Fabrication

For fabricating the buried metal grating, an intuitive way is utilizing wafer
bonding technique. One can first make grating structure on waveguide and deposit
silicon oxide to cover all of the structures. Then bond the prepared sample to another
substrate. ‘Subsequently the original substrate can be removed by a series of physical
and chemical etching. Finally the grating structure is transferred to be under the
waveguide and the structure of buried metal grating is completed. However the whole
process is quite complicated. And when it is completed we can only measure the
directionality of the buried case. For comparing with the upright case, one will have
to fabricate another upright metal grating on waveguide. But the upright and buried
gratings must be attached to different waveguides made from different processes.
There must be some uncontrollable inconsistence hindering fair comparison between
the buried and upright cases. For experimental characterization, here we use quartz as

our substrate in order to simplify the fabrication process because no bonding process
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IS required. Besides, it can solve the mentioned inconsistence. Due to the transparency
of quartz substrate, we can collect both the diffractions from the top side and back
side of the sample to evaluate directionalities of upright and buried grating,

respectively, from the same waveguide.

Our waveguide structures are fabricated by etching poly silicon film on quartz
substrate. The process flow is illustrated in Fig. 3-1. At first, we use sputter to deposit
200 nm amorphous-silicon film on the quartz substrate and anneal it at 1100 °C for
three hours to get poly-crystallized film. Then a 1 um AZ6112 photoresist layer is
spun on the sample by spin coater. The strip pattern is defined on the photoresist layer
by using photo-lithography with 10 pm width and 1 cm length. Then the pattern is

transferred to poly-silicon-layer by using reactive ion etching (RIE).

In the following processes metal grating structures will be fabricated on the
waveguides by using electron beam lithography (EBL) and lift-off technique.
However a shortage of using quartz substrate is its poor conductivity which will cause
distortion of electron beam exposed images and patterns. Properly guiding the
accumulated electrons will help solving these problems. Therefore we introduce
aluminum mask layer surrounding the waveguides. They serve as neighboring metal
tape used when taking images of scanning electron microscopic (SEM). The mask is
defined by again photo lithography and followed by thermal evaporation of 130 nm
aluminum. Then lift-off technique blanks out the region around the waveguides. This
process flow is illustrated in Fig. 3-2. The nearest distance between aluminum mask

edge and the waveguides is 10 pm.
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Fig. 3-2. The flow chart of the conductive layer fabrication process. :

Then we fabricate g_ratiné structures on v;/a\/e'gUidé‘s'.-The flow. chért ié shown in
Fig. 3-3. First 240 nm polymethyl methacrylate (PMMA) Iayer is Spun on the sample.
The grating structures consisted by 30 periods of stripes with FF = 19 % and FF = 36
% are defined upon PMMA Iayer by using EBL Because the grating structure must
be right on the waveguides, alignment process must be implemented carefully. Then
120 nm gold is deposited again by thermal evaporator. And the pattern filled with
gold is left on the waveguides by lift-off process. The SEM image of the grating
structures are shown in Fig. 3-4. Because lift-off process is to tear off the gold film,

the grating structure still has inevitable roughness.
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Fig. 3-4. The top-view SEM pictures of grating structures (a) FF = 19% (b) FF = 36%

Because in our measuréfnent we will collect the diffrac;ions from both top side
and back side of the sample, werha\'/e' to 'm_ihimize the inconsistence between these
two cases for fair comparison. However originally upward diffraction will propagate
into free space directly, but downward diffraction will propagate into free space after
transmit through quartz substrate. Therefore we cover an overlay with refractive index
similar to quartz on top side of the sample to make index contrast above and below
waveguide symmetric. Here the material of overlay we use is

DVS-bis-Benzocyclobutene (commonly called BCB). After the grating structures are
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completed, 4.4 um BCB is spun on the sample. And then the sample is pre-cured at
60 °C for 4 minutes to eliminate bubbles inside. 250 °C hard-bake for 1 hour

solidifies the BCB overlay.

In order to coupling light into the waveguides, we have to make entrances at one
end of the waveguide for coupling. Generally, we used to cleave the substrate to
complete this step, but quartz substrate.is too hard to be cleaved precisely. So here we
use process of mechanical grinding and polishing to make waveguide entrances
expose for light coupling. During this process, surface of BCB would be attached with
many grinded powders which will affect the following measurement negatively. So
we cover whole sample with resin beforehand which also help the sample to be held
stably during the process.-The-resin can be removed easily by dipped in acetone.
Finally the all fabrication processes are completed and the sample is prepared for

measuring.

3-2. Measurement setup

For characterizing the metal grating we couple light from tapered lens fiber into
waveguide and collect both upward and downward diffracted power from grating to
evaluate directionality of upright and buried cases, respectively. The measurement
setup which we use to measure the diffracted power form grating is schematically

illustrated in Fig. 3-5.

We clip one side of the sample with the clip side parallel to waveguides, and fix
it to a pole which connects to a 3-Axes controllable stage as a sample stage. The
continuous laser source is given by HP 8168 tunable laser (wavelength window

ranging from 1480 nm to 1580 nm) and is amplified subsequently by an erbium
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doped fiber amplifier. Output end of the amplifier is connected to a polarization
rotator for controlling polarization state. Finally TE polarized laser transmits through
a polarization maintaining fiber with tapered end for coupling. The fiber is mounted
on a 6-axises adjustable micro-positioning stage and couples light into waveguides at
the polished end of sample. We use continuous laser source at 1550 nm to do the
following measurements. It is important to note that the sample stage and the
6-axises adjustable stage are on the same platform. So they can move simultaneously

without relative displacement.

For collecting diffracted power from grating we build a system combining
microscopic and power collecting utilities. Inthe optical axis of the system, a 100 x
long working distance objective lens focuses illuminating white light at sample
surface and collects all scattered light for observation. Except white light, the
diffracted light from the grating will also be collected by the objective lens. The white
light is mounted in the optical axis via a beam splitter (BS). After collimated by the
objective lens and transmitting though the BS, the scattered white light is reflected by
a mirror and focused again by a convex lens upon a charge-coupled device camera
(CCD camera). Finally the image can be observed through a monitor. The mirror can
be flipped. And when"it is flipped, diffracted light collected from the sample will
directly transmit, instead of being reflected, and be coupled into a multimode fiber
(MMF) cable by another 2.5 x objective lens. Finally the output power is measured by
Q8221 optical multi power meter. It is important that when measuring we will turn off
all of the light sources (including ceiling lamp), only laser coupled into waveguide

and diffracted from grating can be collected.
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For measuring the upright gratings, the light collecting system focuses from the
BCB side. We first use the microscopic utility to align the input end between fiber and
waveguide. Here the white light is supplied from a secondary microscopic system in
back of the sample as shown in Fig. 3-6, because image of fiber is clearer when white
light illuminates from the back. The secondary microscopic system is mounted on the
same platform with sample stage and fiber stage. Then we move the platform to make
the system focus on grating for collecting diffracted power. Both diffraction collection

and alignment of the input end will be optimized to get maximum output power.

For measuring the buried gratings, we turn the sample to let 100 x long working
distance objective lens focus on the ‘grating from quartz side. And we use the
secondary microscopic system-to align input side from the other side (BCB) with
white light source from the collecting system. The secondary microscopic system is
used because from the quartz side we cannot simultaneously focus on fiber and
waveguide (the optical path length is different). Again the grating output is optimized

both at the input end and the grating end by the collecting system.

Monitor

Tunable laser DC Power supply  Monitor White light source

Amplifier

3-Axes
Sample stage

2.5X

Object lens
N
Z n
{/

Microscopic system BS Mirror
Object lens

Polarization
rotator

Fiber stage Taper fiber

Fig. 3-5. Schematic of the measurement system.
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Fig. 3-6. The measurement setup for the upright grating. The white light is supplied
from the back of sample.

3-3. . Measurements and discussion

The grating couplers are fabricated at least 5 mm away from the input ports of the waveguide to avoid
the waveguide to avoid collecting wave scattered directly from the input port. \We measure fifteen
measure fifteen waveguides at different distances from the input port on each waveguide (for each
waveguide (for each distance there are three gratings on each waveguide and total is five different
five different distances). Among three gratings with the same distance we find the results with the
results with the highest diffracted power which is proportional to directionality of the grating. The

grating. The results measured from grating with 19 % and 36 % FF are shown in Fig. 3-7 and

Fig. 3-8, respectively. The FFs are measured by using SEM. It is obvious that for
all distances the diffracted powers collected in the buried cases are much higher than
those in the upright cases. Besides, gratings of 36 % FF perform better directionalities

than those of 19 % FF gratings. That is because operating wavelength of 1550 nm is
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closer to center of PBG for 36 % FF than for 19 % FF as we predicted in simulation

works.
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Fig. 3-7. The measurement output power from grating with FF=19% at different
distance away from input port.
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Fig. 3-8. The measurement output power from grating with FF=36% at different
distance away from input port.
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Because our grating structures are without the interface between oxide layer and
silicon substrate, we simulate the directionality of different grating heights, in which
the grating structures are without the interface for comparing with the experiment
result. The results are shown in Fig. 3-9. Among the buried cases, grating with 30 %
FF can reach the highest directionality for all grating height. In the range of small
grating height, it is obvious that directionalities of gratings with 30, 35, and 40 % FF
are higher than that with 20 % FF. So the result that directionality of grating with 36
% FF is higher than that with 19 % FF is reasonable. The only characteristic
difference between gratings with and without the substrate interface is that there is no
oscillation of directionality in the buried case because interference does not occur
when there IS no substrate interface. However the PBG effect caused by the grating
itself still exists, so we can see that the directionality finally saturated as high as 90%
when the buried grating is higher than 1000 nm. Finally we also directly observe the
diffraction in the buried case by using infrared camera. As compared between Fig.

3-10 (a) and (b), the captured images clearly show the diffracted spot near the grating.

e FF=20%
=m=FF=30%
o FF=35%
e FF=40%

Directionality

D
NN

-1000 -800 -600 -400 -200 0

Grating hight (nm)
Fig. 3-9. The simulation result of grating high dependent of directionality with
different FF.
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Fig. 3-10. The Image of the output power. (a) with back light, (b)without back light.

3-4.  Summary

In this chapter, we present-the fabrication processes of our grating structure. By
introducing the aluminum mask layer, we solve the problem of charge accumulation
which will make distortion of pattern exposed by electron beam lithography. The
SEM picture shows that the pattern completed by our processes is quite good. From
the measurement results, we can confirm that the buried grating couplers can reach
higher directionality than that of the upright grating couplers. Even there is no
substrate interface, the PBG effect still dominates and makes the directionality of

diffraction high.
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Chapter 4.

Conclusion and Future work
4-1 Conclusion

In this research, we attempt to design an efficient fiber-waveguide coupler
without the need of wafer-cleaving. Grating structure can serve as coupler between
fiber and waveguide with vertical arrangement. In this configuration waves
propagating along waveguide can be diffracted out of the plane of waveguide and
coupled into a neighboring fiber which is nearly perpendicular to the plane. Due to the
reversibility of optical path-the wave can also be coupled from the perpendicular fiber
into the waveguide. However for most designs the diffraction has equal components
propagating upward and downward. respectively. But only the upward diffraction
toward fiber 1s available. So the directionality of grating coupler is always limited at
50 %. For overcoming this limitation we incorporate PBG effect into the grating
coupler. We chose gold as the material of our grating structure because metal grating
can be fabricate simply by lift-off technique which saves the fabrication process.
Besides, we have found that the grating structure can be regarded as a 1-D photonic
crystal with PBG which will forbid light transmitting through the grating region. The
operating wavelength of 1550 nm is just within the PBG of gold grating when grating
parameters are chosen for diffraction of single order. We use this characteristic to
design a buried gold grating coupler. By burying the gold grating under waveguide,
we can eliminate diffraction toward substrate and improve the directionality of
diffraction toward fiber. We use FEM simulation to investigate wave at 1550 nm

propagating along silicon waveguide and being diffracted by the grating. Simulation
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results show that buried grating does have better directionality than the upright
counterpart. When height of the buried grating is larger than 1000 nm, the
directionality saturates as high as 90% because the gold grating forms complete PBG
and forbids waves transmitting downward. In this case most waves will be diffracted
upward toward the fiber. For adapting to practical situation, we choose 200 nm
grating buried in 1.45um oxide layer as target. The 80% directionality is still very

high.

Considering fiber mode overlap, we introduce apodization design to make
diffraction of the grating have Gaussian profile. The coupling efficiency of grating
with apodization is 67.3%. However in reference utilizing upright metal grating the
maximum coupling efficiency-is only 50 % [20]. Our result attributes to high
directionality of the buried structure and the apodization design. When we move the
fiber position in z (longitudinal) direction for 1 um away from the optimize position,
the coupling efficiency only reduces 5%. And the coupling efficiency reduces about
10% when fiber is moved 100 pum away from the grating in y (vertical) direction. In
experiment, our grating structure is fabricated by e-beam lithography and lift-off
technique. For overcoming the distortion caused by charge accumulation, we add
conductive mask layer before writing the grating pattern by EBL. Therefore fine
grating stripes can be attained. In measurement, the results show that buried grating

couplers have better directionality than upright grating as predicted by simulation.
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4-2 Future work
4-2-1 Adjusting lateral mode size by tuning waveguide width

In chapter 2-4, we had done complete 2-D simulation. But a 3-D simulation will
be more convincing because in 2-D simulation we only consider the diffraction
phenomenon in longitudinal and vertical directions. For understanding the real
situation we need 3-D FEM to do simulation. But a precise 3-D numerical analysis
will need numerous elements to do the calculation in COMSOL software. Our
computational system does not afford because that will occupy more than 64 G ram
(upper bound of our system). So here we just perform characteristic analysis of the

target structure. The structure parameters used in simulation are listed in Table. 4-1.

Diameter
a 610 nm
t -200 nm
d 1.45 pum
FF 30%
Waveguide thickness 220 nm
Waveguide width (/) 2-10 pm

Table. 4-1. Simulation parameters of waveguide and grating structure.

3.5+

3.0+
2.5+

2.0+ ]

Lateral size of output beam (um)

2 4 6 8 10
Waveguide width (um)
Fig. 4-1. The | dependences of lateral mode size.
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-

Fig. 4-2. The output power profile in xz plane with waveguide width at 3um.

As shown in Fig. 4-1, the size of output beam in x direction increases linearly as a
function of waveguide width (I). But the mode size in z direction fix at 0.9 um
independent of |. By reducing | to 3 wm we can get a nearly circular output beam (~
0.9 um mode diameter) as shown in Fig. 4-2. That is advantageous because circular
output beam will have higher coupling efficiency with circular fiber mode than
elliptical output beam. If-apodization technigue is incorporated with corresponding
waveguide width we believe a circular diffraction mode well matching fiber mode can
be generated and further enhance the coupling efficiency. In the future we will do

more detail analysis after we improve our computer system.

4-2-2 Improvement of experimental demonstration

To demonstrate utility of the buried grating coupler, a measurement approach
following how the coupler works will be more convincing. That is, we should probe
waveguide with buried gratings as input and output ports by two optical fibers at these
ports respectively. Light will be coupled from first fiber into waveguide through a
buried grating and be collected by second fiber at output port of another buried
grating. With this scheme we can get the entire efficiency of the system. By
investigating the influence caused by reducing the distance between these two
gratings, we can also obtain propagation loss of the waveguide. Then the whole

system is analyzed. These measurements will be done in our following works.
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4-2-3 Further application in passive component

To date, passive devices with various new functionalities have been proposed. In
our research scope, plasmonic structures and photonic crystal structures are designed
to serve sensing, molecule detection, or optical manipulation. However for the
purpose of chip integration, exciting devices by coupling light from neighboring
waveguide would be more promising. So at the same time when we design integrated
devices, we have to build up a coupling system for input and output of light. Now
buried grating coupler is the candidate. In the following works we will devote to
integrating the grating coupler with our devices, to bring a complete system

prototype.
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