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Abstract

In this chapter, the quantum process of the Goos-Hanchen (GH) spatial shift is first
derived out, then the coherence between spatial and angular shifts in the GH effect in
the quantum state is discovered and a function of digital optical switch is developed. It
is found that a waveguide corner structure always makes the reflected guide-mode have
both the GH spatial and angular shifts when the incident beam is in the vicinity area of
critical and Brewster angles. Meanwhile, these two GH shifts have the interesting coher-
ent distributions with the incident angle, and only in the common linear response area
the two GH shifts are mutual enhancing, then a mini refractive index modulation (RIM)
of guided mode at the reflecting interface can create a great stable jump of reflected beam
displacement at an eigenstate. As a result, on 220 nm silicon-on-insulator (SOI) wave-
guide platform, with a tapered multimode interference (MMI) waveguide a 5.0 x 10" cm ™
concentration variation of free carriers can cause a digital total 8-25 um displacement of
the reflected beam on the MMI output end, leading to a 1 x N scale digital optical switch-
ing function. As a series of verifications, the numerical calculations, finite difference time
domain (FDTD) simulations and experiments, are sustainable to the quantum GH shifts.

Keywords: silicon photonics, silicon-on-insulator, waveguide corner, coherent Goos-
Hanchen spatial and angular shifts, eigenstate of total GH displacement, and digital
optical switch

1. Introduction

In 1947 a novel spatial shift phenomenon of the reflected beam at an interface of two media
was discovered by Goos and Héanchen, which was later referred to as the Goos-Hanchen
(GH) effect [1]. Then, in 1948 it was theoretically modeled by V. K. Artmann by providing an

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and reproduction in any medium, provided the original work is properly cited.



64  Applications of Silicon Photonics in Sensors and Waveguides

Artmann equation [2]. But, at that time no special attention was ever paid to this interesting
phenomenon until 1972 when Chiu and Quinn further testified the simple delay process of
optical scattering caused by this optical GH effect because Chiu and Quinn’s work exactly
presented the two polarization-determined parallel reflected beams in both theory and experi-
ment [3]. In the past decades, based on the different media and technologies a variety of GH
shift phenomena were studied in which their essential applications have been shown out [4-8].
At the condition of plane waves, the first impressive research in theory was done by Wild and
Giles in [4]. Later, in 1986 Lai’s team performed the more detailed theoretical investigation for
the GH effect with Gaussian beam and obtained the more sustainable results, and furthermore
in 2002 they extended their research to the more regular case—the complex expression for
both the positive and negative electromagnetic materials at the reflection beam side and the
frustrated total internal reflection (FTIR) was defined [5, 6]. These typical theoretical achieve-
ments in both plane and Gaussian waves have built a powerful fundamental for research on
the GH behaviors of guided modes in a waveguide corner. Thus, in the past years, the estab-
lishments in the following three interesting topics relating to the GH effect have stimulated
intensive research on new theories, materials and functionalities: (i) the integrated optical
technologies due to a broad landscape of applications; (ii) the great spatial and angular shifts
of Gaussian and quasi-Gaussian beams; and (iii) the control of GH effect in a micro-cavity
by using the coherent light into the atomic energy levels [7-11]. With the special waveguide
structures and corner-mirror materials, some novel phenomena of GH effect and the other
involved effect such as Imbert-Fedorov shifts were also investigated and established [12-14].

In fact, the quantum mechanism supporting to theoretical research in the spatial shift of GH
effect was established by Steinberg and Chiao in [15]. Then, in 2013 we theoretically demon-
strated this quantum effect of the GH spatial shift with the consistent solutions of Maxwell
equation and Schrodinger equation, and then proposed a digital electro-optic (EO) switching
regime on semiconductor platform where a new metal-oxide-semiconductor (MOS)-capacitor
type EO modulation method is also proposed and analyzed to realize an effective free-carrier
dispersion (FCD) effect based refractive index modulation (RIM) [16]. Meanwhile, as a typical
EO modulation scheme of semiconductor material, the FCD-based RIM of silicon-on-insu-
lator (SOI) waveguide has been attracting the broad and intensive research attentions in the
field of photonic integrated circuit (PIC) components and applications in the past decade [17,
18]. The similar part of all these FCD-RIM based switching schemes is that the FCD effect is
imposed to a section of waveguide channel to cause an optical phase change, so their common
intrinsic drawback is the FCD-induced optical absorption. As a result, there have not been
any real accomplishments of product development reported so far. Consequently, the digital
operations for the high-speed optical switching devices with advanced FCD-RIM schemes
and device structures are expected for high-speed PIC devices [16-19].

In this chapter, by starting with the eigenstates of guided modes we first investigate the cor-
respondences between the Fresnel equation and Schrodinger equation of guided modes and
the coherence of the spatial shift and angular shift of the reflected guided modes under the
GH effect. Then, the quantum processes responding to an incident angle with the eigenstates
of guided modes of the MMI waveguide are discussed. Furthermore, the total displacement
versus the concentration change of free-carrier holes is analyzed to discuss the performance
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of FCD-RIM based digital optical switch within the SOI-CMOS submicron waveguide corner
structure. Furthermore, the sustainable numerical calculations, professional software simula-
tions and experiments are discussed. Finally, the conclusions are given.

2. Spatial and angular shifts in Goos-Hanchen (GH) effect

2.1. Coherence between the spatial and angular shifts in GH effect

Figure 1 shows the schematic relationship of incident, reflected and transmitted beams across
the interface of two optical media with the refractive indices n, and n,, respectively. A com-
mon definition of GH shift is the effective spatial shift A of the reflected beam axis at the direc-
tion perpendicular to the propagating direction of the reflected beam with respect to the ideal
position, which can be forwarded to the expression of the displacement s along the reflective
interface with the Artmann equation form as [2, 5, 15].

_ do
Sv - _kl cos0do (1)

where n and », stand for the refractive indices of the media at the reflected and transmitted
sides, respectively, ¢ is the phase of the reflection coefficient (r = R-exp(ip)) if R indicates the
amplitude coefficient), k is the wave number (k = 2rn /A ) if A is the optical wavelength in air,
and 6 and 6, are the incident and transmitted angles of optical beam, respectively. In addition,
an angular shift © is also caused under this GH effect.
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Figure 1. Schematic relationship of the incident, the reflected and the transmitted light waves at the interface of two
optical media and the concepts of both GH spatial and angular shifts.
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Eq. (1) tells that the phase change of reflected beam is a key parameter in the GH spatial shift,
and this GH spatial shift must involve with a time delay no matter it is the light-wave travel-
ing process of classical physics or the quantum mechanics. As demonstrated below, the optical
phase change with incident angle is theoretically demonstrated to be either a quantum pho-
tonic process or the classical lightwave traveling mechanism, which is controlled by the delay
time of the photon beam tunneling process in penetration depth [15, 16]. We know, in quan-
tum mechanics theory, an electron beam in semiconductors can have a quantum-mechanical
electron-wave transportation process to a potential barrier, so similarly a photon beam can also
have a quantum-mechanical light-wave transportation process to a photon tunneling with a
quantum effect. In 1990s, Steinberg and Chiao of the UC Berkeley did an experiment of passing
through and blocking back of photon particles by using an optical system of two prisms with an
air gas, then they found that the delay time of transmitted beam is shorter than the value calcu-
lated by the ray optical trajectory method, which is also referred to as an FTIR phenomenon. The
FTIR phenomenon produces a quantum change of optical phase and was equivalently depicted
as in Figure 2, where 6, 6 and 6, are the incident, reflected and transmitted angles of photon
beam. If ¢, and <, are the phase change and the delay time of transmitted beam, respectively,
after passing the penetration region of 4, the transverse displacement Az is expressed by [15].

_ c a%]
Az = 1, wcos0 [¥ © (2)

where o = 2nc/A is the angular frequency of light-wave.

If we use ¢ replace ¢, in Eq. (2) to express the phase change in the penetration region of 4, we
immediately have solution as: Az = 5. We know, Eq. (2) is derived based on the electromag-
netic formulism of quantum-mechanical electron-wave propagation from the Schrodinger

ip ikz - Z
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Figure 2. Schematic distribution of the one-dimensional phase shift due to the transverse displacement Az when a
photon beam tunnels a barrier with d thickness.
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equation to define the transverse displacement Az of both transmitted and reflected waves but
it is the completely equivalent to the GH shift s defined by Eq. (1) that is evolved from the
Maxwell equation of photon-wave. Thus, it turns out that the definition of the GH shift used
in this work is very believable.

From Ref. [15], as shown in Figure 2, we have the delay time of transmitted beam during pro-
ducing the shift Az at the vertical direction as

0
= [%] +22 Azsin® 3)
Then, by comparing Figure 2 with Figure 1, the delay time in Eq. (3) can be understood as
the phase change of the reflected beam after it suffers from a GH shift. Then, setting Az/c = r,
yields

A 29 Az
2= [aed]m"'TZ”z sin© (4)

Substituting Eq. (2) into Eq. (4) yields

1 [aqbd] B [d(j)d] n,sin0 [0¢d]
“m,weos0 1001, ~ L0 ], n wcosd 00 ],

©)

Then, we obtain

=0 (6)

w

1+n, wcosO —n,sin0 [dzj)d]
1, wcosO “Lo6

We know 6 is an angle close to the Brewster angle or the critical angle of the optical TIR system
shown in Figure 1 and n wcos6 > n_sin8, so we have the final solutions as

1+n, wcosO —n, sin®

# 0 and [a%]w =0 )

n, wcosO 00

d
Thus, the term [%] must be the critical values of the function ¢, with respect to 6, i.e., ¢ (6).

2.2. Duality of spatial and angular shifts in GH effect

In 1980s the scientists of the United States predicted, it is reasonable for the reflected beam
to display a small angular deviation from the law of specular reflection [20, 21]. Until two
decades later, in 2006 and 2009, the experimental results of the angular shift under the GH
effect were observed in microwave and optical domains, respectively [9, 22]. In the optical
experiments, the general role of GH spatial and angular shifts is modeled with both the phase
and amplitude of reflected beam, then with Figure 1, by setting a multimode interference
(MMI) with 1 length, the total beam displacement is defined by a combination of the spatial
shift A and angular shift © as [22]
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1

ST = cosO (A + lmm 8) (8)
where | stands for the length of tapered reflective MMI waveguide. From the reflection coef-
ficient r = R-exp(ip), the general algebra expression of the GH shift can be expressed as

_dlnr _ 19R_.9¢
D=5 =ro* % ©)

Then, with the propagation constant of the input guided mode g, the combination of Egs. (8)
and (9) yields the spatial and angular shifts in the GH effect as

1 9¢
A = 5gp = Im(inD) (10a)
0 = —2 R _ Re(lnr) (10b)

(Bzw) 06 ~

where w, stands for the waist of an approximated Gaussian beam of reflected guided mode.
Therefore, in terms of the set of Egs. (10a) and (10b), the GH spatial and angular shifts involve
with the phase and amplitude of the reflected beam, respectively.

For the TE- and TM-mode, the amplitude reflection coefficients R _and R are, respectively,

defined by [6, 16]:

cos6 — (n?-sin?0)2

TE cos0 +(n?—sin?0)2

(11a)

_ n?cosb - (n*-sin® 0)'?

™ — 1?cos0 +(n>—sin? 0)

R

(11b)

where n = N /n when N_is the effective refractive index of the guide mode of input wave-
guide and n_is the refractive index of corner mirror material. In Ref. [16], for the eigenstate
of reflected mode on the GH spatial shift, the partial derivative meets 9¢/06 =0, so the incident
angle O must have its corresponding eigenvalue, which creates a critical value of wave func-
tion ¢(x,y, z). From Egs. (10b) and (11) we find that the GH angular shift © is dependent of the
effective index N, while N_is determined by the input waveguide material.

2.3. Understanding to the quantum spatial and angular shifts in GH effect

We know all the guided modes of an MMI waveguide are the eigenstates of quantum physical
process and the corresponding effective indices are the eigenvalues of all the refractive indices
of optical beam at the phase velocities [23, 24]. So, if we set the input waveguide channel as a
single-mode, N_would be only the eigenvalue of the single-mode, then it finally determines
one of the GH angular shifts. Thus, for a waveguide structure, if ¢ (v) stands for the relative
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dielectric constant of waveguide material, the two-dimensional (2D) Maxwell wave equation
of the propagation constant g and light wave function ¢, z) for the TE- and TM-mode of opti-
cal waveguide are expressed by (12a) and (12b), respectively, as [25].

0p(x,z) (X, 2)

2P0 = o tKiel - Nior 2) (12a)
.o 0P 2) 119952\ 150 h o
2B—%— = &ax € ox +ki(e7 - N2, 2) (12b)

For a quantum system, if Uw) and m(x) stand for the arbitrary potential and the effective mass,
respectively, with the effective mass approximation and the Plank constant #, the time-depen-
dent relation for the photon wave function W(x, t) can be expressed by a Schrodinger equation as

jh

oW(x, t) fl_21< 1 OW(x t)
ot 2 ox\m®x) ox

) +U@W(x, t) (13)

Comparing (13) with (12a) and (12b) yields the conclusions that the TE-mode corresponds to
the case that the effective mass is independent of x, while the TM-mode corresponds to the
case that the effective mass is dependent of x. Hence, we can find the following correspon-
dences for gth mode:

z ot (14a)
2B < jh, (14b)
aa—;z “ % aa; for TE-mode (15a)

1(1 0 n o 1 O¥(xt)
Er()_x(e_y_x> £ 73(@ ax )for TM-mode (15b)
ki(el = NZJe 2) © U©W(x 1) (16)

It turns out that the angular shift defined by Eq. (10b) is a quantum selection from multiple
eigenstates of the reflection angle under the GH effect. It turns out from relation (14a) that the
distance z of light wave traveling corresponds to the time t of photon beam tunneling, while
in quantum mechanism, there is no variation of particle velocity, so this corresponding rela-
tion is very reasonable. It turns out from relation (14b) again that the propagation constant
relates the effective wave number of the guided mode in the traveling-through channel, while
the Plank constant » relates the eigenstate of particle with its mass in tunneling barrier, so the
guided mode is limited to a quantum state. Therefore, the relations, (15a), (15b) and (16) are
used to analyze the field-distributions of guided mode at its eigenstate.

69
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3. A digital optical switch principle with the waveguide corner

3.1. Device concept and condition for the digital optical switch

With the SOI-based waveguide corner mirror (WCM) structure comprising semiconductor (sili-
con) waveguide channel material, oxide (SiO, or SiON) corner mirror material and metal mate-
rial for electrodes, a new regime of 1xIN scale digital optical switches was proposed as shown
in Figure 3. This special regime of digital optical switches composed of a single-mode input
waveguide, a tapered multi-mode corner waveguide, a corner mirror and N single-mode out-
put waveguides is proposed, where N is an integer. In this device regime, the single-mode out-
put waveguide channels are all in conjunction with the output end of the tapered MMI corner
waveguide [15, 16]. Then, the free-carrier concentration variation at the interface area of mirror
and waveguide is controlled to realize the FCD-RIM of silicon of this WCM structure [16-19].

In optical switching operations, as shown in Figure 3, all the possible angles of the reflected
guided mode are no longer the same due to an angular shift of the GH effect. Namely, the
angular shift in this project makes the reflection angle different from the input angle and then
creates a great total displacement at the output end of tapered MMI waveguide with a com-
bined effect of the spatial shift and angular shift as defined by Eq. (8).

3.2. Discussion for the mode distributions of MMI waveguide

In this 1xN type digital EO switch shown in Figure 3, the tapered MMI waveguide is a critical
part as it not only forms a reflecting interface with the corner mirror, but also transfers the
reflected optical beam from a single-mode input waveguide to its corresponding single-mode
output waveguide. Thus, at the input end this tapered MMI waveguide is required not only
to have the corresponding eigenstate guided mode to match the eigenstate reflected-mode of
the GH effect, but also have the length to maintain the single-mode state of reflected guided
mode from the input waveguide to the corresponding output waveguide.

Control M-mode
Doping Waveouide

Oxide | /

orner

Input
Port

Si WG layer

Si Substrate

Figure 3. Schematic architecture of the SOI-WCM for the GH effect based 1x3 optical switch with CMOS-compatible
sub-micron scale waveguides and FCD-RIM.
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With the consideration for both the GH spatial and angular shifts in the FTIR process of WCM
structure, the tapered MMI waveguide was set to meet the conditions at its input end so that
it can produce a sufficient separation between two adjacent output modes at its output end.
As explained above, the tapered MMI waveguide is assumed to contain N modes with the
numbers q=0, 1, ..., N-1, the GH angular shift defined by Eq. (10b) is a quantum selection for
the eigenstate reflection angle of a reflected guide-mode to match one of the multiple guided
modes of tapered MMI waveguide at its input end which has an effective index N_. Figure 4
schematically depicts such a tapered MMI waveguide where w and w are its widths at the
input and output ends, respectively, and the total displacement s_is determined by the spatial
and angular shifts as defined by Eq. (8).

In the MMI waveguide a specified factor is the beat length of the two lowest-order modes (i.e.,
the two key modes) L, which is defined by the propagation constant difference of these two
modes AB = B, -B, as

o 4 Wi
L =% B~ T3A, (17)
The 1-mode length is required tobe L - (2) L, then we have:
(3 o We
L, = (3L =% (18)

For the qth mode eigenstate guided mode, the lateral wavenumber k and the propagation
constant g, should be related to a core refractive index » of waveguide as [23, 24]

kiq+[:’>é = kin? with (19a)
k, = 27'(//\0,kkq = (g+1)t/W, (19b)

Accordingly, the propagation constant spacing of any high order mode from the fundamental
mode is expressed as

+2)71t
Ay, = Bo-B, = 15T 0)

3.3. Matching condition between the RIM modulation and the guided mode

In the FCD-RIM process of an SOl-waveguide device, if the concentration of free-carriers in
silicon waveguide has a variation for the guided mode, at A = 1550 nm the RIM of silicon is
defined by the refined Drude-Lorentz model as [18, 19].

An = - [8.8 x10AN,+8.5x107 (A Nh)”] (21a)

Aot = 85x10" AN +6.0x10" AN, (21b)
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X
A W
.A Output
f, (x)
X=
0/0 : T - >Z
0 N Z=Lim

b A/cosé

Input f; (x)

Figure 4. Schematic structure of the tapered MMI corner waveguide for transferring the reflected optical beam from the
input waveguide to an output waveguide at the single-mode state with 1-mode length Z =L, , where the spatial/angular
shifts, and the total displacement of GH effect are labeled.

where An and Aa are the changes of refractive index and absorptive coefficient, respectively,
resulting from the variation in free carrier concentrations; AN and AN, are the concentration
variations of free electrons and free holes, respectively. Eqs. (21a) and (21b) imply that the
FCD-RIM effect also causes an extra optical loss in its refractive index modulation. For the
reflection of the guided mode at the waveguide/corner-mirror interface, the incident and
reflected optical fields should be expressed as [26, 27].

E. =exp.[i(wt-k z)] and E, = R -expli(wt-k z)] (22)

where the reflection coefficient R is defined by Egs. (11a) and (11b) for TE- and TM-mode,
respectively. Finally, at the qth independent mode in the FTIR process from the input mode
to the reflected mode, we have a transmission equation of Fresnel formula between the critical
angle 6_and the effective index N _as.

n, = Neqsin [0+ @q] (23)

We know, there are more than two guided modes in the input end of an MMI waveguide
and any independent guided mode has an independent N_ value [23, 24], so it is the exclusive
value to determine a jump of the reflected beam in this GH effect.

4. Simulations and analyses for the FCD-based modulation
performance

In Section 2.2, we theoretically have proved that both the GH spatial and angular shifts form
a total displacement of reflected beam at the output end of MMI waveguide. So, the perfor-
mance of this digital optical switch is based on the dual GH shifts.
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4.1. Analysis for both the spatial and angular shifts of GH effect

By selecting the CMOS-compatible SOI waveguide and taking the silicon layer thickness as
H =220 nm, ridge height as h = 130 nm, silicon refractive index as n, = 3.43, and SiO, refrac-
tive index as n, = 1.46, then for the rib widths: 350 and 400 nm, with the finite-difference
time-domain (FDTD) software we obtain the effective indices and the corresponding effective
widths of the guided modes at A=1550 nm and x-polarization as depicted in Table 1.

As shown in Figures 3 and 4, the GH effect happening on the FTIR interface has the changes
of two physical parameters—the position and angle of reflected beam, which both strongly
depend on the incident angle 6 when it is close to the Brewster critical angle 6_. As depicted in
Table 1, the rib widths of 350 and 400 nm have the effective indices as N ;= 2.3368 and N, = 24114,
respectively, which lead to the critical angles as 6_ = 38.7 and 37.3', respectively. Hence, for these
two rib widths with the theoretical models defined by Eq. (10a) we first display the depen-
dences of the GH spatial shift A on the incident angle 0 of optical guided mode as shown in
Figures 5(a) and 5(b), respectively. Note from Figure 5 that a sharp change can be caused by a
mini-change of incident angle at a vicinity of the Brewster critical angle 6, and the GH spatial
shifts are different between the two different cases of incident angle: smaller and greater than 6 .

In our previous work, the switching scale potential of digital optical switch scheme was only
based on the GH spatial shift. However, as analyzed above, in a real FTIR process the reflected
beam not only has an anti-trajectory rule phenomenon of reflecting position, but it also pre-
dicts a non-specular reflective angle shift, thus as a continuous research project, these two
special photonic phenomena in the FTIR process are both dependent on one quantum state
of photonic tunneling process. In the same manner, when the input single-mode waveguide
has the rib widths of 350 and 400 nm, with the data used for Figure 5 and Eq. (10b) we further
obtain the simulations for the dependences of the GH angular shift © of reflected mode on the
incident angle 0 as shown in Figures 6(a) and 6(b), respectively. Note from Figures 5 and 6
that, under the quantum GH effect, both the spatial and angular shifts of reflected beam have
the sharp responses to the incident angle and are mutually influenced. However, the differ-
ence between these two shifts is that the spatial shift A is plus while the angular shift © is
minus, which can be manipulated to realize a switching function with the WCM structure.

By selecting the rib width of 350 nm, the dual dependences of spatial and angular shifts on
the incident angle is shown in Figure 7. Two significant interesting points should be found in
Figure 7 as that (1) in a vicinity of Brewster critical angle 6_that is at 38.95°, the incident angle
greater than 6_ must be selected where the angular shift is extremely big at the minus direc-
tion and (2) the two GH shifts have one common sharp linear response range. In Figure 6,
there are five different areas in the whole distribution of the two GH shifts as: (1) In the area
of incident angle smaller than 38.5° only a slow angular shift exists; (2) in the area of incident
angle from 38.5 to 38.91° the two GH shifts are reverse; (3) in the area of incident angle from
38.91 to 38.95°, the two GH shifts have a common linear response area; (4) in the area of inci-
dent angle from 38.96 to 39.30° that is exactly greater than 6_the two GH shifts are reverse
again; and (5) in the area of incident angle greater than 39.3° only a slow spatial shift exists.
In the common linear response area of these two GH shifts we find that at the incident angle
of 38.91°, the spatial GH shift reaches its minimum value of 3.82 um, while the GH angular
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Rib width, W, (nm) 350 400
Effective index at E, N 2.3368 24114
Effective mode-width at E, W . (nm) ~350 ~400

Table 1. Single-mode operations of two rib widths.
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Figure 5. Incident angle dependence of the spatial shift of reflected beam under the GH effect with the WCM structure
at the x-polarization: (a) and (b) are for 350 and 400 nm rib widths, respectively, where the typical values of incident
angle are marked.
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Figure 6. Incident angle dependence of angular shifts under the GH effect with the WCM structure at x-polarization: (a)
and (b) are for 350 and 400 nm rib widths, respectively, where the typical values of incident angle are marked.
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Figure 7. For the 350 nm rib width and at 1550 nm wavelength the incident angle dependences of both the spatial and
angle shifts under the GH effect in which the characteristics of GH shifts are categorized.

shift reaches its maximum value of —1.10-rad. In contrary, when the incident angle is in the
range of 38.94-38.95°, the GH spatial shift reaches its maximum value of 11.14 um, while the
GH angular shift reaches its lowest value of —0.35-rad. These characteristics of the common
response area of GH shifts are very conducive to the designs of digital optical switches.

4.2. Analysis for the mode distribution at the input end of MMI waveguide

In order to meet the mature fabrication technique for future experiments, we select the
CMOS-compatible 220 nm standard SOI-PIC platform with 130 nm rib height, at A = 1550 nm
the refractive indices for core and cladding layers are 3.43 and 1.46, respectively. For the input
waveguide having a rib width of 350 nm, at the input end of MMI waveguide as shown in
Figure 8(a), we calculate the optical field distribution of reflected guided mode as depicted in
Figure 8(b). Note that the mode size is approximately 2.00 pm, so at the input end of the MMI
waveguide the smallest center-center spacing between two adjacent ports is 2.00 pm, then
total width should be set in the range from 2.00 to (2.00 + 11.4) um.

4.3. Investigation for the total GH displacements at the MMI output end

In accordance with the simulations of both the spatial and angular shifts of GH effect shown
in Figures 5 and 6, we determine the input end width w = w_+A. As an illustration, by taking
W as 2.5 um, we calculate L, with Eq. (18) at first, and then with Eq. (8) obtain the total dis-
placement s_at the output end of the MMI waveguide in its linear response range to incident
angle as shown in Figure 9.

Note from Figure 9 that the sharp response range is the common linear response area of the
two GH shifts in Figure 6, which is in the range of incident angle from 38.91 to 38.95° and
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Figure 8. Optical field distribution of single-mode at the input end of MMI waveguide channel having a ridge width of
350 nm: (a) the input port cross-sectional view and (b) the optical field distribution.

labeled as a consistent change area, and in the other two incident angle areas, namely, it is
smaller than 38.91° and greater than 38.96°, there are two the moderate response ranges of
s, to the incident angle. Such the distribution characteristics of the total displacement s_at
the output end of MMI waveguide are very conducive to the optimization of digital optical
switch performance. Thus, it turns out that Figure 9 is paramount important for investigating
the maximum feasible switching scale and designing the best optical switch with the WCM
structure and the FCD-RIM.

From Figures 5 and 6 we know the sharp-response area of GH effect to the incident angle
is a consistent area between the spatial shift and the angular shift under this GH effect, and
Figure 9 proves that the total displacement is co-contributed by the spatial and angular
shifts. So, as a result, in the incident angle range from 38.83 to 39.16° it presents a sharp linear
response area to the incident angle for a given MMI width at its input end. Therefore, for this
350 nm rib waveguide we first select the incident angles as 38.7, 38.9 and 39.1° in the sharp-
response area of GH effect in Figure 9 that are all very close to the critical angle and then at
the wavelength of 1550 nm obtain the dependence of the total displacement of the reflected
beam on the free-carry hole concentration change (HCC) for the two given MMI waveguide
width values at its input end: 2.5 and 5.0 pm as shown in Figure 10(a) and (b), respectively. In
this process, as described above, the HCC activates an RIM of silicon material at the reflective
interface between the silicon material of waveguide and the silicon-dioxide of corner mirror
as defined by the Drude-Lorenz Eq. (21). In fact, Figure 10 presents one significant attribute
of the GH-effect based total displacement of reflected beam when the HCC is changed from
0 to 25x10"cm™. Note that the displacement immediately passes through an unstable quan-
tum jump and stabilizes on the values of -15 and -30 um for the MMI widths of 2.5 and
5.0 um, respectively, irrespective of the HCC continuous increasing. So, the quantum switch-
ing property has been shown out, but such a complex process will take much more research
before realizing a digital optical switch.
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2-D Plot of TM-mode GH jump vs hole density change
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Figure 10. Dependence of the total space displacement of reflected guided mode caused by two GH shifts for the
waveguide width of 350 nm at the sharp response area with respect to three different incident angles: (a) and (b) for the
input end width of MMI waveguide: 2.5 and 5.0 um, respectively.

Similarly, by selecting three incident angles: 39.1, 39.3 and 39.5° that are in the moderate area
of Figure 9 for the incident angle greater than the critical angle we obtain the total displace-
ment dependence of the reflected beam on HCC as shown in Figure 11 where (a) and (b) are
still for the two MMI waveguide input-end widths: 2.5 and 5.0 um, respectively. Note from
Figure 11 that the HCC of 5.0 x 10" e can cause the total displacement to have a stable quantum
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2-D Plot of TM-mode GH jump vs hole density change
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Figure 11. Dependence of the total displacement on the HCC under GH effect for waveguide width of 350 nm in the
moderate response area with respect to three incident angles: (a) and (b) are for the input end widths of MMI waveguide:
2.5 and 5.0 pm, respectively.

jump, which is =8 and -25 um for the MMI waveguide widths of 2.5 and 5.0 um at the input
end, respectively. Although the total displacements have the different jump amplitudes for
these two MMI waveguide widths they need the same HCC value of 5.0x10"cm ™ to cause an
FCD-RIM of about 6.0x10" cm® via Eq. (21). Hence, as a substantial application and one of the
objectives of this work, a digital switching operation can be immediately convinced. With the
free-carrier concentration control structure MOS-capacitor [16, 19], the HCC of 5.0 x 10" cm ™ can
be controlled to be 3-5 stages by controlling both the gate and source voltages, then 1 xN type
digital optical switching function could be realized, where the scale metric N depends on the
system design and the requirement for the isolation between any two outputs.

5. Verification for the GH shifts

5.1. Simulations for the GH spatial shift with finite difference time-domain (FDTD)
software

As early as the end of 1990s, we had started to investigate the optical output performance of
waveguide corner mirrors with the theoretical modeling, numerical and professional soft-
ware simulations and published the achievements in 2009 [27]. Based on the numerical calcu-
lations and finite difference time-domain (FDTD) simulations for the optical power transfer
efficiency of SOI waveguide corner mirrors, an SOI rib waveguide structure is designed as
shown in Figure 12(a), then in order to specially simulate the impact of the GH shift on the
optical power transfer efficiency, a waveguide corner mirror (WCM) structure is designed
to have one input single-mode waveguide channel and one output single-mode waveguide
channel as shown in Figure 12(b), where the reflecting mirror is created with a step fabrica-
tion of deep etching as shown in Figure 12(c).
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Figure 12. Schematic SOI rib waveguide corner mirror (WCM) structure: (a) the cross-sectional view of rib waveguide;
(b) the distribution of waveguide channels and corner mirror with a GH shift d and (c) the deep etched part as corner.

In Figure 12(b) the positiondis set to create a previous set GH spatial shiftas: s = -24 - tan(6). With
the feasible designs and fabrications of the real devices, two standards of SOI substrate: thick
and thin silicon films are selected and the corresponding waveguide structures for each stan-
dard for single-mode operations are depicted in Table 2. Then, by setting the reflecting inter-
face roughness as o = 100-500 A and the tilt-angle as ¢ = 0,1,2, with the thick SOI standard and
large-scale waveguide rib width of 4.0 pm, the numerical calculation as shown in Figure 13(a).
Note that both the position and tilt-angle of the reflecting interface play the significant impacts
upon the optical power transfer efficiency. In the same manner, by selecting the roughness as
o = 1004 and the tilt-angle of reflecting interface as ¢ = 0,1° with the thin SOI substrate listed
in Table 2, the FDTD simulation results of the GH shift dependence of optical power trans-
fer efficiency as shown in Figure 13(b). One novel finding from Figure 13(b) is that the GH
shift dependence curves of the optical power transfer efficiency of TE- and TM-mode have an
intersection, which could never happen to any parameter dependence curves, so this novel
phenomenon implies the discontinuous characteristics of the optical power transfer efficiency
when the GH shift impacts the TIR process. In addition, the minus 4 value gives the highest
optical power efficiency, matching the situation of the plus s_value.

5.2. Design, fabrication and test of SOI waveguide corner mirror structure

We designed, fabricated and characterized the WCM structures in 2009-2011 and presented
the achievements in 2013 [19]. Based on the fabrication condition of SOI waveguides, we

SOI substrate standard Thick Si film, 4.0 pm Thin Si film, 1.5 um
Rib width, W, (um) 4.0 2.0
Rib height, h (um) 1.0 0.5

Table 2. Two SOI standards and the corresponding rib widths for single-mode operations.



80 Applications of Silicon Photonics in Sensors and Waveguides

, ) ) 10
ol s emm—a TSR e *essa, —=°
V91 o=100A8 J s
= 0.8 I __'_'___: ettt _'_'_'_' ':_ """ 4 090 a——A—_, — i
< & = 200A S e M o S
€8 (7 {ecaoannsacasnesssdisssssiesss : B e e
= e — — s 0.90 4 A v A
= 08 G = 300A e — W
M D T L NS N TR . e = o
w 05 F — — ----—’ e dietig. S 2P TS P=1° \\ 4
B O A i e e rmemss] B :
« 03] —— = gc.m- =
= _ b —h—
= ik waaas 0=00° © S00A ] F T
T - @=1.0° ) 075
Pp=2.0"
‘%2 ‘Uis ‘U‘1 -065 DI ﬂ.ﬁs ﬂ.l'l U{S 0.2 oo | BN ES e ST, S [N S FR e N [ S |
( um ) 020 -015 010 -005 000 005 010 015 020
d (um)
(@ (b)

Figure 13. Dependence of optical output on the GH spatial shift GH effect for the thick SOI standard: (a) the numerical
calculation results with the thick SOI substrate and (b) the FDTD simulations with the thin SOI substrate.
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Figure 14. Design & fabrication of SOI-WCM having 1 input waveguide channel and 3 output waveguide channels: (a)
the schematic layout of 1 x 3 SOI-WCM and (b) the perspective view SEM image of a fabricated device sample.
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Figure 15. Testing results of optical outputs at three ports for the fabricated devices with five GH shift values that can be
caused by FCD-based RIM with 2d of: (a) —0.3 um; (b) -0.15 um; (c) 0; (d) +0.15 um; and (e) +0.30 um.

selected the thin SOl substrate and then designed the 1 x 3 type WCM structure according to the
regime of digital optical switches for evaluating the optical performance of both the GH shift
effect and indirectly measuring the switching possibilities of digital optical switch as shown
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in Figure 14(a) and then the SEM image of fabricated device sample is shown in Figure 14(b).
By setting 5 values of d as: -0.15, -0.07, 0, 0.07 and 0.15 um on each corner, we obtained 5
optical output modes as shown in Figure 15 from (a) through (e). A very significant point
is that the two minus d values: —0.15 and —0.07 um give the obvious higher optical output at
the middle port than the case of d = 0, but there is no obvious difference between these two d
values, which is probably due to the quantum effect of the two GH shifts apart from the non-
uniformity of fabrication. For the two plus d values: 0.15 um, the output at the right port is
higher than the cases of both d=0and d =0.07 um due to GH effect.

6. Conclusions

In this chapter, based on the coherent quantum process of the GH spatial and angular shifts,
the new mechanism of substantial digital optical switches is investigated with a WCM
structure. For the new regime of digital optical switches, an ideal optical refractive index
modulation is FCD effect of semiconductor silicon for ultrahigh speed switching operations
of pico- and nanosecond levels, but the other refractive index modulation such as the ther-
mos-optic modulation can also be selected to realize the ps level operations. In addition, the
mutual enhancing contributions of the two quantum GH shifts can be further developed to
optimize the total displacement of reflected beam for digital optical switches. Therefore, this
work will be helpful for research and development of high integrable and high-speed optical
and photonic switches on the platform of silicon photonics.
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