Chapter 13
Photonic Transition in Nanophotonics

Zongfu Yu and Shanhui Fan

13.1 Introduction

Photonic transition [1] is induced by refractive index modulation. Many photonic
structures, including photonic crystals, or waveguides, can be described by a
photonic band structure. When these structures are subject to temporal refractive
index modulation, photon states can go through interband transitions, in a direct
analogy to electronic transitions in semiconductors. Such photonic transitions have
been recently demonstrated experimentally in silicon microring resonators [2]. In
this chapter, we review two applications using the photonic transitions.

As the first application, we show that based on the effects of photonic transitions,
a linear, broadband, and nonreciprocal isolator [3] can be accomplished by
spatial-temporal refractive index modulations that simultaneously impart fre-
quency and wavevector shifts during the photonic transition process. This work
demonstrates that on-chip isolation can be accomplished with dynamic photonic
structures, in standard material systems that are widely used for integrated
optoelectronic applications.

In the second application, we show that a high-Q optical resonance can be
created dynamically, by inducing a photonic transition between a localized state
and a one-dimensional continuum through refractive index modulation [4]. In this
mechanism, both the frequency and the external linewidth of a single resonance are
specified by the dynamics, allowing complete control of the resonance properties.

This chapter is organized as follows: in Sect. 13.2, we review photonic transition
induced by dynamic modulation; in Sects. 13.3 and 13.4, we describe the optical
isolator and tunable cavity based on photonic transition, respectively; Sect. 13.5 is
the conclusion part.
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13.2 Photonic Transition in a Waveguide

We start by describing the photonic transition process in a silicon waveguide.
The waveguide (assumed to be two-dimensional for simplicity) is represented by
a dielectric distribution ¢&(x) that is time-independent and uniform along the
z-direction (Fig. 13.1b). Such a waveguide possesses a band structure as shown in
Fig. 13.1a, with symmetric and antisymmetric modes located in the first and second
band, respectively. An interband transition, between two modes with frequencies
and wavevectors (w1, k), (w2, k2) located in these two bands, can be induced by
modulating the waveguide with an additional dielectric perturbation:

¢ (x,z,t) = d(x) cos(Qt — gz), (13.1)

where J(x) is the modulation amplitude distribution along the direction transverse
to the waveguide. Q = w, — m; is the modulation frequency. Figure 13.1c shows
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the profile of the modulation. Such a transition, with k; # k,, is referred to as an
indirect photonic transition, in analogy with indirect electronic transitions in
semiconductors.

We assume that the wavevector ¢ approximately satisfies the phase-matching
condition, i.e., Ak =k, — k; — ¢ = 0. In the modulated waveguide, the electric
field becomes:

E(x,z,1) = ay (2)E, (x)e/ TR 1 g (2)E, (x)e!(rer) (13.2)

where Ej,(x) are the modal profiles, satisfying the orthogonal condition: (for
simplicity, we have assumed the TE modes where the electric field has components
only along the y-direction)

Voi o0 "
2_2),- J E(X)El-Ej = 5,‘j. (133)
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In (13.3), the normalization is chosen such that \a,,|2 is the photon number flux
carried by the nth mode. By substituting (13.2) into the Maxwell’s equations, and
using slowly varying envelope approximation, we can derive the coupled mode
equation:

d(a\ 0 izllcexp(—iAkz) ar 134
dz\ay ) iﬁexp(iAkz) 0 a )’ (134)

4
I = z : (13.5)

¢ ff 5(X)E1 () Ea (x)dx

where

is the coherence length. With an initial condition @;(0) =1 and a,(0) = 0, the
solution to (13.4) is:

al(z) _ e—izAk/Z [COS (2il 2+ (Z(Ak)2)

c

i AR (i n? + (l(-Ak)2> (13.6)
) 2 21( .
() = ez T g (i %+ (l(‘Ak)2>
2 + (I Ak)? ‘

In the case of perfect phase-matching, i.e., Ak = 0, a photon initially in mode 1
will make a complete transition to mode 2 after propagating over a distance of
coherence length /. (Fig. 13.2a). In contrast, in the case of strong phase-mismatch,
i.e., [[Ak>>1, the transition amplitude is negligible (Fig. 13.2b).



346 Z.Yu and S. Fan

Fig. 13.2 (a) Spatial 1.0 7S Py
evolution of the photon \ 4
number flux of two modes \ 4
(dashed line mode 1 and solid \ "
line mode 2), when a phase- \\ ’
matching modulation is 0.5
applied to the waveguide. < \ ’
(b) Maximum photon flux in = \\ V4
mode 2 as a function of phase L \ 4
mismatch. The transition o a \\ 4
becomes essentially -g -~ o 7/
negligible at [.Ak>>1 S 0.0 0 1 2
P4
c z/lc
£ 0
o]
210
[\
-1
10
1073
b
1072
0 50 100
lcAk

13.3 Photonic Transition for Integrated Optical Isolator

In this section, we use the photonic transition described in the previous section to
achieve on-chip optical isolation. In an optical network, isolators are an essential
component used to suppress back-reflection, and hence interference between dif-
ferent devices. Achieving on-chip optical signal isolation has been a fundamental
difficulty in integrated photonics. The need to overcome this difficulty, moreover,
is becoming increasingly urgent, especially with the emergence of silicon
nanophotonics, which promises to create on-chip optical systems at an unprece-
dented scale of integration.

To create complete optical signal isolation requires simultaneous breaking of
both the time-reversal and the spatial inversion symmetry. In bulk optics, this is
achieved using materials exhibiting magneto-optical effects. Despite many efforts
[5-8], however, on-chip integration of magneto-optical materials, especially in
silicon in a CMOS compatible fashion, remains a great difficulty. Alternatively,
optical isolation has also been observed using nonlinear optical processes [9, 10], or
in electroabsorption modulators [11]. In either case, however, optical isolation
occurs only at specific power ranges, or with associated modulation side bands.
In addition, there have been works aiming to achieve partial optical isolation in
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Fig. 13.3 Finite-difference time-domain simulation of an isolator based on photonic transitions.
The box indicates the regions where the refractive index is modulated. Blue/red shows the
amplitude of electric fields. Arrows indicate propagation directions

reciprocal structures that have no inversion symmetry (for example, chiral
structures) [12]. In these systems, the apparent isolation occurs by restricting the
allowed photon states in the backward direction, and would not work for arbitrary
backward incoming states. None of the above nonmagnetic schemes can provide
complete optical isolation.

In this part, we review and expand upon our recent works [3, 13] on creating
complete and linear optical isolation using photonic transition. In these works, the
temporal profile of the modulation used to induce the transition is chosen to break
the time-reversal symmetry, while the spatial profile of the modulation is chosen to
break the spatial-inversion and the mirror symmetry. As seen by the finite-
difference time-domain simulations, when a silicon waveguide is under a modula-
tion that induces an interband photonic transition, light of frequency w; in forward
direction is converted to a higher frequency mode @, by the modulation
(Fig. 13.3a). At the same time, light of frequencies w; or w, in the backward
direction are not affected by the modulation (Fig. 13.3b, c). Combined with an
absorption filter centered at ,, this structure can absorb all lights incident from one
direction at w;, while passing those in the opposite direction, and thus creates a
complete isolator behavior. It was also shown that the finite-difference time-domain
simulations can also be well reproduced by coupled-mode theory [3].

We use the coupled mode theory as described in Sect. 13.2 to discuss
the performance and design considerations for our dynamic isolator schemes. The
waveguide system in Sect. 13.2 exhibits strong nonreciprocal behavior: the
modulation in (13.1) does not phase-match the mode at (w;, —k;) with any other
mode of the system (Fig. 13.1a). Thus, while the mode at (w1, ;) undergoes a
complete photonic transition, its time-reversed counterpart at (w;, —k;) is not
affected at all. Such nonreciprocity arises from the breaking of both time-reversal
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and spatial-inversion symmetries in the dynamics: The modulation in (13.1) is not
invariant with either t — —forz — —z.

As a specific example, we consider a silicon (¢ = 12.25) waveguide of 0.27 pm
wide, chosen such that the first and second bands of the waveguide have the same
group velocity around wavelength 1.55 um (or a frequency of 193 THz). The
modulation has a strength dpyax/es = 5 X 1074, a frequency Q/2n = 20 GHz and
a spatial period 27t/|g| = 0.886 um. (All these parameters should be achievable in
experiments.) The modulation is applied to half of the waveguide width so that
the even and odd modes can couple efficiently. The modulation length L is chosen
as the coherence length /.0 = 2.19 mm (Fig. 13.1b) for operation frequency g
at 1.55 pum wavelength. Figure 13.4a shows the transmission for forward and
backward directions. The bandwidth is 5 nm with contrast ratio above 30 dB.

For the loss induced by refractive index modulation schemes, e.g., carrier
injection modulation, the contrast ratio remains approximately the same as the
lossless case, since the modulation loss applies to transmission in both directions.
Thus the isolation effect is not affected. As an example, the modulation strength
used here /e, = 5 x 107 results in a propagating loss of 1.5 cm ™' in silicon
[14]. This causes an insertion loss about —3.5 dB while the bandwidth remains
approximately unchanged (Fig. 13.4b).
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In general, nonreciprocal effects can also be observed in intraband transitions
involving two photonic states in the same photonic band. However, since typically
Q<< w1, and the dispersion relation of a single band can typically be approximated
as linear in the vicinity of @;, cascaded process [2], which generates frequencies at
w; + nQ with n > 1, is unavoidable, and it complicates the device performance.
In contrast, the interband transition here eliminates the cascaded processes.

We would like to emphasize that the modulation frequency can be far smaller
than the bandwidth of the signal. This is in fact one of the key advantages of using
interband transition. The transition occurs from a fundamental even mode to a
second-order odd mode. The generated odd mode can be removed with the use of
mode filters that operate based on modal profiles. Examples of such mode filters can
be found in [15, 16]. It is important to point out that such mode filters are purely
passive and reciprocal, and can be readily implemented on chip in a very compact
fashion. Moreover, later in this section, we discuss an implementation of an isolator
without the use of modal filters.

13.3.1 Detailed Analysis of the Isolator Performance

Below in this section, based on the coupled mode theory, we analyze in details
various aspects regarding the performance of the proposed isolator including in
particular its operational bandwidth and device size.

13.3.1.1 Bandwidth

The dynamic isolator structure creates contrast between forward and backward
propagations by achieving complete frequency conversion only in the forward
direction. As discussed above, the modulation is chosen such that, it induces a
phase-matched transition from an even mode at the frequency wg to an odd mode at
the frequency of wy + Q. The length of the waveguide is chosen to be the coherence
length I.(wp) for this transition, such that complete conversion occurs at this
frequency @y for the incident light. In order to achieve a broad band operation,
one would need to achieve near-complete conversion for all incident light having
frequencies o in the vicinity of wg as well. From (13.6), broad band operation
therefore requires that

Ak(w) =0
l(w) =L =1.(wo). (13.7)
The first condition in (13.7) implies that the phase-matching condition needs to
be achieved over a broad range of frequencies, and the second condition implies

that the coherence length should not vary as a function of frequency. Deviations
from these conditions result in a finite operational bandwidth.
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We consider the phase-matching condition first. In the vicinity of the design
frequency @y, the wavevector mismatch can be approximated by Ak = k(w)—
ka(o + Q) — g = (1/va1(0) = (1/va(o + Q)Ao + 1/2((d*%:(0)/do?)-
(Pl + Q) /dw*)A?|| .-

Thus, to minimize the phase mismatch, it is necessary, first of all, that the two
bands have the same group velocities, i.e., the two bands are parallel to each other.
Moreover, it is desirable that the group velocity dispersion of the two bands
matches with one another. As a quantitative estimate, assuming that /.(w) ~ L
for all frequencies, Fig. 13.5a shows the forward transmission as a function of LAk.
For a transmission below —30 dB, this requires a phase mismatch of LAk<0.1. As a
concrete example for comparison purposes, Fig. 13.6a shows the phase mismatch
LAk as a function of wavelength for the structure simulated in Fig. 13.4. Notice that
LAk<0.1 over a bandwidth of 5 nm due to the mismatch of group velocity
dispersion in the two guided mode bands. Thus the operating bandwidth of this
device for 30 dB contrast is on the order of 5 nm.

For the second condition in (13.7), we note that in most waveguide structures,
since the coherence length is determined by the modal profile, it generally varies
slowly as a function of frequency. For example, for a waveguide with parameters
chosen in Sect. 13.2, the coherence length varies <2% over 20 nm bandwidth
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around 1.55 pm wavelength (Fig. 13.6b). As a simple estimate of how coherence
length variation impacts device performance, assuming that Ak(w) =0 over a
broad frequency range, we calculate the forward transmission as a function of
coherence length given the modulation length L = I.(w = wy) (Fig. 13.5b). For
2% variation of the coherence length, the forward transmission remains below
—30 dB. Comparing Fig. 13.6a, b, therefore, we conclude that for the structure
simulated in Fig. 13.4, the 5-nm bandwidth is primarily limited by group velocity
dispersion of the two waveguide bands. Since the structure used in Fig. 13.4 is a
rather simple, we believe that substantial further enhancement of operating band-
width is achievable by optimization of waveguide geometry.

13.3.1.2 Device Size

The size of the isolator is determined by the coherence length /.. Starting from
(13.5), and taking into account the normalization of E field (13.3), the coherence
length can be written as

P _2m feve o 1 Ve (13.8)
to | S(E ()E(x)dx T V192 7oc

—00
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where y = (|7 d(x \/j (x)|E1 Pdx [° e(x)|E2|*dx) characterizes
the effect of modulatlon. In derlvmg (13.8), we assume that w; = w, = 2nc/ A,
where A is the wavelength in vacuum, since the modulation frequency is typically
far smaller than the optical frequency. Moreover, the two bands are assumed to
be parallel to each other, i.e., Vg1 = Vg = v,. Equation (13.8) indicates that the
device size is proportional to the group velocity and is inversely proportional to the
modulation strength. For a rough estimate, with a modulation strength
7~ (8/¢e) ~ 107%, operating at a wavelength of 4 ~ 1.5 um and v, =~ ¢/3, the
coherence length /. ~ 5 mm. To reduce the size, one can use stronger modulation
strength and/or slow light waveguides.

13.3.1.3 Near-Phase-Matched Transition in the Backward Direction

In general, due to energy conservation constraint, a mode with a frequency of m,
can only make a transition to modes at w; & €. In our design, the modulation is
chosen to create a phase-matched transition in the forward direction. However, for
most electro-optic or acoustic-optic modulation schemes, the modulation frequency
Q<100GHz is much smaller than the optical frequency. Consequently, as can
be seen from Fig. 13.7a, in the backward direction the transition to the mode in
the second band with a frequency w3 = w; — Q becomes nearly phase-matched.
The wavevector mismatch of this transition is:

ZQ
Akb = —kz(a)l - Q) + ki (wl) q~ (139)

Vg

Such a transition results in loss in the backward direction and thus a reduction of
contrast between the forward and backward directions.

To calculate such transmission loss in the backward direction, we replace Ak in
(13.6) with Akj. In general, in order to suppress such backward transmission loss,
one needs to have:

Ak, -L> 1. (13.10)

Combining with (13.8), the condition of (13.10) is then transformed to:

2. Q > 1. (13.11)
c v

Remarkably, we note from (13.11) that for electro-optic or acoustic-optic mod-
ulation schemes, the effects of weak refractive index modulationy and low modu-
lation frequency Q cancel each other out. The use of weak refractive index
modulation results in a long coherence length, which helps in suppressing the
transition processes that are not phase matched. And it is precisely such a cancel-
ation that enables the construction of dynamic isolators with practical modulation

mechanisms.
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For the example shown in Fig. 13.4, the near-phase-matched transition in the
backward direction has a Ak, = 27/2.06 mm and thus Ak,L = 6.7, which results in
a loss of —0.22 dB for the backward transmission (Fig. 13.7b).

13.3.2 Design Flexibility

In the previous sections, we have shown that by using interband transition, one can
create nonreciprocal mode conversion in a waveguide. Such a waveguide works as
an isolator when combined with a modal filter. The performance of such device can
be analyzed and optimized using coupled mode theory. In this section, we present
two examples to show that such nonreciprocal photon transition can be exploited in
a wide range of structures to form nonreciprocal optical devices that satisfy diverse
performance requirements. In the first example, we design a four-port isolator/
circulator using nonreciprocal phase shift in the interband transitions. In the second
example, we use a nonreciprocal ring resonator to demonstrate a compact design for
optical isolation.



354 Z.Yu and S. Fan

Fig. 13.8 Schematic (a) and
transmission spectrum (b) of
a four port circulator. The
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applied to the waveguide in
the dashed red box
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13.3.2.1 Four-Port Circulator

Figure 13.8a shows the design of a four-port circulator [13]. The structure consists
of a Mach—Zehdner interferometer, in which one waveguide arm is subject to the
dynamic modulation described above. In contrast to the design in Sect. 13.3,
however, here the length of the modulation region is chosen to be twice the
coherence length L = 2/.. Thus, light passing through the modulated waveguide
in the forward direction will return to the incident frequency (Fig. 13.2a). However,
such light experiences a nonreciprocal phase shift due to the photonic transition
effect. The use of a Mach—Zehnder interferometer configuration then allows one to
construct a circulator. Here no filter is required, which significantly reduces the
device complexity.

For concreteness, we assume that the interferometer has two arms with equal
length, and uses two 50/50 waveguide couplers. For such an interferometer, the
transmission is described by

by _ L1 i\ (T exp(ip,) 0 )(1 i)(b,,)
<b1)OUT_2(i 1)( 0 exp(iv,) J\i 1)\ b ) (13.12)

Here, the sub-script “IN” and “OUT” label the input or output. b, ; are the input or
output amplitudes in the upper/lower arm. ¢, is the phase acquired due to propaga-
tion in the absence of modulation.
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In (13.12), the transmission coefficient through the upper arm has an addition
contribution from the photon transition:

. I.Ak .
T = e 8K/ | cos [ — \/ 72+ (ILAK) ) + i ————— sin 2 (L.AK) ) |,
21 )2 21

2 + (I.Ak ¢
(13.13)

which influences both the transmission amplitude and the phase as the wave passes
through the upper arm. In our design, we assume a phase-matching modulation with
Ak =0 for the forward direction, and use a modulated region with L = 2I..
Equation (13.13) shows T = —1. In contrast, for the light in the backward direction
in the upper arm, in general the phase matching condition is not satisfied. Hence,
T =~ 1. Thus, in this design, the modulation does not create any frequency conver-
sion. Instead its sole effect is to induce a nonreciprocal phase shift in the upper arm.

The interferometer in Fig. 13.8 exploits such nonreciprocal phase to create a
circulator. We have used the coupled mode theory developed in Sect. 13.3, to
simulate this structure, assuming the same waveguide parameters as in Fig. 13.4.
The results, shown in Fig. 13.8, indicate that lights injected into port 1 completely
output through port 3, while in the time reversed case, lights injected into port
3 ends up in port 2. Therefore, this device has exactly the same response function of
a four-port circulator. Unlike conventional design, however, no magnetic
components are used inside the structure. Alternatively, the device can also func-
tion as a two-port isolator. Figure 13.8b shows the transmission spectra in both
directions between ports 1 and 4: lights incident from port 4 transmit to port 1 while
the reverse transmission is completely suppressed. The contrast ratio for the two
directions is above 30 dB for a bandwidth of 5 nm (Fig. 13.8b).

13.3.2.2 Nonreciprocal Ring Resonator

As discussed before, the device size is determined by the coherence length,
which typically is above millimeters unless slow light waveguides are used.
Substantial reduction of the device footprint can be accomplished using resonator
structure at the expense of a smaller operating bandwidth [3]. As an example, we
consider a ring resonator (Fig. 13.9a) that supports two anticlockwise rotating
resonances, at frequencies w; and w,, respectively. Each resonance is further
characterized by its wavevector k; and k; in the waveguide that forms the ring.
These two resonances are coupled by applying a dielectric constant modulation
along the ring with a profile d(x) cos[(w; — w2)t — (ki — ky)z], where z measures
the propagation distance on the circumference of the ring in counterclockwise
direction.
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To describe the action of this structure, we note that upon completing one round
trip, the circulating amplitudes a;, and b;, of these two modes (Fig. 13.9b) are

related by:
a Tu T\ /(b
- , 13.14
(dz> (Tzl Tzz)(bz) ( )

where the matrix elements are related to the transition amplitudes for a single round
trip, and can be calculated using (13.4). Each of these modes is also coupled to an
external waveguide as described by:

by r jtl 0 0 ai
B, . jll r 0 0 Ay
b, - 0 0 mn Jjb a (13.15)
B, 0 0 j[z r A2

The external waveguide is also assumed to support two modes with opposite
symmetry at the frequencies w;,w, respectively. Here, the subscripts label the
two frequencies. A;, and a;> (Bizandb;;) are the photon flux amplitudes in
the external and ring waveguides before (after) the coupler. The coefficients r,  are
taken to be real [17] and "%,2 + tiz =1

With incident light in mode 1 (i.e., A} = 1, A, = 0) of the external waveguide,
combining (13.14) and (13.15), we have

= Ty, — riraTy + rzDet[T]
1 =Ty — Ty + rirDet[T)’

B, (13.16)
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where Det stands for determinant. Thus, the condition for complete frequency
conversion (i.e., By = 0) is

rn—Ty —rirTn + l‘zDel‘[T] =0. (13.17)

In the case that ring is lossless, Def[T] = 1 and Ty = T, = cos((n/2)(L/1.)),
where /. is the coherence length and L is circumference of the ring. Complete
conversion between the two modes can be achieved when the length of the ring is
chosen to be

n L -+
—— ) =—. 13.18
€08 <2 l(> 14+nrmr ( )

With r, — 1, L/l. — 0, the device therefore can provide complete frequency
conversion even when its length is far smaller than the coherence length.

As an example, now we use the same waveguide discussed in Fig. 13.4 to form a
ring with a radius » = 12.3 um. Such a ring supports two resonant modes: a first
band resonant mode at 1.55 pum and a second band mode that is 50 GHz higher in
frequency. (This is always achievable by fine tuning the radius and width of the
waveguide.) A phase matching modulation is applied to the ring with a coherence
length /. = 2.37 mm. At the design wavelength 1.55 pm, the forward transmission
is completed suppressed (Fig. 13.10). Here, the complete isolation is achieved with
a device size much smaller than the coherence length.

In this section, we have provided some of detailed theoretical considerations for
the dynamic isolator structures that we have recently proposed. In contrast to
previously considered isolators based on material nonlinearity [9, 10] where isola-
tion is only achievable for a range of incident power, the photonic transition effect
studied here is linear with respect to the incident light: the effect does not depend
upon the amplitude and phase of the incident light. Having a linear process is
crucial because the device operation needs to be independent of the format, the
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timing and the intensity of the pulses used in the system. In conclusion, the structure
proposed here shows that on-chip isolation can be accomplished with dynamic
modulation, in standard material systems that are widely used for integrated
optoelectronic applications.

13.4 Photonic Transition for Tunable Resonance

In this section, we review the tunable resonance based on photonic transition.
Resonance appears when a localized state couples to a continuum. In photonics,
of particular interest is when the localized state is supported by an optical
microcavity, and the continuum is one-dimensional such as in a waveguide. Such
waveguide-cavity configurations find applications in filters, sensors, switches,
slow-light structures, and quantum information processing devices.

In all applications of resonance, it is essential to accurately control its spectral
properties. For the waveguide-cavity resonances, some of the important spectral
properties are the resonance frequency, and the external linewidth due to waveguide-
cavity coupling. The inverse of such linewidth defines the corresponding quality
factor (Q) of the cavity.

In this part, we show that a single high-Q resonance can be created by
dynamically inducing a photonic transition between a localized state and a one-
dimensional continuum. Since the coupling between the continuum and the
localized state occurs solely through dynamic modulations, both the frequency
and the external linewidth of a single resonance are specified by the dynamics,
allowing complete control of its spectral properties.

We start by first briefly reviewing the Anderson—-Fano model [18, 19], which
describes the standard waveguide-cavity systems:

H=w.c"c+ kaa,fakdk +V J (ctay + af c)dk. (13.19)

Here, w, is the frequency of a localized state that is embedded inside a one-
dimensional continuum of states (Fig. 13.11a) defined by w;. ¢t (c) and a; " (ay)
are the bosonic creation (annihilation) operators for localized and continuum states,
respectively. V describes the interaction between them. Such a model supports a
resonance atwy = ., with an external linewidthy = 27(V?/v,) (defined as the full

width at half maximum of the resonance peak). Here, v, = %

wo'
In contrast to the standard Fano-Anderson model, our mechanism is described by
the Hamiltonian: (Fig. 13.11b)

H=aw.c"c+ Ja)ka;rakdk + (V + Vp cos(Qt) J (ctay + af c)dk. (13.20)



13 Photonic Transition in Nanophotonics 359
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Fig. 13.11 Two different coupling mechanisms between a localized state and a one-dimensional
continuum. (a) Static case: The frequency . of the localized state lies in the band of the
continuum. The static coupling between them results in a resonance at wy = .. (b) Dynamic
case: The localized state has its frequency w, that falls outside the continuum. A modulation at a
frequency € creates a photonic transition that couples them, resulting in a resonance at
wy = o +Q

Here, unlike in (13.19), we assume that w;>w, for any k. Consequently, the
static coupling term V [ (¢*ax + a;f ¢)dk no longer contributes to the decay of the
resonance. Instead, it only results in a renormalization of w.. The localized state
decays solely through the dynamic term Vp cos(Qr) [ (¢*ay + a; ¢)dk, which arises
from modulating the system. Such modulation induces a photonic transition
between the localized state and the continuum.

For the Hamiltonian of (13.20), one can derive an input—output formalism [20] in
the Heisenberg picture, relating C(¢) = c(t)e ¥ to the input field operator ajy(t) as:

d
—C = —i(o, +Q)C—%C+iﬁam, (13.21)
wherey = 21(((Vp/2)?)/v,) withv, = % o g Foran incident wave ayy in the

waveguide, the modulated system therefore creates a single resonance at the
frequency wo = o, + Q. Importantly, unlike the static system in (13.19), here
both the frequency wg and the external linewidth y of the resonance are controlled
by the dynamic modulation.

We now realize the Hamiltonian in (13.20) in a photonic crystal heterostructure
[21] (Fig. 13.12a). The structure consists of a well and two barrier regions, defined
in a line-defect waveguide in a semiconductor (¢ = 12.25) two-dimensional
photonic crystal. In the barrier regions, the crystal has a triangular lattice of air
holes with a radius r = 0.3a, where a is the lattice constant. The waveguide
supports two TE (H.,E,,E,) modes with even and odd modal symmetry
(Fig. 13.12c, light gray lines). In the well region, the hole spacing ¢’ along the
waveguide is increased to 1.1a, which shifts the frequencies of the modes down-
ward (Fig. 13.12c¢, dark lines) compared to those of the barriers. As a result, the odd
modes in the well and the barriers do not overlap in frequencies. Thus, the well can
support localized states, which are essentially standing waves formed by two



360 Z.Yu and S. Fan

0.28|

SPEIFEIN

0.24
® (0c+Q2,9c+9)

Barrier Well Barrier
b 0.20

®00000¢C
BooOOOC 0.16
00000000008 O00000000D -0.4 -0.3 -0.2 -0.1 0
[eXeXeYeleYeXeXeXeleXeXeXeXeXeXe Yo o oXoXo) k (2n/a)

Fig. 13.12 (a) A photonic crystal heterostructure. The width of the waveguide measured from the
centers of the holes on the two sides is 1.33a. The highlighted rectangle represents the modulated
region, which has dimensions of 2a x 9.7a. (b) Electric field (E,) profile of a localized state in the
well. Red and blue represent positive and negative maximum amplitudes. (¢) Dispersion relation of
the photonic crystal waveguide modes. The dark and light gray lines are for modes in the well and
barriers, respectively. Solid (dashed) lines represent modes with even (odd) modal symmetry.
Shadowed regions are the extended modes of the crystal region of the well

counter-propagating odd modes in the well. Figure 13.12b shows one such localized
state at the frequency . = 0.2252(27nc/a), with its corresponding waveguide
mode at the wavevector ¢, = —0.37(2n/a) indicated by a red dot in Fig. 13.12c.
Without modulation such a localized state cannot leak into the barrier and hence
cannot be excited by wave coming from the barrier.

To induce a photonic transition, we modulate the dielectric constant of the well
in the form of ¢p = Ae(y) cos(Qt — gx). Here, the modulation frequency Q is
chosen such that an even mode in the well at the frequency w, + Q can leak into
the barriers. The modulation wavevector ¢ is selected to ensure a phase-matched
transition between this even mode and the odd mode at (w,,q.) that forms the
localized state. Since these two modes have different symmetry, the modulation has
an odd transverse profile: A¢(y) = sign(y)Ae, with y = 0 located at the waveguide
center.

In the presence of the modulation, we consider an even mode incident from the
left barrier, with a frequency w in the vicinity of . + €. As it turns out, for the even
modes, the transmission coefficients into and out of the well are near unity. Thus,
inside the well, the amplitudes of the even mode (Fig. 13.13, blue arrow) at the two
edges,A,—o and A,_;, are the input and output amplitudes of the system. As the even
mode propagates forward from x = 0 to x = L, the modulation induces a transition
to a copropagating odd mode at w — Q (Fig. 13.13, red arrow). This transition
process is described by [3]:

<Ax—L) _ <exp(quw) 0 > ( 1- 772 ”7 ) (Ax—0>
B 0 exp(iLgw-0) in 1—n2)\ B0/’
(13.22)
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Fig. 13.13 The microscopic theory for photonic transition in the photonic crystal heterostructure.
Incident light from the barrier at a frequency w, as represented by the blue arrows, couples to a
mode of the well at the frequency w — Q, as represented by the red arrows. The dashed lines
indicate the edges of the well

where B,—¢ and B,—; are the amplitudes of the copropagating odd mode at w — Q at
the two edges, ¢, and ¢,_q are the wavevectors of the two modes. For weak
modulation, the transition rate 7 = (A¢/e)Lk<<1, where « is the overlap factor
between the two modes and the modulation profile.

Once the fields reach x =L, the odd mode is completely reflected, and
propagates back to x = 0. We note that no significant photon transition occurs in
the backward propagation, since the modulation profile does not phase-match
between (w, —¢q,,) and (0 — Q, — ¢,—q). Consequently,

Bio = exp(iLguw_q + i2¢)Bx_y, (13.23)

where ¢ is the reflection phase at the well edge. Also, since there is a localized state
at ., the round trip phase at . is 2(Lgy, + ¢) = 2nn where n is an integer.
Therefore, the round trip phase for the odd mode at ® — Q ~ w, can be
approximated as

2L
2(Lgp-0+ ¢) =2an+ (0 — Q— ;) — . (13.24)
gc
where v = (cji_f’ . Combined (13.22)—(13.24), the transmission spectrum is:
W=,
5 i(ﬂ)*wg)% . oy
po Ao VIowoel TR o- ol (13.25)

o CiLq‘”Ax:O B 1— €l<w wo)m \/I—t_ﬁi @ — Mo + 1%7

where 7 = (Ae/e)* (kK2Lvge /2).

The detailed microscopic theory thus predicts all-pass filter response for this
dynamic system consisting of a waveguide coupled to a standing-wave localized
state. In contrast, in the static system, coupling of a waveguide to a standing-wave
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localized state always produces either band-pass or band-reflection filters. Moreover,
the resonant frequency

Wy = w, +Q (13.26)

and the quality factor
= @ = (i)z 2600 13 27
Q= Y Ae/ K2Lvg, (13.27)

are completely controlled by the modulation, in agreement with the phenomeno-
logical model (13.21).

We numerically test the theory using finite-difference time-domain (FDTD)
simulations. We simulate a well with a length of 9.9a. Such a well supports the
localized state shown in Fig. 13.12b. The length of the modulated region L = 9.7a
(Fig. 13.12a). We excite the even modes in the left barrier, with a Gaussian pulse
centered at 0.235(2nc/a), and a width of 0.001(2nc/a). Without the modulation,
the transmission coefficient (Fig. 13.14a) is near unity. With the modulation (with a
strength  Ag/e = 1.63 x 1072, a frequency Q =9.8 x 1073(2nc/a), and a
wavevector g = 0.196(2n/a)), the transmission spectrum shows little change
(Fig. 13.14b). However, the group delay now exhibits a resonant peak with a quality
factor Q, = 1.09 x 10* (Fig. 13.14c, blue line). The structure indeed becomes a
high-Q all-pass filter.

The properties of this resonance are controlled by the modulation. The resonant
frequency changes linearly with respect to the modulation frequency, as predicted
(Fig. 13.14e). (When varying the modulation frequency, we also change the modu-
lation wavevector at the same time to satisfy the phase-matching condition.) The
resonance frequency 1is largely independent of the modulation strength
(Fig. 13.14e). The width of the resonance, and the peak delay, can be adjusted by
changing the modulation strength (Fig. 13.14d). As a comparison between theory
(13.27) and simulations, Fig. 13.14f plots the quality factor as a function of the
modulation strength at the fixed modulation frequency Q = 9.8 x 107*(2nc/a).
The simulation agrees excellently with the theory. The theory curve is generated
with only one fitting parameter: the modal overlap factor x = 0.99a~!, which
agrees well to a direct and separate calculation of the well waveguide by itself
that yields xk = 1.16a~". The difference can be attributed to the finite-size effect of
the well-barrier interfaces.

We now comment on some of the challenges in the practical implementations.
For the simulated structure above, according to (13.27), a modulation strength of
Ae/e =5 x 1073, which is achievable using carrier injection in semiconductors
[14], results in an external quality factor of Q, = 1.1 x 10°. In comparison, the
radiation quality factors of photonic crystal heterostructure cavities exceeded 10° in
experiments [22].
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Fig.13.14 Theory and simulation for the photonic transition process for the structure in Fig. 13.12.
(a) Transmission spectrum for the unmodulated structure. (b) Transmission spectrum in the
presence of modulation. The modulation has a frequency Q = 9.8 x 1073(2nc/a) and a strength
of Ae/e = 1.63 x 1072, (¢c) Group delay spectra, with A¢ /e fixed at 1.63 x 1072, The blue, red and
green lines correspond to Q =9.8 x 1073,11.3 x 1073 and 12.8 x 1073(2nc/a), respectively.
(d) Group delay spectra, with Q fixed at 9.8 x 1073(2nc/a). The blue, red, and green lines
correspond to Ag/e = 1.63 x 1072,3.27 x 1072and 6.53 x 1072, (e) Resonant frequency as a
function of the modulation frequency. The blue and red circles corresponds to modulation strength
of Ag/e = 1.63 x 1072 and 3.27 x 1072 respectively. Circles are simulation results as determined
the peak location of group delay spectra, and the line is from analytical calcualtion. (f) Quality
factor as a function of modulation strength. Circles are simulation results as determined from the
peak width in (d), the line is from analytic calculation

Regarding the required modulation frequencies, in the simulation, Q = 9.8 x
1073(2nc/a) represents a modulation frequency of 8.1 THz, when the resonance
frequency wy = 0.235(27c¢/a) corresponds to the wavelength of 1.55 um. This is in
principle achievable, since many index modulation scheme has intrinsic response
time below 0.1 ps [23].

As final remarks, in our scheme, the tuning range for the resonant frequency is
ultimately limited by the intrinsic response time of the material. Thus, the resonant
frequency of the structure have a much wider tuning range, and can be reconfigured
with a much higher speed, compared with conventional mechanisms. Moreover, the
modulation frequency can typically be specified to a much higher accuracy [24],
resulting in far more accurate control of the resonant frequency. Lastly, the
localized state here is “dark™ since it does not couple to the waveguide in the
absence of modulation. Our scheme, which provides a dynamic access to such a
dark state, is directly applicable for stopping and storage of light pulses, since the
existence of a single dark state is sufficient [25].
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13.5 Conclusion

In this chapter, we review the application of photonic transition for optical isolation
and tunable resonance. These applications rely on photonic structures that can be
dynamically modulated. Experimental techniques to achieve these dynamic
structures have undergone fast development. One of the prominent techniques is
to use carrier injection to modulate refractive index. Moreover, novel technique
based on optical force has also emerged, such as the optomechanical modulation
[26]. These developments open exciting opportunities for dynamic photonic
structures.
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