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Complete optical isolation created by indirect
interband photonic transitions

Zongfu Yu' and Shanhui Fan?*

Achieving on-chip optical signal isolation is a fundamental
difficulty in integrated photonics'. The need to overcome this
difficulty is becoming increasingly urgent, especially with the
emergence of silicon nano-photonics?-4, which promises to
create on-chip optical systems at an unprecedented scale of
integration. Until now, there have been no techniques that
provide complete on-chip signal isolation using materials or
processes that are fundamentally compatible with silicon
CMOS processes. Based on the effects of photonic tran-
sitions®%, we show here that a linear, broadband and non-
reciprocal isolation can be accomplished by spatial -temporal
refractive index modulations that simultaneously impart fre-
quency and wavevector shifts during the photonic transition
process. We further show that a non-reciprocal effect can be
accomplished in dynamically modulated micrometre-scale ring-
resonator structures. This work demonstrates that on-chip iso-
lation can be accomplished with dynamic photonic structures in
standard material systems that are widely used for integrated
optoelectronic applications.

Creating complete optical signal isolation requires time-reversal
symmetry breaking. In bulk optics, this is achieved using materials exhi-
biting magneto-optical effects. Despite many attempts’~'%, on-chip inte-
gration of magneto-optical materials is still difficult to achieve,
particularly in silicon, in a CMOS-compatible fashion. Optical isolation
has also been observed using nonlinear optical processes'*!? and in
electro-absorption modulators'®. In these cases, however, optical iso-
lation occurs only for specific power ranges'"'? or with associated
modulation side bands®®. In addition, there have been works that aim
to achieve partial optical isolation in reciprocal structures that have
no inversion symmetry (for example, chiral structures). In these
systems, the apparent isolation occurs only if the allowed photon
states in the backward direction is restricted and would not work for
arbitrary backward incoming states. None of the non-magnetic
schemes achieved to date can provide complete optical isolation.

In this Letter, we show that complete optical isolation can be
achieved dynamically by inducing indirect photonic transitions in
an appropriately designed photonic structure. It has been shown
theoretically® that when photonic structures are subject to temporal
refractive-index modulation, photon states can go through inter-
band transitions, in a direct analogy to electronic transitions in
semiconductors. Such photonic transitions have recently been
demonstrated experimentally in silicon micro-ring resonators®.
(We note that such a transition is different from the adiabatic wave-
length conversion process'*!® in that the transition involves at least
two photonic states.) Building on these advancements, we show that
by appropriately designing a band structure, and by choosing a
spatially and temporally varying modulation format that simul-
taneously imparts frequency and momentum shifts of photon
states during the transition process (Fig. 1a), the transmission beha-
viour of a photonic structure can become non-reciprocal—light of
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Figure 1| Schematic of indirect photonic transition in a silicon slab
waveguide. a, Band structure of a silicon waveguide. The width of the
waveguide is 0.22 pm. The angular frequency and wavevectors are
normalized with respect to a =1um. Red (blue) dots indicate modes at
frequency o, (w,) in the first (second) band. The arrows indicate frequency
and wavevector shifts as induced by a dynamic modulation shown in b and
c. b, Structure of the silicon waveguide (e, = 12.25). Modulation is applied
to the dark region. ¢, The modulation profile at two sequential time steps.

frequency w, in the forward direction is converted to a higher fre-
quency mode w, by the modulation. At the same time, such a
modulation has no effect on the light propagating in the backward
direction at all frequencies and therefore leaves the mode in the
backward direction intact. Combined with an absorption filter
centred at w,, this structure can absorb all light incident from one
direction at w,, while passing those in the opposite direction, and
thus create the behaviour of a complete isolator.

We start by demonstrating such dynamic processes in a silicon
waveguide. The waveguide (assumed to be two-dimensional) is rep-
resented by a dielectric distribution e(x) that is time-independent
and uniform along the z-direction. Such a waveguide possesses a
band structure as shown in Fig. 1a, with symmetric and antisymmetric
modes located in the first and second bands, respectively. An interband
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transition, between two modes with frequencies and wavevectors
(w;, ky), (w,, k,) located in these two bands, can be induced by
modulating the waveguide with an additional dielectric perturbation

g (x,z,t) = 8(x) cos(2t — (—q)z) (1)

where 8(x) is the modulation amplitude distribution along the direc-
tion transverse to the waveguide. Here, the modulation frequency
= w, — w,. Such a transition, with k; # k,, is referred to in
this paper as an ‘indirect photonic transition’, in analogy with indi-
rect electronic transitions in semiconductors. We assume the wave-
vector shift g approximately satisfies the phase-matching condition,
that is, Ak = k, — k; — (—¢) ~ 0. In the modulated waveguide, the
electric field becomes

E(x,z,1) = a,(2)E; (x)e' 5" 1 a,(2) By (x)e 50 (2)

where E, , (x) are the modal profiles, normalized such that |a,|? is
the photon number flux carried by the nth mode. By substituting
equation (2) into Maxwell’s equations, and using a slowly varying
envelope approximation, we can derive the coupled-mode equation

%(Z;) = (iCexpO(iAkz) icexp((;mkz)> <Z;> (3)

where C =2 [*§(x)E, (x)E,(x)dx is the coupling strength. With
an initial condition 4,(0) =1 and 4,(0) =0, the solution to

equation (3) is
a,(z) = cos <C%/zz/2)> ,

a,(z) = iexp(iAk - z/2) sin <C%> (4)
In the case of perfect phase-matching, that is, Ak = 0, a photon
initially in mode 1 will make a complete transition to mode 2
after propagating over a distance of coherence length I. = 7 /2|C]|.
In contrast, in the case of strong phase-mismatch, that is, |Ak| > 0,
the transition amplitude is negligible.

The system as shown in Fig. 1la exhibits strong non-reciprocal
behaviour—the modulation in equation (1) does not phase-match
the mode at (w,, —k;) with any other mode of the system.
Thus, while the mode at (w,, k;) undergoes a complete
photonic transition, its time-reversed counterpart at (w,, —k,) is
not affected at all. Such non-reciprocity arises from the breaking
of both time-reversal and spatial-inversion symmetries in the
dynamics—the modulation in equation (1) is not invariant with
either t — —torz— —z.

To verify the above theory, we numerically simulated the
dynamic process by solving Maxwell’s equations using a finite-
difference time-domain (FDTD) method!. The width of the wave-
guide was chosen to be 0.22 pm, such that the waveguide supports a
single transverse electric mode at the 1.55 um wavelength range. To
maximize the coupling strength, the modulation region was chosen
to occupy half the waveguide width (Fig. 1b). Figure 1c shows the
profile of such dynamic modulation at two sequential time steps,
with a phase-matching condition that induces a transition
between mode 1 at w, =0.6468(27c/a) and mode 2 at
w, = 0.8879(27c/a). For visualization purposes, we chose a large
modulation strength (8,,,./& = 1/12.25, where &, .. is the
maximum value of modulation strength and & the dielectric con-
stant of silicon) such that the effect could be observed with a rela-
tively short waveguide.

In the simulation, we first chose the length of the modulation
region (=20a) to be much longer than the coherence length. A con-
tinuous wave at w; was launched at the left end of the structure. As
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the wave propagated along the +z direction, part of the amplitude
was converted to w,. The intensities of the waves at the two frequen-
cies oscillated sinusoidally along the propagation direction (Fig. 2a),
while conserving the total numbers of photons. From the simu-
lation, the coherence length . was determined to be 10.2a.

To demonstrate non-reciprocal frequency conversion, the length
of the modulation region was chosen to be the coherence length,
L = 1. (Fig. 1b). We chose an incident light pulse with a Gaussian
spectrum centred at w,; (Fig. 2b). A pulse incident from the left
was completely converted to a pulse centred at w, (Fig. 2c). The
mode profile thus completely converted from symmetric to anti-
symmetric after passing through the modulated region (Fig. 2c,
inset). In contrast, the same pulse, when incident from the right,
passed through the structure unperturbed (Fig. 2d). This structure
therefore provides complete contrast between forward and back-
ward directions. In addition, we have also observed that incident
light from the right at around w, does not experience any frequency
conversion. The response of the system is certainly not
time-reversal invariant.

In Fig. 2a we also show excellent agreement between the theory
of equation (3) and numerical simulation. In the theory, there is
no free parameter. All parameters in equation (3) are determined
analytically. We note that the coupled-mode theory becomes
exact in the limit of small index modulation (that is, 6 — 0).
Because the index modulation achievable in experiments is
typically far smaller than that we use here in the simulations,
the excellent agreement between theory and simulation
indicates that the coupled-mode theory can be directly applied in
experimental situations.

Using the theory of equation (3), we now perform designs
assuming an index modulation strength of §/e =5 x 107% and a
modulation frequency of 20 GHz, both of which are achievable in
state-of-the-art silicon modulators®?. Such a modulation induces
a transition from a first band mode at 1.55 pwm to a second band
mode 20 GHz higher in frequency. With a choice of the width of
the waveguide of 0.27 wm, complete non-reciprocal conversion
occurs with a coherence length I. = 2.19 mm.

This waveguide width of 0.27 um was chosen to create tran-
sitions between two parallel bands with matching group velocity.
Such a parallel band configuration is optimal because it ensures
broadband operation—a modulation that phase-matches between
(wy, ky) and (w, = w; + () k, = k; + (—¢q)) automatically phase-
matches for all incident frequencies in the vicinity of w,. For this
device, our calculation indicates that over a frequency bandwidth
of 1.2 THz, the contrast ratio between forward and backward trans-
mission coefficients is above 40dB. (See Supplementary
Information for details of this calculation.)

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 making use of the 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 on the basis of modal profiles. Examples of
such mode filters can be found in refs 21 and 22. 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.

The required modulation profile here has a low frequency in the
radio-frequency range, and a large wavevector corresponding to a
spatial period in the micrometre range. Such a modulation profile
is quite different from what is typically used in travelling-wave
electro-optic modulators and represents a new operating regime.
Instead, such modulation can in principal be achieved by standing-
wave modulation of a set of discrete regions, each modulated at a
different phase. These discrete regions can be made so that they
are electrically separated, for example, by etching grooves between
them, as it is well known that a waveguide with a periodic array of
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Figure 2 | Non-reciprocal frequency conversion in a waveguide.

a, Spatial evolution of the photon flux N of two modes, when a
phase-matching modulation is applied to the waveguide. Red (mode 1) and
blue (mode 2) solid lines represent analytical theory and circles are from
FDTD simulation. b, The spectrum of photon flux in the incident pulse.

c,d, Transmitted photon flux spectra when the direction of incidence of the
pulse in b is from the left (c) or the right (d). The insets show the
distribution of electric fields from FDTD simulation, with continuous-wave
excitation at w,. The arrows represent the direction of incidence and the
yellow rectangle indicates the modulated waveguide region.

air grooves supports guided modes that are intrinsically lossless
when the periodicity is at submicrometre scales?.

In general, non-reciprocal effects can also be observed in intra-
band transitions. However, because, typically, {2 < w,, and the dis-
persion relation of a single band can typically be approximated as
linear in the vicinity of w,, a cascaded process® that generates fre-
quencies at w, + n{) (with n > 1) is unavoidable, complicating
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Figure 3 | Schematic of a ring resonator designed for non-reciprocal
frequency conversion. The dark regions are modulated. The diameter of the
rods is 0.08a with their centres along a circle of radius R = 3.08a. The
spacing between centres of two adjacent circles is 0.1a.

the device performance. Our use of the interband transition,
however, eliminates such cascaded processes.

Further reduction of the device footprint can be accomplished
using a resonator structure. As an example, we formed a ring reso-
nator (Fig. 3) with the same waveguide as in Fig. 1b with a width of
0.22 pm. The centre of the ring waveguide was a circle with a radius
of 3 wm, chosen such that two modes at w;, = 0.6468(27c/a) and
, = 0.8879(21c/a) were both resonant. The ring was coupled to
an external waveguide with a width 0.23 wm. The edge-to-edge dis-
tance between the ring and the external waveguides was 0.18 pum,
leading to external quality factors Q. = 3,426 and Q. = 887
for the two modes due to waveguide-cavity coupling. The two
modes also had radiation quality factors of Q,; = 1.9 x 10* and
Q,, = 2.3 x 10* The modulation area consisted of an array of dis-
crete regions along the ring (Fig. 3). We chose a modulation strength
8/e =4.75 x 1073, resulting in a coherence length of . = 250 pm.
The ring circumference was therefore far smaller than the
coherence length.

Figure 4ab shows a simulation of the structure with a
steady-state input. Incident light at w, from the left (Fig. 4a) is con-
verted to w,. Note that the mode profile in the external waveguide
changes from symmetric to antisymmetric after light passes
through the ring. In contrast, no conversion is observed for light
input from the right. The field profile remains symmetric in the
external waveguide after the light passes through the ring (Fig. 4b).

Figure 4c,d shows the output spectra when the input has a
Gaussian spectrum centred at ;. For light coming from the left,
the simultaneous presence of a dip in the vicinity of w, and a
peak in the vicinity of w, indicates a strong frequency conversion
effect (Fig. 4c). The maximum conversion efficiency is about 80%;
the rest is lost due to the intrinsic radiation loss of the cavity. In con-
trast, for light incident from the opposite direction (Fig. 4d), the
output spectrum shows no feature at w,, indicating the absence of
frequency conversion. The dip at w, is due purely to the intrinsic
radiation loss of the ring. The numerical simulation shows excellent
agreement with theoretical calculation (as detailed in the
Supplementary Information). In comparison to the waveguide
case, the results here demonstrate an ultra-compact non-reciprocal
device, obtained at the expense of a reduced operational bandwidth.
The ring resonant device can also operate with low modulation fre-
quency in the 20 GHz range. For efficient transition both states
involved need to be on-resonance in the ring. With the same modu-
lation profile for the waveguide case (as discussed in the
Supplementary Information), one can ensure that such a double
resonance condition is satisfied along only one rotation direction
inside the ring.

Finally, in contrast to previously considered isolators based on
material nonlinearity'""?, where isolation is only achievable for
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Figure 4 | Field distribution and frequency response of the modulated coupled ring-waveguide structure. Lights are incident from the left (a,c) and the
right (b,d). a,b Distribution of electric fields with continuous wave incident at w,. ¢,d The output spectra. The dashed lines are the input spectra. The solid
lines are the output spectra calculated analytically. The circles represent data from the FDTD simulation.

high 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 timing and the intensity
of the pulses used in the system. In conclusion, the structure pro-
posed here shows that on-chip isolation can be accomplished with
dynamic modulation in standard material systems that are widely
used for integrated opto-electronic applications.
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