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Depositing light in a photonic stop gap by use of Kerr
nonlinear microresonators
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We show theoretically that it is possible to trap light in a microresonator structure by use of four-wave mixing.
The efficiency of the parametric process is substantially increased by the high group delay of light inside the

structure.

and nonlinear loss in the channel waveguides and resonators.
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extracted from the cavity with a similar process.
OCIS codes:

Both Kerr nonlinear parametric processes' and self-
phase modulation?~® can be substantially enhanced
in a system of microring resonators coupled to chan-
nel waveguides. In this Letter we combine these
observations and present a scheme for trapping and
releasing light from a photonic stop gap. We consider
the model system shown in Fig. 1(a), which consists
of two channel waveguides and four microresonators,
all of which are Kerr nonlinear. The two outer reso-
nators (shaded), with resonant frequency w,, act as
frequency-selective mirrors, because light traveling in
the forward (backward) direction in the lower channel
is coupled via the outer resonators to light traveling
in the backward (forward) direction in the upper
channel. If the frequency of the light is an integer
multiple of w,, then the effect of this coupling is
enhanced, and the structure is 100% reflecting. The
two enhancement resonators (unshaded) couple only
to the lower waveguide; their effect is to enhance any
Kerr nonlinear processes for light with a frequency
that is an integer multiple of w,.

The structure traps light as follows. A strong pump
and a weak idler pulse with carrier frequencies w, and
w;, respectively [dotted lines in Fig. 1(b)], are injected
into the system along the lower channel. Because w,
and w; are not integer multiples of w,, neither pulse
is reflected at the outer resonators. They are, how-
ever, integer multiples of w,, so that their paramet-
ric upconversion is enhanced, and there is much larger
buildup of signal light at w; = 2w, — w; than would be
expected given the =100-um length of the structure.
The frequency of the signal light is an integer multiple
of both w, and w, [Fig. 1(b)]; consequently the signal
light generated inside the enhancement resonators is
trapped within the structure by the outer resonators.
To extract the trapped light, we use a flush pulse with
frequency ws = w, to shift the frequency of the signal
light with cross-phase modulation, so that it can es-
cape from the system. Although similar to a scheme
recently proposed for fiber Bragg gratings,® our scheme
has the advantages of a flushing technique and much
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The energy that is trapped has a half-life of approximately 500 ps in the presence of both linear

We also demonstrate that the energy can be

smaller dimensions. Although not of immediate prac-
tical engineering interest, our scheme illustrates the
fascinating low-intensity nonlinear effects these semi-
conductor microstructures can exhibit.

We define the envelope functions A,(z,t), A;(z,t),
and A,(z,t), carried at frequencies w,, w;, and ws,
respectively, where IAp/i/SI2 gives the intensity in the
field. We assume that coupling between the channel
waveguides and the microresonators occurs only at the
discrete points indicated by the large dots in Fig. 1(a);
we call these coupling points. At the coupling points
we define the self-coupling (o) and cross-coupling (x)
coefficients and assume?

()L 5 )z

Ey ik o J\E;

where a typical set of fields, E,,, which can represent
the pump, idler, or signal field, is shown in Fig. 1(a).

To conserve energy, the coupling coefficients must sat-
isfy |o|?2 + |k|2 =1 and 0k = o«™. The use of such
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Fig. 1. (a) Schematic of the system. All pulses are in-
jected along the bottom channel. (b) Transmission spec-
trum (solid curve) of the structure, the dips correspond to
resonances of the outer resonators. The dotted lines cor-
respond to resonances of the inner resonators.
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phenomenological coupling coefficients has been shown
to be valid for microresonator structures in the linear
regimes.>?™® A rough estimate (following Ref. 9) of
the nonlinear change in the evanescent fields re-
sponsible for coupling leads to such a small effect
that we neglect it here, which is in line with other
studies.® Therefore we assume that there is no non-
linearity in a small region around the coupling points,
which simplifies the numerics without affecting the
physics. Away from the coupling points we model
the propagation of light with a set of coupled non-
linear equations. We introduce a generalized length
variable ¢, with { = *z in the channel guides, and
{ = R,,0 in the resonators, where R,/ is the radius
of the enhancement/outer resonator. With the strong
pump approximation, IApl2 > |A;|2,|A|%, and with ns
being the Kerr nonlinear coefficient and «, as, as
being the linear, two-, and three-photon absorption
(2PA and 3PA) loss coefficients, respectively, we find

9 1 9 ) 1
(i + g a_Zf)Aq = l‘yqKq - ELqu, (1)
where g is one of (p, i, s) and y, = wqna/c. Here Kpl=
|Ap|2Ap + ZASALA;; and Ki,s = |Ai,s|2Ai,s + ZA%A:L
account for Kerr nonlinear effects, and L, = a; +
azlAp|2 + a3|Ap|4 and Li,s = a1 + 20[2|Ap|2 +
3aslA,|* account for linear and nonlinear loss. We
then construct the total electric fields at each (z, ¢) by
use of an effective index, n.g, to account for the linear
phase accumulation associated with w(, ;. We ne-
glect the underlying material dispersion because the
dispersion time for our pulses in AlGaAs structures® is
2 orders of magnitude larger than the time scales that
we consider in this Letter. The signal energy trapped
inside the structure is Eiap = (Seft/Vg) [siruct 145/%d2,
where Ser is an effective area associated with the
cross section of the channel waveguides and microreso-
nators; we assume that Se¢ = 1 um?, which is consis-
tent with typical resonator structures.'

In our simulations we use ng e = 3, ng = 1.1 X
107 ecm?/GW, ay = 0.05 cm/GW, and a3 =
0.08 cm®/GW?2, all of which are consistent with
typical AlGaAs structures.!> For linear loss we use
a; =0, 0.7, 2 dB/ecm; both nonzero values are signifi-
cantly higher than the fundamental bending loss in
the microresonators.'® At all the coupling points we
set o = 0.98, which is consistent with experimentally
observed values.” The fundamental resonant fre-
quency of a ring is w., = ¢/netrResy; therefore, when
we choose R,/, via 27 R, = 25 um and 27 R, = 30 um,
the 60th resonance of the outer rings and the 50th
resonance of the enhancement rings both occur at
A=15 um.

We simulate Gaussian pump and idler pulses with
20 ps FWHM and with intensities I, = 50 MW /cm?
and I; = 0.5 MW/cm?. In Fig. 2 we plot the total
signal energy deposited into the structure as a func-
tion of time for various values of linear loss. In
the absence of both linear and nonlinear loss (solid
curve) the signal light builds up to a peak of 165 fJ at
~50 ps, then starts to leave the system until ~140 ps,
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past which point a constant amount of energy, 90 fJ,
remains in the structure. The generated signal light
has a frequency width of Af = 0.028 ps~!, while the
reflection spectrum of the outer resonators (within the
10% reflection points) is 0.011 ps~!. Since only those
signal frequencies that experience =100% reflection
by the outer rings are trapped within the structure,
the rest of the frequencies leave the structure, which
explains the decay in trapped signal energy between
50 and 140 ps. The dotted and dashed—dotted curves
in Fig. 2 include the effects of linear loss (0.7 and
2 dB/cm, respectively), 2PA, and 3PA. In these situ-
ations the trapped signal energy decays, primarily
due to linear loss, with a half-life of 428 ps (150 ps)
when a1 = 0.7 dB/cm (2 dB/cm).

We now turn to the flushing process. We begin
by trapping the signal light (a; = 0.7 dB/cm). In
Fig. 3 we plot the signal energy in the structure
(dotted curve) and the intensity of the signal light
leaving the structure (solid curve). Before 200 ps the
signal energy in the structure (dotted curve) evolves
exactly like the dotted curve in Fig. 2; however, the
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Fig. 2. Energy trapped in the structure as a function of
time for linear loss of 0 (solid curve), 0.7 (dotted curve),
and 2 dB/cm (dashed—dotted curve).
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Fig. 3. Energy in the structure (dotted curve) and out-
put signal intensity (solid curve) for the numerical simu-
lation of flushing described in the text. The energy is
flushed out at ~200 ps. Inset, frequency spectrum of the
flushed signal light as a function of d w, the detuning from
the initial signal frequency. The shaded region shows the
frequency range over which the outer resonators are 90%
reflecting.
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solid curve shows that, as discussed above, signal
light with frequency content outside the reflection
spectrum of the outer resonators leaves the structure
between 50 and 140 ps. The 20-ps time lag between
peaks in the transient is equal to the round-trip time
in the resonator structure. At ¢ = 200 ps we inject
a Gaussian flush pulse with 20 ps FWHM and peak
intensity Ir = 500 MW/cm?. This causes the trapped
signal energy (dotted curve in Fig. 3) to drop sharply
from 70 to 30 fJ and then to decay more gradually
until almost all the energy has left the system. There
is a corresponding jump in the output signal intensity
(solid curve) at ¢+ = 220 ps and then several smaller
sidelobes spaced by 20 ps. The small increases in
trapped energy at ~220 ps are caused by a cascaded
process that adds signal energy into the structure
by the following process: The flush pulse and the
trapped signal light combine to create idler light,
which can then interact with the flush pulse to create
more signal light. This effect is relatively small and
does not affect the ability of the flush pump to remove
all the signal light.

The signal light is flushed out of the system
because the cross-phase modulation induced by the
strong flush pulse leads to an instantaneous frequency
shift that detunes the signal light from the outer
resonators. To describe this process, we consider the
situation in which the signal and flush pulses are
propagating along a straight channel waveguide:

9 1 9 . >
(32 * o )0 = vl oPAED. @

To simplify the discussion, we assume that the in-
tensity envelope function of the flush pulse is only a
function of z — vg¢, which our numerical calculations
indicate is a good qualitative description. We then
find that in moving from z = 0 to z = z, the signal
pulse accumulates a phase ¢, (¢) = iys|As(z — vgt)|%t,
from which we define the instantaneous frequency:
w;,(8) = —ys[1 + t(3/t)]1Ar(z, — vgt)|2. To proceed,
we assume that the flush pulse intensity profile
is Gaussian: |Af(z,8)2 = Iy exp[—B(z — vgt)?] so
that, from the definition of w, (¢), the signal pulse
is blueshifted when ¢ > (2,/2v,)[1 + (1 + 2/822)V/2].
In our system the width of the flush pulse is roughly
equal to the effective length of the microresonator
structure, so that 822 = 1, and a blueshift occurs for
t = ~1.35z,/vy. Note that the center of the flush
pulse arrives at z, when ¢ = z,/v,, so that in our
system both the leading edge and a large part of
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the trailing edge of the flush pulse cause a redshift.
Therefore the signal light should experience a larger
redshift than blueshift. This heuristic description of
the flushing dynamics is confirmed by the spectrum of
the output signal light (inset in Fig. 3). The shaded
region indicates the frequency range within which
the outer resonators are =90% reflecting. It is clear
that the frequency of the output signal light has been
shifted such that it lies outside the shaded region.
Note that the peak frequency of the redshifted light
is much further detuned from o, than that of the
blueshifted light, which is in agreement with the
simple picture presented above.

In conclusion we have presented a scheme for trap-
ping light inside a short microresonator structure; the
stored light can be extracted with a cross-phase modu-
lation process.
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