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We demonstrate all-optical switching action in a nonlinear photonic crystal cross-waveguide geometry with
instantaneous Kerr nonlinearity, in which the transmission of a signal can be reversibly switched on and

off by a control input.
and the control in the nonlinear regime.

Our geometry accomplishes both spatial and spectral separation between the signal
The device occupies a small footprint of a few micrometers squared

and requires only a few milliwatts of power at a 10-Gbit/s switching rate by use of Kerr nonlinearity in
AlGaAs below half the electronic bandgap. We also show that the switching dynamics, as revealed by both
coupled-mode theory and finite-difference time domain simulations, exhibits collective behavior that can be

exploited to generate high-contrast logic levels and all-optical memory.
130.4310, 190.1450, 230.4110, 230.5750, 130.3750.

OCIS codes:

Photonic crystals promise dense and large-scale inte-
gration of optical information-processing components.
It has recently been shown that the use of nonlinearity
in photonic crystal microcavities allows the construc-
tion of ultracompact all-optical elements that operate
with low power requirements and high speed.!”® In
this Letter we demonstrate an all-optical transistor
action in a nonlinear photonic crystal, in which the
transmission of a signal can be reversibly switched on
or off by a control input with high contrast and low
power.

Our design is based on the photonic crystal cross-
waveguide geometry (Fig. 1).” In the linear regime
this geometry allows the intersection of two wave-
guides without any cross talk between them. The
crystal consists of a square lattice of highly dielectric
rods (n = 3.5) with a radius of 0.2a (a is the lattice
constant) embedded in air (n = 1), and it has a
bandgap for TM modes with electric fields parallel
to the rod axis. To form the waveguides, a line of
rods is removed along either the x or y axis. The
intersection consists of a cavity that supports two
dipole modes. Each cavity mode is even with respect
to one of the waveguide axes and odd with respect to
the other. Since the waveguide modes are even with
respect to the waveguide axis, each waveguide couples
to only the cavity mode with the same symmetry, thus
prohibiting any cross talk.

We create a nonlinear optical switch with this geome-
try by introducing Kerr nonlinearity to the rod at the
center of the cavity. We show that this system allows
a control in one waveguide to switch the transmission
of a signal on or off in another waveguide (Fig. 1) and
that there is no energy exchange between the signal
and the control, even in the nonlinear regime, which
is essential for densely integrated optical circuits. In
addition, this structure can be easily configured such
that the signal and the control operate at different fre-
quencies, which is beneficial for wavelength division
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multiplexing. In the structure shown in Fig. 1, for
example, we accomplish a spectral separation of the
control and the signal by using a cavity with an ellipti-
cal dielectric rod, with axis lengths of 0.54a and 0.64a
along the x and y directions, respectively.
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Fig. 1. Electric field distributions in a photonic crystal
cross-waveguide switch. (a) Control input P,y is absent,
and signal output P,,x is low. (b) Control input P,y is
present, and signal output P,,;x is high. The control and
signal power are both ~200 mW/um. Red and blue repre-
sent large positive or negative electric fields, respectively.
The same color scale is used for both panels. The black
circles indicate the positions of the dielectric rods in the

photonic crystal.
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The dynamic behavior of the system can be described
with the following coupled-mode equations:

dSoutX . . (lsoutX |2 |SoutY|2>
1. ou - + 2 ou
ar ioxSoutx — 1Yx Prx Py Soutx
. SoutY2 ES
+ vx(Sinx — Soutx) — ivx Soutx
Pyy
@h)
dSoutY . . ( |SoutY|2 |SoutX |2>
1. ou - + 2 ou
ar iwySouty — Yy Pyy Py Souty
. SoutX2 %
+ vv(Siny — Souty) — ivy Souty -
Pyx

(2)

Sinout); 18 proportional to the field amplitude such
that Pinout); = |Sin(out) j|2 is the input (output) power
in waveguide j. The subscripts X and Y label
either the waveguide that is parallel to the x or y
axis, respectively, or the cavity mode that couples
to the waveguide. y; = w;/2Q; is the decay rate
for cavity mode j. P;; = [2a;;(0i/c)? 1n:@;Q;]!
are the characteristic powers of the system with
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stimulate transitions between the bistable states and
generate high-contrast logic levels. When the control
is turned off, the bistability curve for the signal output
moves back to the blue curve, and the signal output
drops to the original level at point A. Such reversible
switching occurs when the signal input power level
lies below the bistable threshold in the absence of
the control. For a higher signal input power (for
example, point C in Fig. 2) the signal output remains
at a higher power level (point E) after the control is
turned off, thus exhibiting memory behavior.

Since the transmission of the control is also being
modulated by the signal, the detailed switching dy-
namics is more complicated than in the qualitative
discussions presented above. Below we present a
rigorous analysis by combining finite-difference time
domain (FDTD) simulations with coupled-mode theory.
We show that the mutual coupling between the signal
and the control can lead to significant improvements
in the switching contrast.

We employ the same nonlinear FDTD simula-
tions’ as in Ref. 5. We choose a Kerr coefficient of
ng = 1.5 X 10717 W/m2, which is achievable with
nearly instantaneous nonlinearity in AlGaAs below
half the electronic bandgap’®'! at 1.55 um. At a

3
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where a is the generalization of the dimensionless
scale-invariant nonlinear feedback parameter defined
in Ref. 3; here a;; and «;; are the self- and cross-modal
overlap factors for the two cavity modes i and j and
are obtained from the first-order perturbation theory
in terms of the electric fields in the cavity modes
E;j(r) = YV2[E;(r)exp(int) + E; ;" (rlexp(—iwt)].
n2, wj, a, and c are the instantaneous Kerr nonlin-
earity coefficient, the angular frequency of cavity
mode j, the lattice constant of the photonic crystal,
and the speed of light, respectively. The last terms
on the right-hand side of Eqgs. (1) and (2) describe
a nonlinear energy exchange process between the
control and the signal, which become negligible when
the frequencies of the signal and control inputs and
the corresponding resonances of the cavity modes are
separated by more than the width of the resonances,
as in our simulations.

With Egs. (1) and (2) the general switching behavior
of the system can be understood qualitatively as
follows: In the absence of the control beam (.e.,
Siny = 0) the signal output versus the signal input
exhibits the typical bistable shape in a transmission
resonator configuration,® as shown with the blue solid
curve in Fig. 2. Suppose the signal output level is
originally at point A in Fig. 2. Applying a control
beam (i.e., nonzero S,y and Syuty) shifts the frequency
of mode X by an amount that is proportional to |Souiy |2.
The bistable transition threshold of the signal is thus
decreased (e.g., the red curve, Fig. 2), resulting in an
abrupt transition in the signal output power. There-
fore at a given signal input power the control can

low incident power at which the structure behaves
linearly we determine that the cavity modes have
resonance frequencies of wxy = 0.373(2wc/a) and
wy = 0.355(27c/a), which fall within the bandgap
of the photonic crystal; quality factors of @x = 920
and @y = 1005; and nonlinear modal overlap fac-
tors of axx = 0.154, ayy = 0.172, axy = 0.051,
and ayx = 0.056. With these parameters and a
lattice constant of a = 575 nm the theory predicts
characteristic powers of Pyxx = 62.75 mW/um,
Pyy = 49.26 mW/um, Pxy = 17255 mW/um, and
Pyx = 164.32 mW/um.
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Fig. 2. Input versus output power for the signal in wave-
guide X, calculated with Eq. (1), with the output power
in waveguide Y (and hence the energy in cavity mode Y)
kept at constant levels. Blue, red, and green curves corre-
spond to control output powers of 0, 151, and 756 mW/um,
respectively, which is appropriate for various times in the
switching process, as shown in Fig. 3.



ploit this effect, we have chosen a finite detuning dy =
1.4+/3 of the control input from cavity resonance Y.

We note from Egs. (1) and (2) that the nonlinearity
does not mix the signal and control outputs when their
frequencies are separated by more than the cavity reso-
nance widths. This is confirmed in the FDTD simula-
tions by analysis of the spectra at the two output ports
during the entire switching process.

The structure has a footprint of a few micrometers
squared. For 10-Gbit/s applications one could use
cavities with in-plane quality factors of approximately
®x ) = 5000, which are achievable in photonic crystal
12 Since the bistability power threshold scales
as 1/Q?, for a three-dimensional structure operating
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Fig. 3. Input and output power levels for the signal and

the control as a function of time. The curves are from
coupled-mode theory calculations with Egs. (1) and (2), and
the open circles and triangles are from FDTD simulations.
The labels A, B, and B’ indicate the control output power
levels that were used to calculate the bistability curves in
Fig. 2.

To demonstrate the transistor action, we launch a
signal in waveguide X with carrier frequency winx
detuned by 6x = (wx — ®inx)/yx = 23 from the
resonance of cavity mode X, as shown with the solid
blue curve in Fig. 3. (8 = /3 is the minimum de-
tuning threshold for the presence of bistability in the
absence of control input.) The power of the input
Py x = 200 mW/um is selected to be below the bistable
region in the absence of the control input (point A on
the blue curve in Fig. 2). The field pattern of the
steady state at ¢ = 15 ps is shown in Fig. 1(a). After
the steady state has been reached, we launch a control
pulse with detuning 6y = (wy — wny)/yy = 1.4V/3
and a power of Py = 205 mW/um in waveguide Y,
as shown with the green solid curve in Fig. 3. The
control switches the signal output to a higher level in
approximately 10 ps (point B on the green bistability
curve in Fig. 2). The field pattern of the steady state
in the presence of the control is shown in Fig. 1(b).
Finally, we turn off the control at ¢ = 45 ps, and the
signal output returns to a low transmission state,
completing a reversible switching cycle. There is
excellent agreement between our FDTD results and
coupled-mode theory with Egs. (1) and (2).5

An interesting feature in Fig. 3 is the presence of a
peak in the control output during the initial transient
period (labeled as B’). As the control input is switched
on, the power in mode Y initially increases, which in-
duces the transition in signal output from point A to
point B’ by moving the bistability curve for the signal
from the blue curve to the red curve in Fig. 2. In the
meantime, however, as the energy increases in the cav-
ity modes, the frequency of mode Y also starts to shift
downward, detuning from the control input; eventually
reduces its energy from its peak value; and moves the
bistability curve for the signal from the red curve to the
green curve in Fig. 2. Such collective dynamics can
thus be used to generate high contrast in signal output
(point B in Fig. 3) with a low power threshold. To ex-

at 1.55 um with the optical mode confined in the
third dimension to a width of approximately half
a wavelength, the power requirement is only a few
milliwatts and the relative index shift én/n is less
than 1073, which is achievable in materials with
instantaneous Kerr nonlinearity. The contrast ratio
between the on and off states is approximately 10, and
further reduction by orders of magnitude in the power
requirement and index shift is achievable by use of
smaller detunings éx). Finally, the switching is
robust against fluctuations in the system parameters
and power levels.
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