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Abstract—Using a conventional microwave photonic tech-
nique, we demonstrate lightwave switching in laterally coupled
GaAs-AlGaAsmicroring resonatorsby freecarrier injection. The
ring waveguideisoptically pumped just aboveits bandgap energy,
which results in a temporal tuning of the microring resonant
wavelengths by the refractive index change due to the induced
free carriers. Both the transmission and the phase function of the
resonators are investigated and used to demonstrate all-optical
switching. The switching time, limited by surface recombination
of carriers, is 20 ps. A switching energy of a few picojoules shifts
the microring resonance by 1.2 nm.

Index Terms—All-optical switching, carrier injection, microres-
onators, optical pumping, pump and probe, single photon absor p-
tion.

I. INTRODUCTION

LL-OPTICAL switching devices operating at the

1.55-;;m wavelength are necessary components for future
high-speed optical telecommunication systems. Therefore, the
need for afast, low threshold, compact, and all-optical switch
has drastically increased in the last few years. In this regard,
semiconductor optical switching devices have been the main
focus of the ongoing research because semiconductors have
shown large nonlinearities and they can be integrated with other
optoelectronic devices such as microlasers and amplifiers. Two
main factors would limit the performance of a semiconductor
straight waveguide optical switch: carrier lifetime and interac-
tion length [1], [2]. In bulk semiconductors, the carrier lifetime
can approach a few nanoseconds and thus limit the switching
speed of the device to below 1 GHz. However, in a tightly
confined semiconductor waveguide, the carrier lifetime can be
as short astens of picoseconds due to surface recombination. If
the phase change achieved by carrier injection is much higher
than the change in absorption, then the interaction length of a
semiconductor optical waveguide based switch can be reduced
if configured into a Mach—-Zehnder interferometer. In such a
case, the phase shift required to switch from on to off or vice
versa is exactly = rad. Moreover, if the waveguide is formed
into a ring structure, the amount of phase shift required for
switching is drastically reduced because the interaction length
of the device is effectively enhanced by the finesse of the
microring cavity [3].
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One way to use the microring resonator as an al-optical
switch was demonstrated in [4], in which the pump beam was
tuned to one of the microring resonances to switch a probe
beam tuned to the next higher resonance. Since the pump
beam energy was just above half the bandgap of the material,
two-photon absorption (TPA) was the nonlinear process re-
sponsiblefor switching. The switching speed waslimited by the
photon lifetime as well as the carrier recombination lifetime.

Nonlinear optical phenomena can beinduced in semiconduc-
tors more efficiently by free carrier injection induced by single
photon absorption (SPA). By optically pumping the semicon-
ductor material with photon radiation above its bandgap energy,
each absorbed photon generates an electron-hole pair. Thesein-
jected carriers change the gain-loss coefficient and the refrac-
tive index of the semiconductor material. The optoelectronics
technique for free carrier injection has become a conventional
microwave photonic method for optically controlled microwave
devices [5]. In this manner, millimeter-wave propagation in a
semiconductor waveguide had been controlled by an optical
signal [6], [7]. This mechanism offers some advantagesin com-
parison with what has been previously demonstrated using TPA.

1) The pump beam does not need to be tuned to one of the
microring resonance wavelengths.

2) The switching speed is no longer limited by the cavity
charging time since the pump beam does not resonate in
the microring, alowing ultrafast switching to take place.

3) The absorption mechanism is much more efficient.

4) With proper pump beam spot size and wavelength,
switching power can be much smaller.

On the other hand, TPA might be desirable for in-plane all-op-
tical signal processing. In [8], tuning of a microdisk resonator
filter was demonstrated by carrier injection through an electrical
current.

In this paper, we demonstrate all-optical switching in lat-
erally coupled GaAs-AlGaAs microring resonators by optical
pumping near the material bandgap energy. We investigate the
use of both the transmission and phase transfer functions of the
ring resonator for nonlinear switching.

II. TRANSMISSION SWITCHING
A. Theory

The electric field circulating inside the microring resonator
shown in Fig. 1(a) can be written as

El (t) = _jI‘JlEO + 7’17’20/E1 (t — T)Cj¢ (1)
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Fig.1. (&) Schematic diagram and (b) SEM picture of the microring resonator.

where Ey is the input continuous-wave (CW) probe beam, »;
and r, are the field transmission coefficients at the input and
output waveguides, respectively, « is the field round-trip loss,
1 isthefield coupling coefficient between the input waveguide
and the ring waveguide such that x? + 77 = 1, and 7 is the
round-trip time of the resonator. The resonator round-trip phase
¢ is given by
p="nL @

where ) is the probe beam wavelength, n isthe refractive index
of the ring waveguide, which isafunction of carrier density, and
L isthe circumference of the ring resonator.

At steady state, the transmission-transfer function of the res-
onator is given by

FEs rL — aree’®
Ey  1—arirqei®’

©)

Equation (3) suggests that the ring cavity is very similar to a
Fabry—Pérot cavity, with the embedded advantage of the mul-
tiple input—output ports due to the ring geometry. Near reso-
nance, the transfer function of the ring resonator given by (3) is
nonlinear with respect to ¢, and thus can be used for switching,
thresholding, and reshaping.

The dynamic behavior of the circulating electric field can be
simulated by numerically solving (1) after substituting from (2).

The first device used in the experiment is a single race track
laterally coupled to two straight waveguide buseswith a straight
coupling section of 10 xm, as shown in Fig. 1(b) [9]. Fig. 2
shows the measured spectral response of the microresonator at
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Fig. 2. Measured (solid lines) and fitted (dotted lines) spectral response at the
throughput and drop ports of the microring resonator around 1543.4 nm. The
discrepancy between the measured and fitted throughput spectrums is due to
the resonances of the Fabry—Pérot cavity formed by the cleaved facets of the
throughput waveguide.

both the throughput and drop ports at its TE resonance mode at
1543.4 nm. The microring linear parameters could be extracted
by fitting both the throughput and drop port spectral responses
with the assumption of symmetrical couplings at the input and
output waveguides. The round-trip power 10ss is 24% and the
coupling coefficient is 11%. The ring has a 3-dB bandwidth of
1.3 nm, anintrinsic quality factor of 1200, a free spectral range
of 18 nm, and a finesse of 14.

B. Experiment

All-optical switching is accomplished using the pump-probe
scheme, in which a high-intensity pump pulse is used to con-
trol the transmission of a CW probe beam tuned to one of the
microring resonances. By sweeping the probe beam wavel ength
across the microring resonance and detecting the time variation
of the dropped signal, the resonance wavelength shift of the mi-
croring and hence its refractive index change can be measured.

The experimental setup is as follows. The pump beam is a
train of model-locked Ti: Sapphire pulses at 800 nm. The pulse
widthistypically 100 fswith 1-kHz repetition rate. The average
power of the beam is attenuated to lessthan 1 uW at the device
surface. A lens system is used to focus the beam to about 50-.:m
spot size and to pump the microring from top. The probe beam
is provided by an external cavity semiconductor laser diode,
which is tunable around 1550 nm. The laser diode is tuned to
the microring resonance wavelength at 1543.4 nm with an av-
erage power of afew milliwatts. The probe beam isfed into the
input port of the resonator using a conically tipped fiber. The
insertion lossistypically 7 dB per facet. The output of the drop
port is also collected with another conically tipped fiber, opti-
cally amplified, fed to a 40-GHz detector, and monitored by a
50-GHz scope.

Since the bandgap wavelength of GaAs is around 800 nm,
the pump pulse is aimost fully absorbed in the microring wave-
guide and high-density free carriers are generated. These car-
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Fig. 3. (&) Measured and (b) simulated modulation of the dropped signal for
different input probe beam wavelength (DC level has been removed in both (a)
and (b) for clarity).

riers decrease the refractive index of the microring waveguide
and cause a temporarily blue shift of the microring resonance
wavelength. When the free carriers diffuse to the waveguide
walls and recombine, the effect diminishes. If a probe beam is
tuned to one of these microring resonant wavel engths, the output
probe signal will be modulated. The depth of modulation de-
pends on the magnitude of the resonance-wavelength shift. In
addition, the steeper the resonator profile, or, in other words,
the higher the cavity finesse, the larger the modulation of the
output signal for a given wavelength shift.

Fig. 3(a) showsathree-dimensional plot of thetime variation
of the dropped probe signal versus its wavelength. When the
probe beam was initially tuned to the shorter wavelength side
of the microring resonant wavelength, the carrier-induced blue
shift in the resonance brought the probe beam into resonance
and was temporarily dropped at the output; thus it experienced
a rapid increase in transmission. When the probe beam was
initially tuned to the resonant wavelength, the carrier-induced
index change shifted the resonance away from the probe beam,
resulting inarapid attenuation of the dropped signal. Simulation
results shown in Fig. 3(b) arein good agreement with measured
data.

By measuring the switching contrast of the dropped beam at
the different probe wavelengths, one can deduce the amount of

2999

resonance wavel ength shift. Our simulation model yieldsamax-
imum refractive index change of 2.6 x 102 that leadsto ares-
onance wavelength shift of 1.2 nm. The switching contrast is
approximately 7 dB. Higher switching contrast can be obtained
by injecting more carriers or by using a critically coupled res-
onator [10]. A rise time of 10 ps is measured for the dropped
probe beam and is limited by the detection system. A switching
window of 20 psisobtained and shown in Fig. 3(a).

C. Discussion

When carriers areinjected into a GaAs waveguide, itsrefrac-
tive index has the following expression [6]:

1 w2
.k ) {i <€L w2 +1/2>
L\ o
+ e - “p +1Z “p
L2 + 2 w w? 4+ 12

in which n and &, the real and imaginary parts of the complex
refractive index, are obtained by selecting the“+" or “—" sign
of the leading term on the right-hand side of (4), respectively.
Equation (4) shows that the refractive index depends on the di-
electric constant of the material £z, the plasma frequency w;,,
the collision frequency of the carriers », and the frequency of
the propagating probe beam w. The plasma frequency is given

by

—~
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wheren,, isthefree carrier density, ¢ isthe free electron charge,
g isthe free-space permittivity, and m* is the effective mass of
the carrier.

The effective pump energy that hits the microring is
20 pJpulse, and this corresponds to 8 x 10° photons/pulse.
Sincethe absorption coefficient of GaAsat 800 nmis10* cm~!,
acarrier density of 2.5 x 10'® cm=3 is expected. In Fig. 4(a),
we plot (4), and in Fig. 4(b), we plot the real part of refractive
index change versus the injected free carrier density at a
probe beam wavelength of 1543.4 nm. For a carrier density
of 2.5 x 10" cm~3, arefractive index change of 3 x 1072 is
estimated, which is consistent with the value obtained from the
experiment. Fig. 4(a) shows that the change in the imaginary
part of the refractive index at that value of carrier density is
on the order of 10—°. Thus the additional loss due to the free
carriers can be neglected.

To study the polarization dependence of the optica pump
signal used for switching, we adjusted the polarization of the
pump beam to the two perpendicular linear polarizations with
respect to the device geometry. Negligible polarization sensi-
tivity was measured, which is another advantage of the SPA
technique in comparison to the TPA. In the TPA case, proper
polarization of the pump beam has to be taken care of to match
that of the microring device. Thisis mainly because of birefrin-
gence in the microring waveguide, which results in a splitting
between the TE and TM modes. Another aspect to be addressed
hereisthe pump signal wavelength. TPA requiresthat the pump
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Fig. 4. (a) Rea (solid) and imaginary (dotted) parts of the refractive index
and (b) real part of the refractive index change versus carrier density for the
microring GaAs waveguide at the probe wavelength.

beam signal be tuned exactly to the microring resonance wave-
length. Thisrestricts the switching speed of the deviceto that of
the device bandwidth. Moreover, as the resonance is tuned by
the presence of the pump signal, the pump signal itself becomes
out of resonance and the dynamic performance of the device is
degraded. SPA mechanism does not suffer from the above dis-
advantage because the pump beam wavelength is not tuned to
the device resonance, which alows ultrafast switching to take
place and gives more flexibility in terms of the pump source
wavelength.

I1l. PHASE SWITCHING

So far we have only discussed the use of the transmission-
transfer function of the microring resonator for switching. How-
ever, an examination of its phase-transfer function revealsasim-
ilar nonlinear enhancement. A microring coupled to a single
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Fig. 5. (&) Schematic diagram of a ring resonator coupled to a straight

waveguide and (b) phase enhancement of a lossless resonator for different
coupling coefficient «.

waveguide, asshownin Fig. 5(a), formsaphasefilter. The phase
shift of asignal after passing through the ring is given by [11]

arsin ¢

bess =t ptan — (6)

1—arcoso¢
where r is the field transmission coefficient and ¢ is the
round-trip phase of the resonator, defined by (2). In Fig. 5(b),
we plot (6) for different values of the field coupling coefficient
K = (1 —r%)Y/2 for a lossless resonator (a = 1). Near
resonance (¢ = 0), the slope of the effective phase becomes
very steep, and hence the device output phase is very sensitive
to changes in the single-pass phase shift of the microring.
This phase enhancement can be observed by introducing the
microring resonator into one arm of a Mach—Zehnder inter-
ferometer (MZI). Although an MZI requires a = phase shift
for switching, Fig. 5(b) shows that such an amount of phase
shift can be obtained with a drastically reduced single-pass
phase shift of a microring resonator introduced on one arm
of the MZI. In other words, the amount of index change
required to switch the MZI is dramatically reduced. It is worth
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Fig. 7. Measured (solid line) and fitted (dashed line) spectral response of
the MZI loaded ring device around its resonance wavelength at 1556 nm. The
ringing in the measured spectrum is due to the high reflectivity of the uncoated
input and output cleaved facets of the device, which acts as a Fabry—Pérot
cavity.

mentioning here that the propagation loss of the microring has
to be minimum for high interference visibility between the two
arms of the MZI and hence efficient switching. Fig. 6 shows a
scanning el ectron microscope (SEM) picture of an MZI loaded
with a microring resonator. The spectral response of the device
isshown in Fig. 7. The device has an intrinsic quality factor of
2060 and an estimated finesse of 18.

We used the same experimental setup mentioned earlier
to pump the device from top. In Fig. 8, we plot the OFF—oON
switching behavior of the device, when the probe beam was
initially tuned to the microring resonance at 1556 nm. A
switching window of 24 psis obtained, allowing 40-GHz data
processing. An effective energy of 4 pJ/pulseis used to switch
the device, which is one order of magnitude less than that
required by TPA [4].

3001

0.021

0.0161

0.012r

Intensity (a.u.)

0.0081

0.004 1

074 13 R L - L ]
0 50 100 150 200
Time (ps)

250

Fig.8. Theoff—on switching behavior of the MZI loaded ring device when the
probe beam was initially tuned to the microring resonance at 1556 nm.

IV. CARRIER LIFETIME

The speed of these devices is mainly limited by the carrier
lifetime of the guiding material. To measure the carrier lifetime
independently, we optically pumped a tapered straight wave-
guide at different width sections. Weincreased the pumping en-
ergy so that enough carriers were injected into the waveguide
and absorption was observed in a probe beam. By detecting
the intensity variation of the probe beam, we could measure
the recovery time of the transmitted signal and hence the car-
rier lifetime. In atightly confined waveguide, diffusion to the
waveguide walls dominates, where fast surface recombination
occurs. InFig. 9(a), we plot the normalized transmitted probein-
tensity when the waveguide was pumped at different cross-sec-
tions; and in Fig. 9(b), we plot the carrier lifetime versus the
its diffusion length, which is approximately half the waveguide
width. As can be seen, the carrier lifetime varies quadratically
with the diffusion length as expected due to the diffusion pro-
cesses. Sincethe guiding layer ismade of intrinsic bulk material,
ambipolar diffusion takes action where both electrons and holes
contribute to the diffusion process. Using the Einstein relation,
we fitted the carrier lifetime curve and extracted the ambipolar
diffusion constant to be 19.2 cm?/s. The ambipolar diffusion
constant calculated from published values of electron and hole
mobhilities and diffusion constants of GaAs [12] is found to be
19.4 cm? /s, which is very close to the measured value. Faster
response time can be obtained by dc biasing the microresonator
waveguide, where a static electric field normal to the epitaxial
layer is induced and rapidly sweeps the free carriers out of the
waveguide core [13].

V. CONCLUSION

In summary, we have demonstrated all-optical switching by
carrier injection induced by SPA inlaterally coupled GaAs-Al-
GaAsmicroring resonators. Simulation results have been shown
to be in good agreement with measured data. We investigated
both the transmission and phase functions of the resonator using
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Fig. 9. (&) Normalized transmitted probe intensity when the tapered straight
waveguide was optically pumped at its width of (i) 2.0 gm, (ii) 1.5 pm, (iii)
0.8 #m, and (iv) 0.5 xm. (b) Measured and fitted carrier lifetime of the GaAs
waveguide versus the carrier diffusion length.

two different device configurations. The switching energy is
found to be at least one order of magnitude less than that re-
quired by TPA. These deviceshave great potential for switching,
routing, multiplexing and demultiplexing, and reshaping. Op-
tical pumping can be accomplished by integrated vertical-cavity
surface-emitting lasers underneath the microringsor by an array
of laser diodes mounted on top of the microrings. The switching
speedisonly limited by the carrier lifetime and can be enhanced
by dc biasing the microring waveguide to sweep out carriers.
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