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Abstract: We demonstrate all-optical logic in a micron-size silicon ring
resonator based on the free-carrier dispersion effect in silicon. We show
AND and NAND operation at 310 Mbit/s with ~10-dB extinction ratio. The
free-carrier-lifetime-limited bit-rate can be significantly improved by active
carrier extraction.
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The highly developed micro-fabrication technology enables ultra-compact optical devices
integrated on silicon. Recently, all-optical operations, such as all-optical modulation [1,2],
optical bistability [3,4], have been demonstrated based on micron-size optical resonators on
silicon. The same mechanism can be used to realize all-optical logic functions. Integrated all-
optical logic devices have been demonstrated using cm-long silicon [5] or LiNbO; [6]
waveguides, semiconductor optical amplifier based devices [7] or resonators built on 111-V
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semiconductors [8,9]. Here, we show the first al-optical logic operation using a compact
silicon resonator.

The device used in the experiment consists of a silicon micro-ring resonator coupled to a
straight waveguide, as shown in Fig. 1(a). It is fabricated on SOl substrate using E-beam
lithography, plasma dry etching, and plasma enhanced chemical vapor deposition (PECVD)
for the SO, cladding deposition. The silicon waveguides forming the structure have a width
of 450 nm and a height of 250 nm. The radius of the ring is R = 5 um, and the spacing
between the ring and the straight waveguide is 200 nm. The fiber-to-fiber insertion loss for the
quasi-TE mode (electric field parallel to the substrate) is measured to be 10.4 dB. The
transmission spectrum for the quasi-TE mode is shown in fig. 1(b). One can see from the
figure two resonances at the wavelength 4; = 1550.7 nm and 4, = 1568.7 nm respectively. The
transmission of the waveguide drops by about 16 dB at both resonances. The insets of fig. 2
show the zoom-in spectra around both resonant wavelengths. The full-width-half-maximal
(FWHM) bandwidths of the resonances are A4, = 0.14 nm and A4, = 0.16 nm, corresponding
to the quality factors of Q; = 11,076 and Q. = 9,804, respectively. The power coupling
coefficient between the waveguide and the ring can be estimated from the bandwidth to be ~
7%. The weak split of resonances, represented by the double-notch feature of the resonant
spectrum, is caused by a weak reflection inside the ring resonator [10]. The photon lifetime of
the ring resonator at A;-resonance can be obtained from the quality factor as %, = Q-A/(2rc)
=9.1ps[11]. Thislifetime gives the fundamental limit to the operation speed of the device.
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Fig. 1. (a) Top-view SEM picture of the silicon micro-ring resonator before the SiO, cladding
deposition. (b) The transmission spectrum of the resonator. The insets show the zoom-ins
around each resonance. The wavelengths of the pump (Ac) and the probes for the AND (Ag;)
and NAND (/g;) gates are marked in the insets.
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The logic operation is based on the all-optical modulation mechanism we demonstrated
using silicon micro-ring resonators [1]. When a strong optical control pulse and a weak cw
probe light are coupled into the ring resonator through two different resonances, the control
pulse generates free carriers in the ring resonator due to the two-photon absorption (TPA)
effect. The generated free carriers reduce the refractive index of silicon through plasma
dispersion effect [12] and blue-shift the ring resonances. The output power of the probe light
is modulated by the resonance shift. After the control pulse leaves, the resonant wavelength
and the transmission of the probe light relax back due to the fast surface recombination of the
free carriers. The relaxation time is determined by the carrier lifetime of ~ 0.5 nsin the ring
resonator.

The relationship between the modulation depth and the energy of the control pulse shows
a logic-gate-like dependence. In Fig. 2, we show the transfer functions of the all-optical
modulation process for both the positive modulation (black line) and the negative modulation
(green line) cases, using a 14-ps long Gaussian pulse as the control pulse. A positive
modulation is obtained if the wavelength of the probe light is at Ap; in Fig. 1b, so that the
device has low transmission without the control pulse, as the black line in the inset of Fig. 2
shows. A negative modulation, shown as the green line in the inset, is obtained at the probe
wavelength of Ap, with high transmission before the control pulse comes. Due to the nonlinear
nature of the TPA-based process, there is a clear threshold energy of the control pulse to
obtain large modulations. One can observe the logic-gate-like behavior on both transfer
functions with a sharp transition region sandwiched between flat regions. Specifically, one can
see a 10-dB increase of modulation depth on the positive-modulation transfer function when
the control pulse energy increases from 2.6 pJ to 5.2 pJ. Similarly, one can see a 10-dB
increase of modulation depth on the negative-modulation transfer function when the control
pulse energy increases from 4.1 pJ to 8.2 pJ. Therefore, with properly chosen control pulse
energy, one can obtain dramatically different modulations with two control pulses together
compared to with only one control pulse, enabling logic operations of AND and NAND gates.
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Fig. 2. Transfer function of the all-optical pulse modulation, showing the peak probe
transmission immediately after the control pulse versus the control pulse energy inside the
silicon waveguide, for the positive modulation (black line) and negative modulation (green
line). The inset shows the typical waveform of the probe output for the positive modulation
(black line) and negative modulation (green line), respectively.
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The experiment setup used to demonstrate the all-optical logic based on the ring resonator
isshown inFig. 3. A cw light from atunable laser is modulated with PRBS 2'-1 return-to-zero
(RZ) signal, which is split into two and sent into the device from two opposite directions to
avoid the interference between them. The wavelength of the control light is fixed at the
shorter-wavelength edge of a resonance of the ring resonator (Ac), as shown by the blue arrow
in Fig. 1b. A cw probe light tuned at another resonance of the ring resonator is coupled
together with one of the control signal and sent into the device. The output of the probe light
is separated from the control light using an optical circulator and an optical filter. The
waveforms of the probe light are then observed on the oscilloscope. The polarization of both
control and probe light are set to the TE-like mode by the polarization controllers.
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Fig. 3. Schematics of the experiment setup for all-optical logic using silicon ring resonator. PG:
pattern generator; Mod: LiNO; electro-optical modulator; EDFA: erbium-doped fiber
amplifier; PC: polarization controller; Pol: polarizer; ATT: attenuator.

The two control signals have bit-rates of 310 Mbit/s and pulse widths of 200 ps. The
average optical power inside the silicon waveguide is about 2 mW for each control signal. The
pulse energy is therefore about 13 pJ. Note that the switching threshold in this experiment is
higher than that shown in Fig. 2, because the wider pulse used here corresponds to a lower
peak power and therefore less TPA-based carrier generation for the same pulse energy. The
waveforms of these two control signal synchronized at the device are shown in Fig. 4(a) and
Fig. 4(b), respectively. When both control signal are in logic ‘1, which means that the two
control pulses are coupled into the ring resonator simultaneously, the total optical power is
higher than the threshold to obtain large modulation, and a positive or negative modulation is
imposed onto the probe light depending on the wavelength of the probe light. When one or
both of the control signals are ‘0’, the total optical power is less than the threshold, and very
little modulation is observed on the probe output. This results in the AND (Aprone = Apy) and
NAND (Aprobe = Ap2) Operations with extinction ration ~10 dB, as evident from Fig. 4(c) and
Fig. 4(d), respectively. The extinction ratio, which is lower than the 16-dB resonance dip
shown in Fig. 1(b), is limited by the small residue modulation associated with the single
control pulses as well as by the small misalignment between the probe wavelength and the dip
of the resonance. Note that the absorption of the pump pulse generates some hesat inside the
ring resonator. However, the response time for the thermal effect in the ring resonator is on
the order of 1 ps, much longer than the bit-period. Since the temperature only depends on the
average power, it is stable in the experiment.

The hit-rate is limited by the free-carrier lifetime in the resonator. In order to avoid inter-
symbol interference, a second control pulse has to come in only after all the carriers generated
by the firgt control pulse have recombined. To increase the speed, one can actively extract the
carriers from the ring resonator, instead of relying on the recombination of the carriers at the
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Si/SIO; interfaces. We have shown that the effective carrier lifetime can be reduced to ~ 30ps
by reversely bias a p-i-n junction built across the ring resonator [13], enabling logic operation
at ~ 5 Ghit/s.

In conclusion, we have shown experimentally all-optical logic based on silicon micro-ring
resonator. Extinction ratio of ~10 dB is achieved with ~2 mW average optical power for each
input control signal.
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Fig. 4. Waveforms of the control signals and the probe outputs as the logic function of the
control signals. (a): waveform of the control input 1. (b): waveform of the control input 2. (c):
waveform of the probe light output at Aprone = Ap1 @s the logic AND of the two control inputs.
(d): waveform of the probe light output at Aprope = Ap2 as the logic NAND of the two control
inputs.
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