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Ultralow-power all-optical wavelength conversion in a silicon-on-insulator
waveguide based on a heterogeneously integrated III-V microdisk
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Ultralow-power all-optical wavelength conversion is presented for a silicon-on-insulator wire
waveguide with a heterogeneously integrated III-V microdisk laser. The principle relies on the
suppression of natural lasing from the microdisk laser by an external injection. No probe beam is
needed in this configuration. Static wavelength conversion with a control power of 6.4 W or even
lower is achieved. The resonance and gain provided by the microdisk cavity are at the origin of such
low control power. Dynamically, wavelength conversion using a 5 Gbps non-return-to-zero bit
sequence is demonstrated in the proposed device. © 2008 American Institute of Physics.
关DOI: 10.1063/1.2967338兴
Silicon photonics, especially those based on the siliconon-insulator 共SOI兲 material system, have attracted considerable research interest.1 The high refractive index contrast between the core and cladding materials results in a tightly
confined light field, which leads to a high-density integration
of devices. All-optical signal processing, e.g., wavelength
conversion, has been demonstrated recently with a single
SOI waveguide2 or a SOI ring cavity3,4 based on either the
free-carrier dispersion or the four-wave mixing effect. Although the high-index-contrast provided by these structures
is expected to enhance the nonlinear response, milliwatts 共or
more兲 of control power are still required due to the relatively
weak coefficients of these effects in silicon.
In this paper, we introduce an all-optical wavelength
converter based on a heterogeneous III-V/SOI platform. The
proposed device is composed of a III-V microdisk laser
共MDL兲 integrated on a SOI wire waveguide.5 Different from
the popular pump-probe scheme, only a single beam—the
input control signal—is needed in this configuration. The
working principle is based on the fact that the natural lasing
from the MDL can be suppressed when an external control
beam is injected into the microdisk cavity. Therefore, the
information carried on the injected beam will be inversely
transferred to the natural lasing wavelength of the MDL.
Because of the gain and resonance provided by the microdisk
cavity for the injected beam, wavelength conversion with
ultralow control power 共of several microwatts兲 is achieved
with the proposed device.
Figure 1 shows the sketch of the experimental setup. The
employed MDL has a diameter of 7.5 m. The underlying
SOI wire waveguide is terminated with grating couplers at
both ends for light access from fibers.6 For wavelength conversion, an external control laser was injected into the MDL,

which is direct current 共dc兲 biased, through the grating coupler at one end of the SOI waveguide. The total output light
was collected at the other end of the waveguide. The residual
control beam was then blocked by a bandpass filter, and only
the natural lasing wavelength from the MDL was detected.
For dynamic measurements, a modulator 共with a speed up to
10 GHz兲 was employed to modulate the control laser beam,
and an erbium-doped fiber amplifier 共EDFA兲 was inserted
before the bandpass filter.
The corresponding light-current 共L-I兲 curve 共fibercoupled power兲 of the MDL under continuous bias is plotted
in Fig. 2. The threshold current is 1.1 mA, and the peak
fiber-coupled power is 2.0 W. Accounting for a grating
coupler efficiency of 25%, the actual lasing power in the SOI
waveguide is estimated to be 8.0 W. From the output spectrum 共inset of Fig. 2兲, we find that the MDL is lasing in a
single mode. The side-mode suppression ratio is ⬃20 dB. A
clear rollover of the L-I curve at a high current can be seen
due to the significant thermal resistance of the device.7 Further increasing the bias current results in the lasing wavelength, switching from mode 1 to mode 2, one free-spectralrange away at the longer wavelength side. Correspondingly,
we see a drop in the fiber-coupled lasing power around 4.2
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FIG. 1. 共Color online兲 Experimental setup and microscope picture of the
MDL.
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FIG. 2. L-I curve of the MDL. Inset shows the output spectrum at 3.5 mA
bias.

mA due to the different coupling efficiencies at the grating
coupler for these two modes.
The wavelength conversion was first measured under
static conditions. The MDL was biased at 3.5 mA. The optical power carried on the natural lasing wavelength, i.e.,
mode 1, was recorded while scanning the wavelength of the
control beam around that of mode 2. The results are shown in
Fig. 3共a兲. A clear drop in power in mode 1 can be found
when the control beam is at resonance with mode 2. The
power dip is almost symmetrical along the central wavelength at a low injection power. A suppression ratio of
⬃20 dB was achieved with only 6.4 W control power in
the SOI waveguide. As the control power increases, this dip
becomes more and more asymmetrical, and a hysteresis loop
emerges at a higher injection 共19.2 W兲. To analyze these
measured results, a rate-equation based model is employed
as8
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Here, we ignore the spontaneous emission and only consider
the case that the wavelength detuning between the injected
control laser and mode 2 is zero. In the above equations, N is
the carrier number. S1 is the photon number of mode 1. It is
proportional to the detected optical power. R is the pumping
rate proportional to the bias current. vg is the group velocity.
e is the carrier lifetime.  p is the photon lifetime defined as
兵vg关␣i − ln共1 − 兲 / L兴其−1, where ␣i is the total internal loss, L
is the periphery of the microdisk cavity, and  is the power
coupling coefficient between the microdisk and the waveguide. G1 and G2 are the mode gains for modes 1 and 2,
respectively. Sinj is the injected photon number in the microdisk cavity. It is proportional to the injected control power in
the SOI waveguide Pinj, as Sinj =  ⫻ Pinj, where  is a coefficient, which takes into account the resonance and amplification in the cavity,8,9
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FIG. 3. Static measurement results. 共a兲 Normalized mode 1 power as a
function of the control laser wavelength. Parameters are the control power in
the SOI waveguide. The wavelength used for the dynamic measurements
below is marked as inj. 共b兲 Mode 1 power as a function of the control
power. Parameters are the bias current. The control laser is at the same
wavelength as mode 2. The solid lines are the theoretical fittings according
to Eq. 共4兲.
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where E p is the photon energy of the control beam.
Under static conditions, the MDL is lasing at mode 1
when no control power is injected. In this case, the gain is
clamped at the threshold and G2 ⬍ G1 = 共vg ⫻  p兲−1. From Eq.
共1兲, we can find that as the power of the control laser increases, the photon number S1 of mode 1 will first decrease
correspondingly, while the carrier number and the mode gain
remain unchanged. Further increasing the control power will
make S1 drop to zero, and the lasing wavelength of the MDL
will shift to mode 2 due to injection locking.10 The carrier
number will also decrease in order to balance Eq. 共1兲. This is
the reason for the asymmetry of the dip as well as the hysteresis loop in Fig. 3共a兲. Further discussion of this injection
locking effect is beyond the scope of this letter. It is also not
included in the aforementioned model. Under static operation we derive the following relation between S1 and Pinj
from Eq. 共1兲 共until S1 reaches zero兲:
S1 =
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Equation 共4兲 describes a simple linear function with a slope
of 共G2 / G1兲. From Eq. 共3兲, it can be easily found that this
slope is actually a monotonic increasing function of G2.
Therefore, the required control power can be further reduced
by increasing G2. This can be readily achieved in the proposed devices by applying a higher bias current. As the current approaches the switching point of the L-I curve, the
peak gain wavelength of the active material will redshift due
to the thermal effect. Correspondingly, G2 will also increase
until it reaches the threshold condition 共vg ⫻  p兲−1. In this
case, the slope 共G2 / G1兲 approaches infinity. Figure 3共b兲
shows the measured power of mode 1 as a function of the
injected control power at several bias conditions. As we can
see, 2.5 W control power is enough to shut off mode 1
when the current increases to 4.0 mA.
The dynamic results are shown in Fig. 4, where the control beam was modulated with a square wave signal at 500
MHz. The MDL was biased at 3.5 mA, and the peak control
power was 6.4 W. The resulting extinction ratio of the
converted signal is ⬃15 dB, slightly less than the static re-
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FIG. 4. Response of the converted signal under square wave input at 500
MHz. Inset shows the eye diagram of the converted signal for a 5 Gbps NRZ
data pattern.

sult. This is due to the significant spontaneous emission from
the EDFA. The rise and fall times are measured to be ⬃65
and ⬃130 ps, respectively, thanks to the much faster carrier
dynamics as compared to the all-silicon approaches, where
these transition times were originally reported to be in the
order of nanoseconds.3 Although means have been introduced to improve the operation speed for the all-silicon devices by using, e.g., an embedded diode,11 ion
implantation,12 or polycrystalline silicon,13 they come at the
expense of either increasing the required control power or
introducing extra optical losses. We also show, in Fig. 4, the
output eye diagram for an input signal of 5 Gbps nonreturn
to zero 共NRZ兲 code with 231-1 pseudorandom bit sequence.
An open eye was obtained. However, the signal-to-noise ratio is still low due to the relatively weak lasing power of the
MDL. This can be tackled by optimizing the MDL design for
a higher output power.14 Dynamic analyses of Eqs. 共1兲 and
共2兲 reveal that the speed limit is given by the intrinsic relaxation oscillation frequency.10 Therefore, increasing the lasing
power can also help to improve the operation speed. A 10
Gbps bit rate is expected if the output power reaches
100 W.14
In conclusion, all-optical wavelength conversion has
been demonstrated in a SOI circuit based on an external injection to a heterogeneously integrated, dc biased III-V
MDL. A general rate-equation based model has been presented to analyze the static results. ⬃20 dB extinction ratio
of the converted beam has been achieved with a control

power of only 6.4 W and even lower. Dynamic measurements have shown that the 5 Gbps bit rate is feasible with the
present design. The proposed principle can also be applied
for wavelength conversion from any resonant modes within
the gain range of the active material to the natural lasing
wavelength. However, a higher control power will be required as the injected wavelength moves further away from
the natural lasing wavelength. The applicable wavelength
range can be further expanded by including a tuning mechanism, e.g., a built-in heater.
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