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A novel ultracompact electro-optic phase modulator based on a single 9 μm-diameter III-V microdisk resonator
heterogeneously integrated on and coupled to a nanophotonic waveguide is presented. Modulation is enabled
by effective index modification through carrier injection. Proof-of-concept implementation involving binary phase
shift keying modulation format is assembled. A power imbalance of ∼0.6 dB between both symbols and a modulation rate up to 1.8 Gbps are demonstrated without using any special driving technique. © 2012 Optical Society of
America
OCIS codes: 130.0250, 060.5060.

Phase modulation represents a key functionality in nextgeneration optical networks. To date, several approaches
integrated on different technology platforms have been
reported [1–6]. Among them, those based on silicon-oninsulator (SOI) are preferred due to the possibility of
high-density integration, as well as complementary metal
oxide semiconductor compatibility [7]. In silicon, phase
modulation relies on controllable refractive index modification. The thermo-optic effect and the free-carrier dispersion (FCD) are the most commonly used mechanisms
to implement tunable refractive index. Thermo-optics is
the simplest way. However, drawbacks—such as the response times in the μs range [8], the thermal cross talk,
and the large power consumption due to the continuous
current flow—hamper its assembly in high-speed optical
data links. On the other hand, the response time can be
greatly enhanced by exploiting the FCD effect through
carrier injection or depletion [7]. Carrier-depletion-based
approaches can reach operation speeds of several hundreds of megabits per second. Yet large interaction
lengths owing to the small light confinement in the depletion region are required. This fact in combination with an
optical absorption increase provided by the carrier extraction, result in a modest power handling [9]. Regarding
carrier injection, the response time is limited by the carrier recombination process in silicon, i.e., a few nanoseconds [10]. Nevertheless, the modulation efficiency is
improved compared to that obtained by carrier depletion,
since extra loss derived from light absorption is avoided.
In order to enhance the modulation speed in FCD-based
schemes, a special driving technique known as preemphasis can be used [11]. As a consequence, the speed
of on-off-keyed modulated signals has been pushed up
to 18 Gbps when using carrier depletion in microrings
[12]. Aiming at improving the sensitivity and robustness
against nonlinear effects, advanced modulation formats
can be implemented. Recently, error-free transmission
of differential-phase-shift-keyed modulated signals at
0146-9592/12/122379-03$15.00/0

5 Gbps exploiting carrier depletion with preemphasis
in silicon microrings has been demonstrated [13].
Hybrid approaches consisting of bonding active III-V
materials on top of SOI circuits represent a feasible solution in order to enhance the modulating performance
[14,15]. Inherent dynamics in semiconductor materials
is faster than in silicon. In particular, carrier depletion
has been used in a 1 mm-long hybrid silicon-AlGaInAs
waveguide. The speed is not further limited by the carrier
dynamics but by parasitic capacitance in the metal contacts [15]. The bandwidth can be extended to few tens of
gigabits per second assisted by an optimized microwave
design [14].
In this Letter, we propose a novel hybrid approach
based on a single InP microdisk resonator (MDR) heterogeneously integrated on and coupled to a nanophotonic
SOI waveguide circuit containing a 650 nm-wide and
220 nm-high Si strip waveguide using molecular bonding.
The 9 μm-diameter MDR includes three strained InPInGaAsP quantum wells and a tunnel junction for loss
minimization purposes. The propagation is based on
whispering-gallery modes, which are confined to the
edges of the MDR resulting in a resonant-type response.
More details on the design and fabrication of such a
device are given in [16,17]. This proposal is low powerconsuming and more compact compared to [15]. Similar
to [14,15], the operating speed is at the end limited by RC
effects in the metal contacts. Purely resistive behavior
could enable modulation speeds in the order of several
tens of gigabits per second without any special driving
technique. Besides, preemphasis could be also exploited
to expand the modulation rate. By using the MDR, amplitude modulation enabled by carrier injection has already
been demonstrated [18].
The experimental setup is sketched in Fig. 1(a). TEpolarized light from a tunable laser operated in continuous wave (CW) was coupled into the SOI waveguide. The
modulating signal was generated by a pattern generator
in combination with a direct current (DC) voltage source.
© 2012 Optical Society of America
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Fig. 1. (Color online) (a) Sketch showing the experimental
setup, (b) top-view micrograph of fabricated MDRs.

At the MDR output, the light was collected using a highbandwidth oscilloscope. Figure 1(b) depicts a footprint
image of the device, showing the metal contacts and
the input and output vertical grating couplers.
The principle of operation focuses on exploiting the
phase change that occurs in the vicinity of a resonance
under overcoupled regime. This phase change is controlled by the effective index modification through carrier injection. Figure 2 shows both the gain and phase
transfer functions with the current injected into the
MDR. The spectral position of the notch can be modified
by changing the injection current. Consequently, the
phase response is accordingly shifted. As a result, the
phase experienced by the optical carrier can be adjusted
by means of the injection current. On one hand, the MDR
must be operated below threshold to avoid coherencyrelated problems. Otherwise, the lasing mode appearing
in the resonance would beat with the optical carrier resulting in distortion of the modulated output signal. This
fact limits the maximum injection current. On the other
hand, the overcoupled regime is required to obtain full
360° phase shifts at the notch position. To guarantee
overcoupling, the roundtrip loss must be lower than
the coupling factor. Hence, a minimum current yielding
high enough gain in the III-V compound must be injected.
The performance of the phase modulator was evaluated when considering binary phase shift keying (BPSK)
modulation. The emission wavelength of the optical
carrier was set to 1561.815 nm in order to achieve
180° phase shift when sweeping the injection current
into the MDR from 1 to 1.2 mA (inset of Fig. 2). This
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Fig. 3. (Color online) (a) Waveform at the MDR output,
(b) small-signal response, S 21 , of the MDR.

wavelength was also determined by the gain response,
since power variations as low as possible within the current range were desired. A power difference between
both modulation symbols of only 0.6 dB was obtained,
as illustrated in the inset of Fig. 2. The output power
of the CW laser was set to 2 dBm. As a proof-of-concept,
a 127 bit nonreturn to zero (NRZ) square-wave signal at
1.25 Gbps was applied at the metal contacts. The DC
source was set to a voltage resulting in 1 mA bias current
delivered, while the peak-to-peak level of the NRZ signal
was 0.57 V, corresponding to 200 mA.
Figure 3(a) shows the waveform at the MDR output.
After reaching the steady state, a power imbalance of
nearly 0.6 dB between both levels was measured. This
is in perfect agreement with the results derived from
Fig. 2. From the output waveform, the rise and fall times
can be estimated, being ∼400 and ∼150 ps, respectively.
Consequently, the maximum modulation speed is estimated as approximately 1.8 Gbps. The small-signal
response of the MDR, S 21 , is displayed in Fig. 3(b). An
injection current of 1 mA and a CW laser output power
of 2 dBm were used. The −3 dB bandwidth was around
1.8 GHz. This confirms that modulation rates as high as
1.8 Gbps could be achieved, as previously derived from
the output waveform.
Next, the phase shift of the modulated output signal
was investigated. For this purpose, a Mach-Zehnder interferometer (MZI) was used with the aim at converting
phase-to-intensity modulation (PM-IM). The setup is
illustrated in Fig. 4. A 4 dBm-power optical signal at
1561.815 nm was split employing a 3 dB coupler. In
the lower arm, the MDR-based phase modulator was
inserted. The length of both branches was perfectly
balanced by means of a variable delay line (VDL). The
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Fig. 2. (Color online) Gain and phase transfer functions of the
MDR and detail of the optical carrier spectral placement.

Fig. 4. (Color online) Interferometric-based setup for PM-IM
conversion.
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be extended to several tens of gigabits per second assisted by an optimized microwave design in order to
minimize the parasitic effects in the metal contacts.
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Fig. 5. (Color online) Waveforms at the MZI output and at the
upper and lower arm outputs prior to the coupler.

coupled output signal was collected by the oscilloscope.
A variable attenuator was also used in the upper arm to
compensate the loss derived from the MDR.
Results are displayed in Fig. 5. The optical power was
measured prior to the output coupler in both arms under
static conditions. These powers are named as P 0 and P 1
in Fig. 4, respectively. The attenuator was adjusted for
obtaining the same average power level at the upper
and lower arm outputs when considering an injection
current of 1 mA. The powers P 0 and P 1 were around
48.2 μW and the attenuation was fixed to 11.6 dB. For
the lower arm, P 1 was also measured when injecting
1.2 mA. The average power difference was around
0.6 dB. This value perfectly agrees with the preceding
results. Following, dynamic measurements were accomplished by applying the same driving signal that was previously used. When P 0 and P 1 are identical, and the phase
imbalance between both arms is null, constructive interference takes place at the MZI output. This means that
the total output power is equal to P 0 or P 1 . Conversely,
phase imbalance of 180° yields destructive interference,
giving as a result no power at the output. The MZI output
power is also shown in Fig. 5. An extinction ratio of
10.3 dB was obtained, demonstrating the suitability of
the MDR to be operated as an electro-optic phase shifter.
Larger extinction ratio was not reached as a consequence
of the power deviation between both modulation symbols and spontaneous noise generated by the MDR.
In conclusion, a novel electro-optic phase modulator
based on III-V-on-silicon MDR has been introduced.
Carrier injection enables effective index modifications
resulting in phase modulation. Proof-of-concept implementation involving BPSK modulation at 1.25 Gbps with
a power imbalance of ∼0.6 dB between both symbols has
been demonstrated. A peak-to-peak voltage of just 0.57 V
is needed for the modulating signal. The modulation rate
could be pushed up to 1.8 Gbps without using any special
driving technique according to the time and frequency
MDR responses. Furthermore, this modulation rate can
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