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A number of active elements have been demonstrated using the hybrid silicon evanescent platform, includ-
ing lasers, amplifiers, and detectors. In this letter, two types of hybrid silicon modulators, fulfilling the
building blocks in optical communication on this platform, are presented. A hybrid silicon electroabsorp-
tion modulator, suitable for high speed interconnects, with 10-dB extinction ratio at —5 V and 16-GHz
modulation bandwidth is demonstrated. In addition, a hybrid silicon Mach-Zehnder modulator utilizing
carrier depletion in multiple quantum wells is proved with 2 V-mm voltage-length product, 150-nm optical
bandwidth, and a large signal modulation up to 10 Gb/s.
OCIS codes: 250.7360, 250.0250, 250.6715, 230.2090, 230.4205, 200.4650.
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Silicon-based modulators have attracted much attention
with devices reported using free carrier plasma disper-
sion in Mach-Zehnder interferometric (MZI) form[?
or with a ring resonator structurel®¥ to increase the
interaction of light with the active material. Silicon
Mach-Zehnder modulators (MZMs) are generally less ef-
ficient with a modulation efficiency of 20 to 50 V-mm,
which translates to longer interaction length and larger
driving voltage. Both characteristics are less desirable
for cost of the size and complicated design of high volt-
age complementary metal oxide semiconductor (CMOS)
circuits. While ring resonator type modulators reduce
the size, they also increase the sensitivity to temper-
ature and decrease the operational optical bandwidth.
InP-based electro-absorption modulators (EAMs) have
shown small footprint and decent modulation efficiency
at low driving voltage and have been widely used to
make electro-absorption modulated lasers (EMLs) for
high speed data communication. Recently, it has been
reported that strained silicon also exhibits linear electro-
optic refractive index modulation[® and EAM on silicon
has been demonstrated based on the Franz-Keldysh ef-
fect in strained SiGel®7. However, the absorption co-
efficient in SiGe multiple quantum well (MQW) is still
lower than InP-based MQWs. The additional absorption
caused by the indirect band gap of Ge also introduces
higher propagation loss at zero bias. We have demon-
strated a new approach of integration of modulators into
silicon using the wafer bonded hybrid silicon evanescent
platform. Our EAM exhibits 5-dB extinction ratio (ER)
at 10 Gb/s with sub-volt driving voltage, which makes
it suitable using low power CMOS driving circuit. It
can also be integrated with lasers, amplifiers, and pho-
todetectors using quantum well intermixing!® to make
high speed integrated transceivers. To realize broadband
optical switching and efficient phase modulation, we also
developed a novel MZM utilizing carrier depletion in off-
set MQWs. Our MZM has a small footprint shorter than
1 mm and modulation efficiency of 2 V-mm. It is capable
of modulation speed up to 10 Gb/s.
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The basic structures of EAM and MZM modulators
are similar except for the active region. A cross section
of the hybrid modulator is illustrated in Fig. 1(a), which
consists of ITI-V epitaxial layers bonded to silicon waveg-
uides fabricated on a silicon on insulator wafer. Two
60-pm hybrid tapers, laterally tapered in both silicon
and III-V layers, are used to minimize reflection and
mode mismatch loss through adiabatically transform-
ing the optical mode from pure silicon waveguide to the
hybrid section. The InP cladding mesa is 4 pm wide
while the quantum well (QW) and separate confinement
heterostructure (SCH) layers are undercut to reduce the
total device capacitancel®). Silicon waveguides are fabri-
cated with a waveguide height of 0.48 ym and slab height
of 0.24 pum for the MZM. For the EAM, a silicon height
of 0.6 pm is chosen to keep a similar confinement factor.
The width of the waveguide is 1 pm in the hybrid section
and 1.5 pm in passive regions.

The electrode design of high speed operation for EAM
and MZM differs from each other since the MZM requires
a longer modulation section. In general, the EAM has a
very small footprint around 100 pm such that the device
can be easily operated above 10 GHz with careful design
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Fig. 1. (a) Cross section of both EAM and MZM at the hy-
brid section; (b) schematic top view of an EAM; (c) schematic
top view of a MZM.
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of the active region to control the overall resistance-
capacitance (RC) cut-off frequency. Figure 1(b) shows
the top view of a single EAM with simple direct current
(DC) probe pads for both p and n contacts. In contrast,
the length of a MZM has to be at least 500 pym to in-
troduce enough phase shift. Therefore, it is important
to utilize traveling wave electrodes (TWEs) for electrical
signal propagation to overcome the RC limitation. A
MZM with coplanar waveguide (CPW) as the TWE is
depicted in Fig. 1(c) to realize high speed performance
up to 10 Gb/s.

AlGalnAs is chosen as the MQW material for the sili-
con evanescent EAM because it has a larger conduction
band offset, AF,, which provides a stronger carrier con-
finement and produces a strong quantum confined Stark
effect (QCSE) with higher ERIl. The MQW section
contains 10 wells and 11 barriers with the photolumines-
cence (PL) peak at 1478 nm. SCH layers with band gap
equal to 1.3 um are added both on top of and below the
MQW region. The top SCH is slightly doped to assure
most of the voltage drop across MQW, while the bottom
SCH remains undoped to prevent dopant diffusion from
highly doped n-InP and also help reducing overall capac-
itance.

For silicon evanescent MZM and switch, the PL peak
of the MQW is designed at 1.36 pum to ensure low ab-
sorption at the operating wavelength (1.55 pm). Both
the top SCH layer and MQW are doped in order to in-
troduce free carriers'. The thickness and doping of the
top SCH layer are carefully designed such that it can
be completely depleted in the absence of an externally
applied electric field. Thus, all the applied bias voltage
will be used to deplete carriers in the MQW region rather
than in the SCH layer. The compositions of wells and
barriers are chosen to have shallower AE,. compared with
EAMs and lasers to enhance the band-filling effect.

Once the carriers start to deplete out of the MQW,
several physical effects, such as band-filling, plasma,
Pockels, and Kerr effects, all contribute to the index
change. Among them, the Pockels effect is the only phe-
nomenon which is sensitive to crystal orientation. In
other words, this effect can be additive to other effects
if the optical signal propagates along the right direc-
tion. Otherwise the Pockels effect will introduce index
change opposite to other effects. On the hybrid silicon
platform, the direction of patterned silicon waveguide
needs to be aligned to the [011] plane of the III-V ma-
terial so that the phase shift is the maximum. Figure
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Fig. 2. Estimated index shift of a carrier depletion phase
modulator in InAlGaAs MQW.

2 shows the simulation results with consideration of all
these effects!'1 =131, As can be seen, the index change is
proportional to the magnitude of the reverse bias. More-
over, the introduced index shift with orientation match is
approximately 1.5 times larger than the mismatch case.

The silicon evanescent device fabrication flow consists
of silicon waveguide formation, low temperature wafer
bonding, and post-bonding fabrication. In this work, we
used a bonding technique utilizing vertical outgassing
channels (VOCs)!™ for 3 h at 300 °C. The array of 6x6
(pm) VOCs with 50-um spacing assists in quenching Hy
outgassing during bonding.

After bonding, the mesa structure is fabricated us-
ing a self-aligned dry etching process!'®. A stack of
Pd/Ti/Pd/Au p-contacts and a thin layer of silicon ni-
tride is used as the hard mask for reactive ion etching
(RIE) to form a 4-pym-wide mesa. A selective wet etching
is then applied to create the undercut while several circu-
lar patterns with different radii are laid out on the mask
to monitor and control the distance of the undercut.
The sample is then dipped into diluted HCI to remove
native indium oxide on the sidewall of the QW/SCH
layers to avoid current leakage before depositing silicon
nitride for passivation. After forming n-contacts with
a Ni/Au/Ge/Ni/Au metal stack, the device is annealed
with a resistive heater for 30 s. A 5-pm-thick polymer
is coated to provide additional mechanical support for
the thin bonding layer and to keep the TWE away from
the underlying ground in order to reduce the impedance
mismatch and to minimize parasitic capacitances.

For an EAM, the absorption shift due to QCSE can
be observed by measuring the photocurrent at different
wavelengths, as shown in Fig. 3. The device under test
has a 100-pm-long absorber and the optical input power
is kept at 0.5 mW across all wavelengths. The absorp-
tion edge shifts by about 20 nm for each additional volt
applied to the device. Figure 4 shows the relative ER
at 1550 nm under various reverse biases. More than
10-dB ER can be achieved with less than 4-V bias for
100-pm-long devices. For a longer device with a 250-pm
absorber, it only takes 2.5 V to achieve 10-dB ER. The
propagation loss of the hybrid waveguide was found to
be around 3.6 dB/mm by measuring the device loss with
different absorber lengths, as shown in Fig. 5. A pair
of cascade EAMs reversely biased at 5 V are used to
measure the on-chip loss of the fabricated 100-pm EAM.
The on-chip loss is around 3 dB mainly due to the excess
loss from both tapers.

The experimental data of the first demonstrated MZM
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Fig. 3. Photocurrent at different bias voltages.
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Fig. 4. ER at 1550 nm for 100- and 250-um-long EAMs.
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Fig. 5. Results of cutback measurement for device propaga-
tion loss.

is shown in Fig. 6. The device is biased from 0 to —5 V
at one arm while the other arm is kept grounded. The
voltage needed for 7 phase shift is then calculated using
the transmission curve. As can be seen, the voltage-
length product VL is around 4 V-mm at 1550 nm and
varies from 2 to 6 V-mm over entire S band, C band,
and L band. The optical bandwidth of such a device is
150 nm for the ER larger than 9 dB. Since the bond-
ing orientation was not considered during the period of
fabrication, the Pockels effect has a sign convention dif-
ferent from other physical effects as mentioned above.
Therefore the V. deviates from the best estimation, but
still stays consistent with the theoretical calculation.
Meanwhile the ER is now limited by loss imbalance as
a result of QCSE, which is more obvious at the bias
voltage larger than —3 V. This effect will introduce addi-
tional loss, change the optical amplitude of the bias arm,
and result in worse ER. In the future, this problem can be
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Fig. 6. Voltage-length product VL and ER of a 1-mm MZM
from 1475 to 1625 nm.
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Fig. 7. Transmission of a switch as a function of reverse bias
with 12.5-dBm optical input power.

solved by introducing a 7 phase difference between two
arms at zero bias by using a heater or laying out different
path lengths.

Additionally, the hybrid silicon switch is also of interest
for such a MZI based structure. In order to implement
a switch, the passive silicon 1x2 multimode interference
(MMI) is replaced by a 2x2 MMI. The all-port trans-
mission as a function of reverse bias of this 2x2 switch
is shown in Fig. 7, where V ;L is around 1.5 V-mm. This
device has better voltage-length product because the
crystal orientations between the III-V epitaxial layer and
the silicon waveguide are carefully aligned, where the
Pockels effect adds up with other physical effects. The
minimum ER is 12.77 dB and the maximum crosstalk is
—13 dB, as shown also in Fig. 7.

To investigate the high speed performance of the de-
vices, the frequency response of both EAM and MZM
are measured using a HP 8730 lightwave component an-
alyzer. As shown in Fig. 8(a), two 100-um-long EAMs
with different MQW undercuts are measured. The de-
vice with 3-pm-wide MQW section has a series resistance
around 30 2 and capacitance of 0.2 pF at 2-V bias, which
corresponds to a cut-off frequency around 10 GHz. The
modulators are also driven with a 23'—1 pseudorandom
bit sequence (PRBS) to explore the performance of large
signal modulation. The modulated light is collected with
a lensed fiber and amplified with an erbium-doped fiber
amplifier (EDFA). A 100-GHz filter is used to reduce the
amplified spontaneous emission (ASE) noise before the
signal is detected by a 30-GHz photodetector and sam-
pled using an Agilent digital communication analyzer
(DCA). Peak-to-peak driving voltage of 0.82 V is used
to produce the clear eye diagram with 5-dB ER. We can
further improve the speed with a more aggressive MQW
undercut. The device with 2-pm-wide MQW section
drops the capacitance to around 0.1 pF and produces a
3-dB bandwidth over 16 GHz. The downside is the re-
duction of the MQW volume, which leads to the increase
of driving voltage. The open eye diagram with 6-dB ER
is taken with much higher voltage swing of 3.2 V (peak-
to-peak). The aggressive selective etching is also capable
of over-etching under the taper section which results in
higher insertion loss and lower yields. After increasing
the reverse bias to 4 V, the EAM turns to be an efficient
photodetector with on-chip responsivity greater than 0.8
A/W and bandwidth over 4.5 GHz. The reductions of
speed performance for the detectors are mainly due to
the excessive MQW region under the taper section which
results in slow diffusion carriers. Estimated photo-carrier
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Fig. 8. (a) Response curves of two 100-um-long EAMs with
different MQW section widths of 2 and 3 yum. The response
of a photodetector (PD) is also given. Insets show the eye
diagrams. (b) Frequency response and RC fitted estimation
of MZM. Inset is the 10-Gb/s eye diagram.

generated in the taper region is about 10% of the total
photocurrent.

Similar to the EAM, the frequency response of a MZM
is shown in Fig. 8(b). Since the length of a MZM is
longer than that of an EAM, it is expected that the RC
cut-off frequency is lower. Hence a CPW TWE is applied
on the device to improve the modulation bandwidth as
mentioned previously. The measurement is performed
with a 25-2 termination to reduce the reflection from
the open end of the TWE. This termination introduces
a resonance at 1.5 GHz because of a build-in inductance,
but it does not affect the overall performance. As can be
seen, however, the experimental frequency response in-
dicates a 3-dB cut-off frequency around 8 GHz, which is
consistent with RC estimation. The cause for a RC lim-
ited modulation bandwidth is possibly due to the large
radio frequency (RF) propagation loss introduced from
low conductive p cladding layer, and the details will be
explained in the discussions. Regardless, 8-GHz band-
width is still sufficient for 10-Gb/s data transmission.
The 10-Gb/s eye diagram of this modulator is depicted
in the inset of Fig. 8(b) with —3.8-V bias and 1.5-V
swing voltage while the other arm is adjusted to achieve
the best signal quality. The signal has an ER of 6.3 dB,
which is smaller than that measured at DC bias due to
the partial voltage drop across the series resistance and
cladding layer. The eye is clearly open and sufficient for
10-Gb/s operation. The noisy one level is due to the
frequency overshoot at 1.4 GHz.

A 10-Gb/s bit-error-rate (BER) measurement is also
performed to explore the sensitivity at all-port configu-
rations of a switch. As illustrated in Fig. 9, all power
penalties are below 0.5 dB at 107! BER and most im-
portant, no error floor is presented. Furthermore, the
rise and fall time of the switch are around 50 ps between
10% and 90%, as depicted in the inset of Fig. 9, while the
drive signal itself has a rise time around 70 ps. This indi-
cates the potential use in a high speed switch or routing
network for future high speed optical interconnects.

To investigate the power dependency of the MZM, a
MZM is tested under different exposure intensities. Fig-
ure 10 shows the transmission curve for different input
power levels. All three curves in Fig. 10 have a highest
transmission at bias other than zero due to fabrication
imperfections. The voltage-length product decreases
from 1.95 to 1 V-mm as the input power increases from
—7.5 to 12.5 dBm. The reduction in voltage-length
product can be attributed to the excess carriers gener-
ated by two-photon absorption (TPA) at higher optical
intensity. The shift of the peak point to higher reverse
bias voltage also indicates the increase of free carriers
in where a stronger electrical field is required to deplete
the MQW/SCH region. The DC modulation response
depends on the input optical power level, but the mi-
crowave modulation response is unaffected because the
frequency range is much higher than the response time
of the carriers (carrier lifetime in nanoseconds level) gen-
erated by TPA. To reduce this difference, the band gap
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Fig. 9. BER versus received optical power for all-port con-
figurations at 10 Gb/s with 23! —1 non-return-to-zero (NRZ)
PRBS. Inset is the response of rise and fall time measured by
10% and 90% with 200 ps/div.
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Fig. 11. RF propagation loss at different frequencies of a
500-um CPW electrode.

and doping of the QW can be redesigned to decrease
the carrier lifetime such that the contribution of index
change from TPA can be reduced if high speed operation
is required.

RF propagation loss is an issue when the TWE design
is considered to implement on the device. The electro-
magnetic wave propagating along the waveguide decays
dramatically when low conductive materials are nearby.
For example, the cladding layer used for the depletion
modulator has a conductivity of 2400 S/m, relatively
small compared with metals, and this corresponds to a
skin depth around 100 pum at 10 GHz, which is much
larger than the mesa dimension. Therefore, fields will
penetrate into the semiconductor and experience extra
loss when the electromagnetic wave propagates along the
device. To get the approximate propagation loss of the
CPW, a full two-port S parameter was measured and
converted to ABC'D matrix. The device characteristic
impedance of 20 2 and the propagation loss, shown in
Fig. 11, were then calculated using the formula listed in
Ref. [16]. As expected, the propagation loss increases
with frequency because the attenuation coefficient is pro-
portional to both operating frequency and conductivity.
The loss is around 6 dB/mm at 10 GHz and increases
to 14 dB/mm at 40 GHz. For a typical hybrid MZM
with the length between 500—1000 pm, the electrical
signal has a significant decay and thus results in insuffi-
cient modulation along the device. In consequence, this
loss degrades the high speed performance even though a
TWE is present.

Figure 12 shows the calculated response for a 500-pm-
long MZM modulator using quasi-static equivalent circuit
model’™ and lumped element analysis. The model cov-
ers voltage loss over series resistance, velocity mismatch,
and RF loss from the transmission line. The missing fac-
tor in the modeling is the reflection loss due to impedance
mismatch between RF source and TWE. The high RF
propagation loss limits the bandwidth to less than
10 GHz while the model predicts that it is capable of
operation up to 20 GHz. To overcome this problem, an-
other TWE design such as capacitance loading technique
is necessary in the future'8). By utilizing the capaci-
tance loading TWE, the fields can be pulled away from
the III-V mesa structure so that the loss can be signifi-
cantly reduced while T loading sections provide essential
bias to deplete the carriers™8/. Moreover, the period of
the loading sections and the filling factor can be adjusted
to match the electrical phase velocity and optical signal
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Fig. 12. Calculated modulation response for a 500-um-long

MZM using quasi-static equivalent circuit model.

for better modulation efficiency. The 20 GHz limitation
comes from our high contact resistance R, especially of
the p-contact on top of the narrow mesa, which is around
107* Q-cm?. By reducing one order of magnitude of
the contact resistance, a 500-pm-long MZM is capable of
40-GHz modulation with proper termination.

In conclusion, we have successfully demonstrated high
speed EAM, MZM, and switches on the hybrid sili-
con evanescent platform. The EAM has a modulation
bandwidth as high as 16 GHz with 10-dB ER at —5 V.
By manipulating the undercut of the mesa structure,
the trade-off between bandwidth and efficiency can be
achieved based on different requirements. A MZM uti-
lizing the carrier depletion effect has a VL of 2 V-mm,
an optical bandwidth of 150 nm, and operation speed up
to 10 Gb/s with 6.3-dB ER and 1.5-V driving voltage.
The hybrid switch exhibits low power penalty of 0.5 dB
for all-port configurations with 10-Gb/s data stream.
Its rise and fall time, which is about 50 ps, indicates
the capability for low overhead, low latency, high speed
switching. The hybrid silicon evanescent modulators and
switches can be used for optical interconnects and fur-
ther integrated with other optical devices to achieve a
transparent optical communication system.
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