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Abstract— We report a Ge/SiGe quantum well waveguide
electroabsorption modulator that is monolithically integrated
with silicon-on-insulator waveguides. The active quantum well
section is selectively grown on a silicon-on-insulator substrate
and has a footprint of 8 µm2 . The integrated device demonstrates
more than 3.2-dB contrast ratio with 1-V direct voltage swing at
3.5 GHz. We also show the potential of this device to operate in
the telecommunication C-band at room temperature.
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Fig. 1. Schematic of the integrated device. (a) Perspective view of the
Ge/SiGe QW modulator with SOI ridge waveguides. (b) Cross-sectional view
of the SOI waveguide section and the modulator active section.

I. I NTRODUCTION

O

PTICAL interconnects are a promising solution to
the interconnect bottleneck for current information
processing technology [1,2]. A complementary metal-oxidesemiconductor (CMOS) compatible, energy efficient optical
modulator is a key building block for optical interconnect
systems. Modulators using refractive index changes in Si are
attractive but are either relatively large with correspondingly
large operating energies (see, e.g., Refs. [3,4]) or must exploit
high-Q resonators (e.g., Ref [5]) or slow light structures [6] to
magnify the field amplitude. High-Q resonators in particular
require precise tuning and temperature stabilization, which
itself can dissipate significant power.
Electroabsorption modulators, by contrast, may be relatively small even without resonators, and may require little
or no temperature tuning. Silicon-germanium (SiGe) FranzKeldysh electroabsorption modulators have been demonstrated
recently using bulk germanium (Ge) on silicon (Si) [7,8]. In

2005, we demonstrated quantum-confined Stark effect (QCSE)
electroabsorption in Ge quantum well (QW) structures on
Si substrates [9,10]. By changing the applied electrical field
across the QWs, the absorption coefficient of the structure
can be significantly modified. The relative strength of this
electroabsorption opens a new approach to realizing efficient,
CMOS-compatible optical modulation. Several stand-alone
optical modulators and photodetectors based on Ge/SiGe QWs
have already been successfully demonstrated [11,12]. In this
letter, we report the first Ge/SiGe QCSE QW waveguide
modulator that is monolithically integrated with the siliconon-insulator (SOI) waveguides through direct-butt coupling
and selective epitaxial growth. The active section of the
device has a footprint of only 8 µm2 , and can provide an
optical modulation of 3.2 dB with a 1 V swing. Modulation
measurements show that the integrated device should be able
to operate at 7.0 Gbps and beyond.
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The schematic of the integrated quantum well modulator
is shown in Fig. (1a). 800 nm wide SOI ridge waveguides
act as the bus waveguides for routing the optical signals
on chip. The top Si layer is 310 nm thick, on top of a
1 µm thick buried oxide (BOX). We designed the waveguide
to be single-moded, supporting only the fundamental quasi
transverse electric (TE) mode.
The active modulator section consists of a vertical p-i-n
diode with 15 pairs of Ge/Si0.15 Ge0.85 QWs in the intrinsic
region. The thicknesses of wells and barriers are 12 nm and
20 nm, respectively. To accommodate the relaxed SiGe buffer,
the BOX layer of the SOI is removed in the active section. The
optical coupling between the SOI waveguide and the active
section is realized through direct butt-coupling. The epitaxy is
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Fig. 2. Images of the fabricated device. (a) Top-view optical microscope
image, showing the entrance/exit ridge SOI waveguide and the active Ge/SiGe
modulator section. (b) Cross section SEM image of the fabricated device at
the boundary of the growth window.

designed such that the Si core of the SOI waveguide and the
QWs of the active section are on the same vertical level with
maximum overlap, as shown in Fig. (1b). This ensures that the
optical mode in the SOI waveguide can be efficiently modulated by the Ge QWs when passing through the active section.
First, the ridge waveguide is defined by etching away 60 nm
of the top Si layer. Then a 1.5 µm thick SiO2 layer is
deposited, acting as the upper cladding for the SOI waveguide
and the growth mask for the subsequent selective epitaxial
growth. Growth windows for the active sections are defined
and etched all the way to the Si handle substrate. A special
20 nm thick SiO2 spacer is deposited on the sidewall of the
growth window using a dual-layer process to prevent lateral
growth from the exposed Si layer. Detailed discussion of the
spacer, including its impact on insertion loss and fabrication,
can be found in [13]. A selective epitaxial growth step is then
carried out to deposit the p-i-n Ge/SiGe QWs inside the growth
window. The top and bottom layers of the SiGe epitaxy are
in-situ doped with arsenic and boron, respectively, making it
possible to apply an electric field across the quantum wells.
Details of the selective epitaxial process can be found in [14].
After the growth, a chemical mechanical polishing (CMP) step
is carried out to planarize the structures. Finally, lithography,
reactive ion etching, metal deposition, and liftoff define the
active waveguide modulator and make contacts to the doped
p- and n- layers of the active section. We note that all the
fabrication steps for this device can be done in an advanced
CMOS foundry. In particular, all the lithography steps are
carried out using ASML I-line photolithography; no electronbeam lithography is needed.
After the fabrication, the chip is diced and facet-polished to
an optical finish. Fig. 2(a) shows a top-view optical microscope
image of the fabricated device. Fig. 2(b) is a scanning electron
microscope (SEM) image showing the cross section at the
boundary of the growth window. From the figure, we can see
that the Si core of the ridge waveguide and the QWs are,
indeed, well aligned vertically.
III. M EASUREMENT R ESULTS
First, we measured the surface normal modulators on the
fabricated chip. Optical output from a tunable laser is incident
on the top surface of the device. Photocurrent is collected at
various bias voltages at room temperature through a lock-in
amplifier. Fig. (3) shows the photocurrent ratio spectra under
a 1 V swing for a 150 µm by 150 µm square surface normal
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Fig. 3. Photocurrent ratio with a 1-V swing at different bias voltages at
room temperature.

modulator at room temperature (the photocurrent spectra can
be found in Ref. [14]). The dark current densities at −1V and
−8V are 2.2mA/cm2 and 12mA/cm2, respectively. The ratio
of photocurrent expresses the modulation depth compared
to the material background loss. This is an important figure
of merit for electroabsorption modulator material. We also
show results with only 1V of drive swing, which corresponds
to the scale of voltage drive available from simple CMOS
driver circuits. The largest photocurrent ratio for a 1V drive
swing is 2.84, occurring right at 1500 nm for a voltage
swing between 6.5 V and 5.5 V. With a 7.5 V bias and
1V swing, the photocurrent ratio is larger than 2 from 1526 nm
to 1548 nm, corresponding to a 3 dB optical bandwidth of
2.8 THz, covering more than half of the telecommunication
C-band (1530 nm ∼ 1565 nm). This indicates that the QCSE
based Ge/SiGe QW modulator can operate in the C-band
at room temperature. The large operating bias voltage range
available means in practice that the wavelength range of this
modulator can be tuned by changing the bias voltage rather
than by some other mechanism, such as heating.
Following surface normal calibration of photocurrent,
waveguide transmission measurements were carried out.
Tapered fibers with a spot size of 2.5 µm were used to
couple light into and out of the waveguide chip. From passive
waveguide links with varying lengths, we determine that the
propagation loss of the SOI ridge waveguide is 0.9 dB/cm.
Though the waveguide loss was low, the overall loss from
waveguide input to waveguide output in this first demonstration was relatively high (15 dB in the “transmitting” state
of the modulators). This loss is due to the mode mismatch
between the thin Si waveguide core (310 nm) and the thick
Ge/SiGe grown modulator region (∼1.5 µm), which starts at
the Si handle wafer surface, as shown in Fig. (1b). This thick
Ge/SiGe region leads to a waveguide core of the same vertical
thickness, bounded by the top interface and the interface of the
grown SiGe and the underlying Si handle wafer. We estimate
from FDTD simulations that the total coupling loss from the
input to the output Si waveguides due to this height mismatch
is ∼12 dB. This excess loss could be alleviated in future
devices by starting with a selective regrowth of Si to reduce
the required thickness of SiGe growth.
The experiment setup for the active link characterization is
shown in Fig. (4a). A high speed probe is used to deliver a high
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The active section of the integrated device has a footprint
of only 8 µm2 . The waveguide modulator provides direct
modulation of more than 3 dB under 1V swing. Further
improvements to better mode-match the QW section and the
SOI waveguide sections can greatly reduce the insertion loss
of the current device. This promises ultra-compact, ultralow power, CMOS compatible optical modulators for on-chip
interconnect applications.
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Fig. 4.
High-speed measurement results. (a) Setup schematic for the
waveguide transmission measurement. (b) Oscilloscope trace of the transmitted optical signal under high-speed electrical signal.

speed electrical signal from a pattern generator (HP 8813A) to
the waveguide modulator. The optical output from a tunable
laser couples into the entrance passive Si waveguide, passes
through the active Ge/SiGe waveguide modulator, where it
is modulated, and eventually collected from the exit passive
Si waveguide into a high speed optical oscilloscope (Agilent
86100A). The input optical power from the laser source is
kept at 500 µW at all wavelengths. Fig. 4(b) shows the
measurement results for a waveguide link with an active
modulator section 800 nm wide and 10 µm long (with a
calculated internal capacitance of ∼3 fF). A 4 V D.C. bias
and 1V swing are combined by a bias T and applied to the
device under test. The laser wavelength is fixed at 1460 nm.
Fig. 4(b) shows the oscilloscope signal of the transmitted
optical power through the waveguide link under a square wave
drive at 3.5 GHz, which would directly indicate at least 7 Gb/s
non-return-to-zero modulation capability, with more than 3 dB
extinction ratio. Furthermore, the sharp rise and fall times in
Fig. 4(b) indicate that the device can operate at even higher
frequencies.
IV. C ONCLUSION
In summary, we demonstrated a Ge/SiGe QCSE QW
waveguide modulator that is integrated with SOI waveguides
through direct-butt coupling and selective epitaxial growth.
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