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Abstract: We demonstrate an electroabsorption modulator on a silicon
substrate based on the quantum confined Stark effect in strained germanium
guantum wells with silicon-germanium barriers. The peak contrast ratio is
7.3 dB at 1457 nm for a 10 V swing, and exceeds 3 dB from 1441 nm to
1461 nm. The novel side-entry structure employs an asymmetric Fabry-
Perot resonator at oblique incidence. Unlike waveguide modulators, the
design isinsensitive to positional misalignment, maintaining > 3 dB contrast
while translating the incident beam 87 um and 460 pum in orthogonal
directions. Since the optical ports are on the substrate edges, the wafer top
and bottom are left free for electrica interconnections and thermal
management.
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1. Introduction

Efficient integration of fast, low-power optical modulators with silicon electronics could
benefit telecommunications by reducing cost and improving functionality, and could also
make attractive possible low-cost optical interconnects at shorter distances between or even
within machines [1, 2]. Until recently, due to a lack of strong electro optic mechanisms in
silicon for modulating the refractive index or absorption coefficient [3], most efforts to
develop modulators for data transmission were based on materids such as IlI-V
semiconductors employing quantum confined Stark effect (QCSE) electroabsorption [4] and
linear electro-optic materials such as lithium niobate [5]. Devices fabricated in these
materials require extra processing steps for integration with silicon circuitry, such as flip-chip
hybrid integration and epitaxial liftoff [6, 7]. Recently silicon-based modulators have gained
much attention, with several devices reported using the free carrier plasma dispersion effect
[8,9], including examples employing ring resonators [10] and photonic crystals [11] to
increase the interaction of light with the active material. Strained silicon and strained SiGe
composites display a linear electro-optic refractive index modulation which has been
exploited in several devices [12,13], and an electroabsorption modulator was demonstrated
based on the Franz-Keldysh effect in strained SiGe [14].

We recently reported the discovery of a strong QCSE in compressively strained Ge
quantum wells (QWSs) with SiGe barriers [15, 16], based on the strong direct-gap absorption
in Ge near 1500 nm wavelength. This electroabsorption greatly exceeded that of previous
attempts based on indirect absorption in SiGe QWs[17, 18]. The large fractional and absolute
absorption coefficient contrast and broad bandwidth of absorption modulation demonstrated
in our work suggest the possibility of broad-bandwidth, low-insertion-loss modulators without
the need for high-Q resonators, long optical path lengths, or even without waveguides and the
corresponding precise alignment requirements. This QCSE in Ge has also specifically been
demonstrated to operate in the C-band by heating devices to temperatures compatible with
CMOS operation [16]. The performance of the Ge QCSE appears to be comparable to or
better than the QCSE in 111-V devices at similar wavelengths and hence such Ge devices could
potentially displace I11-V modulators for such wavelengths.
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In our previous demonstration of the QCSE, we obtained the absorption coefficient of the
structure from photocurrent measurements, not from measured transmission changes. Here
we measure the transmitted light to demonstrate the first optoelectronic modulator based on
the QCSE from direct-bandgap confinement in group 1V materials. A novel asymmetric
Fabry-Perot architecture with oblique incidence is employed to maintain an adequate contrast
ratio and bandwidth with a reasonable voltage swing while avoiding the tight alignment
congtraints for coupling to waveguide modulators. The optical input and output ports are on
the polished edges of the substrate, freeing the top and bottom for making the many electrical
connections required on typical chips and for removing heat. In afirst, non-optimized device
structure, the modulator displays a peak contrast ratio (CR) of 7.3 dB at 1457 nm wavelength,
has a CR greater than 3 dB over a 20 nm range for a voltage swing of 10 V, and an alignment

tolerance of 87 um and 460 um in orthogonal directions
2. Device concept

The side-entry modulator concept is illustrated in Fig. 1. A converging beam enters the
substrate material through a polished edge facet. The beam is focused from the substrate side
onto a mesa containing the optically active material. A pair of reflectors within the mesaform
aresonant cavity which enhances the interaction of the light with the optically active material.
Total reflection at the top reflector can be obtained with total internal reflection (as in our
present device) or by another mechanism, and the reflection at the bottom can be achieved
with a dielectric interface (as in our present device) or a high-reflectivity dielectric stack.
Light reflected from the cavity is coupled out of a substrate edge facet nominaly paralel to
the entry facet.

Refl ectors\ “

Resonant cavity \ I5

Optically active
material

Input Output
port port

Substrate

Fig. 1. Side-entry optoelectronic modulator schematic. The thickness of the optically active
material is exaggerated here. In the actual device, beams reflecting within the resonant cavity
overlap with one another.

Asymmetric Fabry-Perot cavities containing electro absorbing material have been used as
reflection modulators, and have the attractive property that their output can be turned nearly
completely off when operating on resonance by setting the front and back effective
reflectivities equal through absorption modulation [19]. The current work and a previous
modulator design [20] employ asymmetric Fabry-Perot modulators with obliquely incident
beams. Oblique incidence is advantageous because the interaction length of the beam with the
optically active material will be a factor of 1/cos(8) longer per pass than in normal incidence,
where 0 is the angle of the beam relative to normal within the optically active material.
Dielectric interfaces and stacks of materials with differing refractive indices are commonly
used to make reflectors. At obligue incidence, the reflectivity of such reflectors can be quite
high, even for dielectric stack mirrors with small numbers of layers, and especially for TE
polarized light which, unlike TM polarized light, does not have a Brewster’'s angle at which
complete transmission occurs.

In our implementation of the side-entry modulator concept, the substrate is S and the
mesa is formed from relaxed bulk Sig;Gey layers surrounding a nominally strain-balanced
superlattice of quantum wells and barriers which display variable electroabsorption with
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electric field due to the QCSE. In this material system, it is relatively difficult to create a
high-reflectivity dielectric interface or layer stack; the large (4%) lattice mismatch between S
and Ge prevent the growth of thick layers of these materials on one another, especialy if
crystal quality is to be maintained. Typically, growth of Ge-rich material upon S relies upon
the growth of a graded buffer of several microns thickness [21] or makes use of high-
temperature anneal steps to cause relaxation of the Ge-rich buffer and defect density reduction
[22, 23]. Anneal steps may lead to a diffused junction of graded composition, which may
complicate efforts to create the sharp dielectric boundaries that have high reflectivity.

Though the interdiffusion profile and refractive indices in our sample are not precisely
known, the benefits of oblique incidence can be illustrated through a numerical example. At
1455 nm the real components of refractive index of S and Ge are respectively 3.53 and
4.35[24], so the index of Sip1Geng is approximately 4.28 by linear interpolation. The
reflectivity of an abrupt Si/Sig1Gey interface is therefore 0.9% at normal incidence, while for
TE polarized light at an angle of incidence of 78.4° from the normal in Si (as occurs in our
structure), the reflection coefficient is 31.6%, leading to a stronger cavity resonance. The
angle to the normal in Sig1Gey e Will be 53.9°, increasing the length of the optical path through
the cavity by afactor of 1.7 and consequently increasing absorption per pass.

3. Devices

Epitaxial layers containing 10, 20, 40, and 60 QWSs were grown on silicon wafers by reduced
pressure chemical vapor deposition. A 1 um thick boron doped Sip1Gey o buffer was grown in
two stages, each followed by high temperature anneals[15, 23]. Next, athin undoped layer of
Sip1Gepg was grown, followed by multiple quantum wells (MQW) in a superlattice of
15.5 nm Ge well layers separated by ~ 33 nm thick Sig1sGeygs barriers. Last, athin undoped
Sip1Gepg layer and an n-doped Sip:Gepg layer were grown. Layer thicknesses were
determined after growth by secondary ion mass spectrometry (SIMS), scanning electron
microscopy, and, for the Ge quantum well widths, quantum mechanical fitting of QCSE
transition energies.

Photodiode mesas were lithographically defined on the epitaxia surface, and samples
were etched to allow contacting of the p-type layer. Ti/Al ring contacts were evaporated to
contact both n- and p-type layers. A mesa fabricated on the 40 QW sample is schematically
illustrated in Fig. 2.

Ti/Al -
Contacts
Arsenic-SiGe (doping 10'%/cm?) 445 nm
EMOW region: 40 QW 1980.nm =]

i Boron-SiGe (doping 3x10%/cm?) 1140nm | [

Lightly boron doped Si substrate

Fig. 2. Diagram of the PIN diode mesa fabricated in a sample with 40 quantum wells for side-
entry modulation, not to scale.
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Fig. 3. Diagram of side-entry modulator in experimental setup, not to scale. All unlabelled
units are microns.

Modulator chips were cleaved into pieces containing one dimensional arrays of devices,
and edges of the chips were polished to form parallel and optically flat facets. The
thicknesses of the top Sip1Geyg layers of the devices were individually adjusted using a wet
etch that did not attack the polished edges of the silicon substrate [25]. Device arrays were
placed on agold mirror for testing. The testing configuration is shown in Fig. 3. Light froma
tunable laser through a polarization-maintaining (PM) fiber is focused towards the mirror at a
45° angle to the surface. Upon reflection, it is coupled through the edge facet of the
modulator array substrate. The beam impinges upon the diode mesa from the substrate side at
a 78.4° angle from normal incidence. The beam is TE polarized with respect to the Si/SiGe
interface, and the beam diameter is a& a minimum where it reaches the mesa. The incident
Gaussian beam waist diameter is ~ 70 um, such that the projection of the beam spot on the
mesa top surface plane is elliptical with major and minor axes of 480 um and 70 um. The
mesas are square with 450 um sides, so there may be a small amount of truncation of the
beam by the mesain one direction. Inthe mesas, an optical resonator cavity is formed around
the MQW region by the total interna reflections a the SiGefair interface, and Fresnel
reflections at the Si/SiGe interface. Light not absorbed in the mesa region is reflected and
exits the side of the wafer opposite the side where it entered. The output light bounces off the
gold mirror and is collected by an InGaAs photodetector.

Pieces of the wafers were processed separately for electroabsorption measurements of
guantum wells. The whole back surfaces were antireflection-coated, as were lithographically
defined regions on the front side on top of the mesas. Transmission spectroscopy was
performed in which the tunable laser was focused with normal incidence on a device (a
“surface-normal” configuration) as the laser wavelength and reverse bias voltage were
scanned. Photocurrent in the device mesa was recorded, as was the optical power transmitted
through the device. The backsides of these pieces were subsequently coated with aluminum,
and the double pass reflectivity was also measured as wavelength and voltage were scanned.

4. Results

The transmission spectra from the antireflection-coated sample with 60 QWs were normalized
to transmission through air, and the data are shown in Fig. 4, where the reverse bias voltage
was varied from 0.5V t0 185V in 2 V increments. The spectrum from the 60 QW sample
very closely matched the cube of the fraction of light transmitted through the 20 QW sample,
indicating that the loss on transmission is ailmost all due to absorption in the quantum wells
and not to substrate or other losses. Buffer and substrate thicknesses were about the same in
these two wafers, and the magnitude of reflections from the top and bottom of the wafers are
expected to be the same for the two samples as well. We matched the measured spectra with
results from a simulation of energy level shifts calculated by the tunneling resonance method
to determine that the Ge QWs are ~ 15.5 nm wide.
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Fig. 4. Transmission of a 60 QW sample for applied reverse biasesfrom0.5V to 185V in2V
increments, measured in the "surface normal" configuration with anti-reflection coatings on
both sides.

Theintrinsic region in the 60 QW sample is about 3.1 um thick, which is determined from
the SIMS measurement of a 10 QW sample, assuming the growth rates were the same in these
growths. Thus, for an applied voltage of V,, the electric field in the quantum well region is
approximately (V, + 0.8)/3.1 V/um (presuming a built-in voltage ~ 0.8 V). The largest field in
the data of Fig. 4 is therefore ~ 11 V/um (1.1 x 10° V/cm). The peak absorption coefficient
(averaged through the MQW region) with 0.5V applied field at the exciton peak closest to the
band edge is 2090 cm™ at 1452 nm.

In a double-pass * surface-normal” modulator configuration using this 60 QW sample, with
an antireflection-coated top surface and an aluminum-coated bottom surface, the CR was 3.0
dB at 1453 nm for a voltage swing of 18 V, and 2.3 dB for a10 V swing.

A side-entry modulator with 40 QWs was tested. Light transmitted through the device
along the path described in Fig. 3 was measured as the bias voltage and wavelength were
scanned. The fraction of light transmitted was calculated by normalizing the data to the
intensity of light transmitted through air. The CR for 0 V to 10 V reverse bias is shown in
Fig. 5. For a10V swing, the peak CR was 7.3 dB at 1457 nm, and the CR was greater than
3dB from 1461 nm to 1481 nm. Given atotal intrinsic region of 2.1um including doping
offset from the MQWs, the electric fields at 0 V and 10 V are approximately 3.8 x 10° V/cm
and 5.1 x 10* V/cm.

A second small local maximum in contrast was observed centered at 1560 nm, showing
that the free spectral range of the resonant cavity is about 110 nm, suggesting that the cavity is
operating at about 14" order. Given the refractive index and beam angle in the mesa, this
suggests the optical cavity length is about 4.0 um, roughly in agreement with the length
calculated from the growth rates.
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Fig. 5. Contrast ratio from 40 QW samplefor OV - 10 V reverse bias.
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Fig. 6. Percentage of light transmitted through side-entry modulator. Blue “+” points and red
“X" points show transmission for 0 V and 10 V reverse bias, respectively, and black lines are
simulated transmission. The loss from the two uncoated air/Si interfaces is ~ 68%, indicating
that antireflection-coating will greatly increase the transmission.

Reflection from the gold mirrors at 45° incidence was measured to be 99%, and the
theoretical fraction of power transmitted at each air/Si boundary (on the sides of the substrate)
is 56%, yielding an expected maximum possible transmission through the device of 32%. In
the insertion-loss data in Fig. 6, the peak percentage transmission corresponds closely to this
loss figure, suggesting that coupling losses could be made very small by antireflection-coating
the edge facets. A transfer-matrix calculation of the electromagnetic fields in the epitaxy was
used to simulate absorption in the device. The light was treated as a weighted sum of plane
waves equivalent to a Gaussian beam with a waist radius of 35 um. The layer structure
simulated consisted of the silicon substrate followed a 120 nm thick layer of refractive index
3.88 to simulate an interdiffused layer between the Si and Sig1Geye, @ 1080 nm thick Sig1Gepg
layer, 21980 nm MQW layer, and atop layer of 445 nm of Sig1Gepe. The real component of
the index of the MQW region was set to 4.28, the same as the Sig1Geyg layers. The addition
of the 120 nm layer representing interdiffusion decreases the Si/SiGe interface reflectivity
from 32% to 18% in the simulation. The 0V and 10 V experimental insertion-loss curves for
the 40 QW sample were matched to simulations using MQW absorption coefficients taken
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fromthe 2.5V and 18.5 V transmission curves of the 60 QW sample to get the best fit. These
correspond to electric fields of 8.1 x 10® V/em and 5.9 x 10* V/cm. The discrepancy in
electric fields between the absorption coefficient data and the transmission data it was used to
fit are likely due to slight QW thickness variations between wafers. In the simulation, net
transmission from mirrors and air/Si interfaces was set to 37% instead of the predicted 31% to
better match experimental data. The reflectivity does not quite reach zero in this device, both
in simulations and experiments. The finite angular range in the incident beam spot
theoretically leads to non-zero reflection in such a device, though we believe here we may just
not have quite enough optical absorption to reach the minimum reflectivity possible for this
spot size. The minor discrepancies between theory and experiment may be due to the
uncertainty in the form of the refractive index grading at the S to SiGe interface.

The tolerance of the modulator to beam misalignments was tested by setting the
wavelength to correspond with the peak CR, and measuring contrast as the laser focusing
tranglation stage was misaligned in the plane of the wafer surface. For trandation in the
direction parallel to the plane of the edge through which the beam enters the substrate, the CR
remained above 3 dB for a 10 V swing over atotal transation distance of 460 um, closeto the
450 um dimension of the device mesa. For translation in the direction normal to the edge
where the beam enters, the CR was greater than 3 dB over a total trandation distance of
87 um. For parallel trandations, the CR profile was flat-topped, while for normal translation,
it was more sharply peaked. In addition to affecting the misalignment tolerance, the choice of
mesa size aso determines the device capacitance, which was measured to be ~ 10pF.
Changing the mesa size should correspondingly change the alignment tolerance, with changes
in capacitance in proportion to the changes in device area. Large misalignment tolerance will
result in large capacitances that will, however, in practice increase both power dissipation and
the difficulty of driving the device at high speed. It may be possible to use smaller spots, for
increased alignment tolerance and/or reduced device size and capacitance, though the resonant
enhancement in the structure would ultimately be reduced due to the shorter depth of field of
the beam.

5. Discussion

The current work demonstrates the viability of the side-entry modulator architecture, as well
as the viability of the QCSE in germanium quantum wells for optoel ectronic modulation. We
should emphasize that the epitaxial structure and mesa size are not optimal, and several
improvements in the design are possible. Optimization of the Ge/SiGe quantum well design
could lead to greater absorption change in the quantum wells for a given applied electric field.
Such optimization could include changing the quantum well thicknesses as well as fabricating
them more densely by changing the thickness and composition of strain balanced SiGe
barriers. An epitaxy design with optimal layer thicknesses may lead to lower voltage
operation, higher CR, and broader optical bandwidth. Calculations suggest that about 68% of
the light is lost to reflections at the air/S interfaces from the beam entering and exiting the
substrate.  This loss can be minimized through antireflection coating the end facets.
Furthermore, operating the devices at temperatures of ~ 90° C, typical in a CMOS chip, will
allow for telecommunications C-band operation through shifting the absorption edge to longer
wavelengths [16].

The design of the side entry modulators makes them suitable for operation in parallel
arrays. As only the edges of the chip are needed for optical interconnection, the top surfaces
are left free for electrical interconnection, making the architecture suitable for photonic
integrated circuit applications. By relaying the light through the substrate with multiple
bounces, optical interconnections could even be made between modulators and detectors on
the same chip.
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6. Conclusion

In summary, we demonstrate the first optoelectronic modulator employing the quantum
confined Stark effect in germanium quantum wells, and also feature a novel side-entry
modulator architecture. Devices are fabricated on silicon substrates, making them amenable
to integration with silicon electronics. We demonstrate a peak contrast ratio of 7.3 dB for a
voltage swing of 10 V at 1457 nm, and the contrast is > 3 dB over a 20 nm range in
wavelength. The novel side-entry architecture employs an asymmetric Fabry-Perot cavity at
grazing incidence, and avoids the tight alignment constraints and potentially the coupling loss
of waveguides, permitting translation of the beam by 87 um in one direction and 460 um in
the orthogonal direction while maintaining a contrast ratio > 3 dB. As the polished edges of
the substrate serve as the optical input and output ports, the top and bottom of the chip are left
free for electrical interconnections and thermal management.
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