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Abstract— We have investigated the suitability of surfacenormal asymmetric Fabry-Perot electroabsorption modulators
for short-distance optical interconnections between silicon chips.
These modulators should be made as small as possible to
minimize device capacitance; however, size-dependent optical
properties impose constraints on the dimensions. We have thus
performed simulations that demonstrate how the optical performance of the modulators depends on both the spot size of
the incident beam and the dimensions of the device. We also
discuss the tolerance to nonidealities such as surface roughness
and beam misalignment. The particular modulators considered
here are structures based upon the quantum-confined Stark
effect in Ge/GeSi quantum wells. We present device designs that
have predicted extinction ratios greater than 7 dB and switching
energies as low as 10 fF/bit, which suggests that these siliconcompatible devices can enable high interconnect bandwidths
without the need for wavelength division multiplexing.
Index Terms— Integrated optoelectronics, optical interconnections, optical modulation, optical resonators.

I. I NTRODUCTION
A. Background

T

HERE are many present efforts to develop optical modulators for short distance inter- and intra-chip optical
interconnects [1], since the performance of electrical links,
measured in terms of bandwidth and power consumption, has
failed to improve at the same rate as transistor performance
with successive generations of complementary metal-oxide
semiconductor (CMOS) technology [2]. Optical interconnects
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could help alleviate the interconnect bottleneck in computer
systems and facilitate new architectures for high-performance
computing [3], [4], provided the optical devices are sufficiently
energy-efficient [5].
Integrated optical modulators are either waveguide or
surface-normal devices. In the former, modulation and guiding
of light occurs in the plane of the chip. With surface-normal
modulators, however, the incident and reflected beams are
perpendicular to the chip surface. While both geometries have
various merits, we focus here on surface-normal modulators, as
they have a number of attractive features, particularly for interchip links, such as low insertion loss, polarization independence, and relatively easy alignment compared to waveguide
devices. Additionally, the reflection-mode geometry is compatible with dense 2-D array integration. Such dense arrays
make it possible to create links with large numbers of channels
(e.g., 1000s to 10 000s). As a result, surface-normal devices
can provide continued scaling of interconnect bandwidth to
chips well beyond what is possible with simple waveguide
approaches [5], and without the complexity of wavelength
division multiplexing schemes.
There have been a number of successful experimental demonstrations of highly parallelized free-space optical
links [6], [7]. In these demonstrations, light incident from
an external source is imaged onto an array of modulators
using an intermediate layer of optics, and the same optics
direct the reflected light to photodetectors in other areas of the
chips. Large parallel optically connected logic systems based
on III–V devices have been successfully demonstrated with
over 60 000 light beams [8].
The most efficient reflection modulators are quantum well
electroabsorption modulators with asymmetric Fabry-Perot
(AFP) cavities [9]–[13]. The electroabsorption mechanism in
these asymmetric Fabry-Perot modulators (AFPMs) is the
quantum-confined Stark effect (QCSE) [14]. The AFP cavity
enables a large change in the reflected power given only
a modest change in the material absorption, yielding high
contrast ratios even for small voltage swings. While QCSE
AFPMs have historically been made from III–V materials,
recent progress in the growth [15], [16] and modeling [17],
[18] of germanium quantum wells on silicon substrates has
enabled the fabrication of QCSE electroabsorption modulators
in a CMOS-compatible material system [19], [20].
In any modulator, it is desirable to maximize the speed and
contrast ratio while minimizing the energy consumption and

0018–9197/$31.00 © 2012 IEEE

AUDET et al.: OPTICAL PERFORMANCE OF ASYMMETRIC FABRY-PEROT ELECTROABSORPTION MODULATORS

insertion loss. AFPMs based on the QCSE have the advantage
that the high-speed response is typically not transit timelimited, and the device speed is thus determined primarily
by the RC delay, except in the case of very high optical
power levels [11]. In order to increase the modulation speed
and decrease power consumption, it is therefore desirable to
make the AFPM footprint as small as possible, since this will
decrease the device capacitance. However, the use of a small
modulator necessitates tight focusing of the incident optical
beam. The significant angular divergence of such a beam
can alter the reflection properties of the modulator’s resonant
cavity, thus decreasing the achievable extinction ratio.
Other effects can also influence the performance of small
AFPMs. If light is coupled into and out of the device using an
optical fiber or other mode-selective element, the divergence
and distortion of the beam profile as it propagates through
the modulator’s resonant cavity will impact the modal overlap
of the reflected beam with the incident mode, and hence the
amount of collected reflected power. Additionally, fabrication
issues, such as roughness in the various layers of the modulator
structure, may also degrade the performance. Furthermore, the
performance of the modulator is sensitive to optical misalignments. In this paper, we examine the relative importance of the
above-mentioned effects, and, based on these results, consider
the suitability of AFPMs for high-speed, low-power interand intra-chip optical links. This work complements previous
studies of III–V AFPMs that have investigated other design
considerations, such as tolerances to grown layer thickness
variations and temperature fluctuations [10], [13].
B. Organization
In Section II, we review the AFPM concept and relevant
performance metrics. We present a reference design of a
Ge/GeSi QCSE AFPM that is used for all simulations in this
paper. In Section III, we consider modulators in which the
device footprint is several times the incident spot size. We
examine how the reflection spectra and spatial beam profiles
are altered as the incident spot size is decreased, and we
consider the effects of interfacial roughness in the epitaxy and
DBR mirrors.
In Section IV, we examine the performance of small
micropillar modulators in which the device diameter is comparable to the spot size of a tightly-focused incident beam, such
that the micropillar also functions as a vertical waveguide.
We examine how the optical performance of these modulators
is affected as the device size is decreased, and consider the
tolerance to beam misalignment. In Section V, we propose
both conservative and aggressive designs that we argue should
be able to meet performance targets for practical optical
interconnects. We then discuss the ultimate scaling limits for
such AFP micropillar modulators.
II. A SYMMETRIC FABRY-P EROT M ODULATORS
A. Concept
The asymmetric Fabry-Perot modulator, shown in Fig. 1,
consists of two mirrors surrounding a region in which the
absorption can be altered by application of an electric field.
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Fig. 1. Schematic illustration of a cylindrical micropillar asymmetric FabryPerot modulator. Light (depicted by the arrows) enters from the top. A voltage
is applied across a p-i-n junction containing the active region. Field-dependent
absorption in the quantum wells modulates the intensity of the reflected light.

For normal incidence, the fraction of reflected optical power
on resonance, RT , can be expressed as



 R f − Rb,eff 2
RT = 
(1)
 ,

1 − R f Rb,eff 2
where R f is the front mirror reflectance, and the effective back mirror reflectance Rb,eff is given by Rb,eff =
Rb exp (−2αL) [10]. Here, Rb is the reflectance of the back
mirror (ideally near unity), α is the effective power absorption
coefficient inside the cavity, and L is the cavity length.
Changing α and hence Rb,eff will alter RT . A critically
coupled condition with zero reflectance is achieved when
Rb,eff = R
 f , or, equivalently, when the effective absorption
is α = ln Rb /R f /(2L).
The extinction ratio
 of the modulator, in decibels, is E R =
10 log RT ,on /RT ,off , where RT ,on is the reflectance in the low
absorption, high reflectance state, and RT ,off is the reflectance
in the high absorption, low reflectance state. If the critical
coupling condition, RT ,off ≈ 0, is reached in the high absorption state, the extinction ratio can thus approach infinity. For
interconnect applications, an extinction ratio of > 7 dB is
preferred, although 4–5 dB may be sufficient [1].
In addition to the contrast ratio, two other important figures
of merit for the modulator are the insertion loss, I L =
1 − RT ,on, and the achievable absolute change in reflectance,
R = RT ,on − RT ,off .
B. Simulated Structure
The structure simulated in this paper is similar to the device
reported in Edwards et al. [20]. It is designed for operation
near λ = 1.5μm, and is illustrated in Fig. 1. The AFP resonant
cavity has Q ≈ 300 in the high absorption state and Q ≈ 450
in the low absorption state. Light enters perpendicular to the
surface and is partially reflected off the front mirror, which
is a distributed Bragg reflector (DBR) consisting of two pairs
of α-Si:H/SiO2 layers. The top Si layer of the DBR is 40
nm thick, while the other layer thicknesses are all equal to
λ/4 in the respective materials. The top layer thickness was
chosen such that the front mirror has an overall reflectance
of 95% at normal incidence. The back mirror is a threepair α-Si:H/SiO2 DBR stack with R > 99.7%. The high
index-contrast DBRs yield high reflectances with relatively
few layer pairs, using standard CMOS-compatible materials.
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Similar high index-contrast DBRs have been employed as both
top and bottom reflectors for vertical cavity surface emitting
lasers [21], [22], microcavity light emitting diodes [23], and
as the front mirror on AFPMs [24].
Light transmitted through the front mirror resonates in the
720 nm thick GeSi p-i-n structure and is partially absorbed
by 15 Ge/Ge0.85 Si0.15 quantum wells in the intrinsic region.
For convenience, the entire GeSi active region is modeled
as a homogeneous layer with wavelength-dependent absorption fit to experimental data in the range of interest. The
electroabsorption parameters used in the simulation assume
a 3:1 on/off absorption contrast and a background absorption
in the low absorption state of 0.9% per single pass (0.06%
absorption probability per quantum well) at the wavelength
of interest, where the background absorption is due primarily
to the indirect bandgap of germanium at λ = 1.85 μm
(0.67 eV). Additional loss due to scattering from interfacial
roughness is considered in Section III-E, but is assumed zero
elsewhere.
III. S POT S IZE E FFECTS FOR L ARGE D EVICES
Using the model structure described above, we first consider
how the optical performance of large AFPMs depends on the
spot size of the incident beam. In particular, we consider the
case where the modulator footprint is significantly bigger than
the spot size.
A. Modified Transfer Matrix Method
Reflection spectra of AFPMs are typically calculated using
the 1-D transfer matrix method (TMM) [25]. However, this
simple method is accurate only when the incident beam is large
and the wavefronts resemble plane waves. To properly simulate
device behavior with tightly focused beams, we extend the
transfer matrix approach by performing a Fourier decomposition of a Gaussian beam into a weighted sum of plane waves
with various spatial frequency components, then propagating
each of these plane waves through the structure using the 1-D
TMM, coherently adding the output plane waves to get the
final output beam. This technique has previously been applied
to microcavity two photon absorption photodetectors [26] and
dielectric multilayer filters [27]–[29]. This section expands
upon results we have previously presented for AFPMs
[30]–[32].
In the large device size limit, we simulate the structure
described in Section II-B by assuming it has infinite extent
in the transverse plane. The reflection coefficient is calculated
for plane waves incident at a variety of angles. To calculate the
total reflected power, the reflection coefficients are weighted
by the fraction of power in the beam incident at each angle,
so the overall power reflection coefficient R is
∞
k x |r (k x )E 0 (k x )|2 dk x
R=

0

∞

(2)
k x |E 0 (k x

)|2

dk x

0

where E 0 (k x ) is the amplitude of the plane wave field component with incident transverse wavevector k x , and r (k x ) is the
field reflection coefficient determined by the 1-D TMM.
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Fig. 2. Simulated reflection spectra for the high reflectance “on” and low
reflectance “off” states of the AFPM for a plane wave (w0 = ∞) and a
Gaussian beam with spot size 2w0 = 8 μm, showing degradation of the
extinction ratio due to the finite beam size.

We note that the scaling employed in (2) effectively simulates incident beams with either azimuthal or radial polarization, and it is not strictly correct for the more common linearly
or circularly polarized light beams. This is not a concern,
however, when the input beam is at normal incidence and the
spread in incident angles is small, since for near-normal incidence there is little polarization sensitivity. Even for relatively
tightly focused beams (beam waist diameter 2w0 of a few
microns, for λ = 1.5 μm light), the majority of the angular
components in the beam are at small angles of incidence. In
practice, the polarization dependence of reflectances is less
than 10% for a Gaussian beam with 4 μm waist diameter at
normal incidence. The difference in reflection spectra quicky
approaches zero for larger spot sizes.
B. Results–Spot Size Dependence
Using the approach described above, we examine the simulated reflection spectra of the modulator for different incident
beam sizes. Figure 2 compares the behavior of the modulator
for an incident plane wave and for a Gaussian beam with waist
diameter 2w0 = 8 μm. For the plane wave (w0 → ∞), the
contrast ratio approaches infinity, since the off-state reflectance
approaches zero. However, for the beam with 8 μm spot size,
the off-state resonance is redshifted by 0.5 nm and the offstate reflectance at resonance (ideally zero) is 3.3%. The
nonzero off-state reflectance for the Gaussian beam occurs
because the AFP zero-reflectance condition can hold only for a
single plane-wave incident angle. Furthermore, the resonance
redshifts slightly as the spot size is decreased, because components of the beam with large incident angles will traverse
the active region obliquely, increasing the effective cavity
length. Finally, the reflection spectrum in the low absorption
(high reflection) state will also be altered as the spot size is
decreased, due to the different reflectance coefficients for beam
components with different incident angles.
Figure 3(a) shows off-state curves for different spot sizes.
The curve for a beam with 12 μm waist diameter is nearly
identical to the ideal plane wave case. A small change is
observed for an 8 μm spot size, while at 4 μm, the spot size
effect becomes quite pronounced, with the minimum off-state
reflectance increasing to 18%.
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Fig. 4. Simulated transverse spatial profiles of the incident and reflected
beams for two different spot sizes. The beam profiles show the squared
magnitude of the electric field, and are measured 100 nm above the top surface
of the resonator. The reflected intensities are rescaled for comparison purposes.
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Fig. 3. (a) Calculated reflection spectra for different spot sizes. The device is
simulated in the absorbing state, which yields zero reflectance on resonance
for an incident plane wave (large spot size limit). (b) Plot of the modulator
contrast ratio for the same spot sizes.

Figure 3(b) shows the associated modulator contrast ratio for
different spot sizes. For the 8 μm spot, the maximum contrast
ratio is 8.2 dB, compared to more than 12 dB for a 12 μm spot.
For the 4 μm spot, the contrast ratio falls to 3.1 dB, which is
likely unsuitable for optical interconnect applications.
The absolute change in reflectance R may not be as
severely affected by the spot size as the contrast ratio, however.
As seen in Fig. 2, for a plane wave, the absolute reflectance
change is R = 17.3%, while for the Gaussian beam with
an 8 μm spot, the change in reflectance is actually slightly
higher, R = 18.4%.
It should be noted that the large absorption contrast attainable in germanium quantum wells means that the Q factor of
our resonant cavity could be chosen to be relatively low. If the
absorption contrast were smaller, a higher-Q structure could
be necessary to attain the desired extinction ratio. This would
result in significantly worse spot size dependence, in addition
to decreasing the operating bandwidth and increasing insertion
loss.
C. Beam Profile and Mode Overlap Integral
The spatial profile of the reflected beam is also of interest
because the reflected light may be propagated through various
optical components or coupled back into an optical fiber.
Figure 4 plots the incident and reflected field profiles just
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Fig. 5. Reflection spectra for a modulator in the on and off states with a
6 μm incident beam waist diameter, for total power and power coupled back
into the incident Gaussian mode.

above the top surface of the device. For a beam focused on
the top surface of the modulator, with an 8 μm spot size, the
reflected beam still somewhat resembles a Gaussian, although
it has broadened during propagation through the resonator. As
the spot size is decreased to 4 μm, the reflected beam shape
is significantly altered. This is due to the differing reflection
coefficients of the various angular components.
The fraction of reflected power overlapping the original
mode is given by the square of the parameter

 ∗
 E (x, y)Er (x, y) d x d y 
i
(3)
η = 

1
|E i (x, y)|2 d x d y
|Er (x, y)|2 d x d y 2
where E i and Er are the incident and reflected field amplitudes, respectively. If the system is configured such that only
light coupled back into the original mode is collected, the
measured reflectance spectrum will be the overlap parameter
η2 (ω) multiplied by the fraction of total power reflected at
each wavelength. Figure 5 shows the effect of including mode
overlap in the reflection calculation. For a 6 μm spot, the
total reflected power in the on and off states is 27.3% and
7.6%, respectively, whereas the fraction of power coupled
back into the original Gaussian mode is 12.0% and 3.1%. The
reflection at resonance is hence significantly lower in both the
on and off states when the overlap factor η2 is accounted for.
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Fig. 7. Reflection spectra including modal overlap for a modulator in the
on and off states, for two different focus locations: beam waist at the top
surface of the modulator (z = 0), and beam waist displaced −20 μm in the z
direction. Simulations assume a Gaussian beam with spot size 2w0 = 6 μm.
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Fig. 6. Effects of the focal position, for a spot size of 2w0 = 6 μm. (a) Plot of
incident and reflected beam width for a modulator in the low reflection state,
measured 100 nm above the device surface, as a function of the z-position of
the focus. A value z < 0 corresponds to the focus located below the device
surface. The beam width is defined as the radius containing 86% of the beam
power. (b) Fraction of the reflected power in the incident mode, given by the
squared mode overlap η2 , taken 100 nm above the device surface, in low and
high absorption states, as a function of focal position.

Despite the extra insertion loss, the contrast ratio has increased
from 5.6 dB to 5.9 dB, because the beam shape, and hence
the overlap integral, is most dramatically altered in the low
reflectance state.
D. Location of Focus
For the case of a device much larger than the incident beam,
the focal position will have no effect on the reflection spectrum
for the total reflected power, since the distribution of power
among the various plane-wave components is not affected by
the position of the focus. However, in considering the spatial
profile of the reflected beam, and, in particular, the overlap
integral between the incident and reflected beams, the position
of the focus becomes important. Because the beam will diverge
as it propagates through the resonator, to achieve maximal
overlap between the incident and reflected beams just above
the modulator surface, it is desirable to focus the incident beam
such that the waist is located some distance into the device. By
examining the incident and reflected beam widths, as shown in
Fig. 6(a) for a 6 μm beam waist, we see that the reflected beam
width on resonance is minimized when the focus is located
approximately 15 μm below the top mirror surface.

The reflected beam width is closely related to the fraction
of power overlapping the incident mode, given by the squared
mode overlap integral η2 , which is shown in Fig. 6(b). From
this plot it is apparent that shifting the focus position to 20 μm
beneath the top mirror surface will decrease the insertion loss
when considering power coupled back into the incident mode,
because there is higher mode overlap with the reflected beam
in the modulator’s on state at this focal position.
Figure 7 shows the effect of the focus position on the overall
modulator performance when the mode overlap is considered.
If the focus is chosen correctly, the insertion loss is improved.
By displacing the beam waist 20 μm towards the back of the
modulator (as shown in Fig. 6(a) to yield near the minimum
reflected beam width), we achieve on and off state reflectances
at resonance of 25% and 4.8%, respectively, and thus a contrast
ratio of 7.2 dB. This compares to 12.0% and 3.1% on and off
state reflectances, for 5.9 dB contrast ratio, when the beam
waist is at z = 0.
To summarize, we have found that, for large devices, tight
focusing of the incident beam can significantly decrease the
extinction ratio. Taking into account the overlap of the incident
and reflected beams (relevant when coupling reflected light
into a fiber, for example) can increase the extinction ratio, but
there is an insertion loss penalty. The correct choice of focus
position can help minimize the insertion loss penalty and also
improve the contrast ratio.
E. Surface Roughness
Another factor that can significantly influence the device
performance is microscopic surface roughness at the various layer interfaces in the structure. The effects of surface
roughness have been previously considered in a fiber-coupled
AFPM design [33], as well as for a high-finesse DBR microcavity structure [34]. In both cases, it was found that the
effect of interfacial roughness was small. This was due to
the low-Q cavity of the AFPM and the low index contrast
of the DBR mirrors in the high-finesse cavity, respectively.
The present modulator design has a moderate-Q cavity and
high index contrast DBRs, and thus further investigation is
merited.
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Fig. 8. Simulated modulator performance showing the effect of surface
roughness at the layer interfaces. Reflection spectra are shown for the high
reflectance “on” and low reflectance “off” states for a device with smooth
layer interfaces and a device with Gaussian-distributed roughness with RMS
value σ = 2 nm at each interface.
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Fig. 10. Simulated modulator performance, showing high and low reflectance
states in the large device size limit. The beam, with waist diameter 2w0 =
4 μm, is incident upon a device with diameter d = 20 μm (FDTD), and
d = ∞ (TMM). Good agreement is found between the 3-D FDTD simulation
and the modified TMM in this limit, especially near the resonant wavelength.
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Fig. 9. Intensity profiles of the electric field, given an incident Gaussian beam
with 4 μm spot size. (a) Cross-section of the modulator, on resonance in the
low reflection state. The beam is incident from the top onto the modulator
with pillar diameter of d = 6 μm. The layer interfaces are indicated in
white. (b) Plot of incident and reflected beam profiles, for a modulator pillar
diameter d = 6 μm, taken 100 nm above the modulator surface, with reflected
intensities rescaled for clarity. (c) Incident and reflected beams, for modulator
with pillar diameter d = 12 μm.

into account the scattering loss that modifies the amount of
specular reflection and refraction [35]–[38].
We assume for simplicity that every interface in the structure
has independent Gaussian-distributed roughness with RMS
value σ = 2 nm, towards the upper limit of what would
be expected on a fabricated device. We simulate a plane
wave at normal incidence. The calculated performance of
the modulator for identical absorption parameters with and
without surface roughness is presented in Fig. 8. The on/off
state reflectances change from 17.3% and 0% for the ideal
case to 9.0% and 1.2% (8.7 dB extinction ratio) when surface
roughness is considered. The main effect is thus a substantial
decrease in the on state reflectance, meaning higher insertion
loss and lower absolute change in reflectance between the
on and off states. The change in the off state reflectance is
relatively unimportant. Because losses due to non-specular
reflection from surface roughness are indistinguishable from
absorption losses inside the cavity, it is still possible to achieve
the zero reflectance condition even with surface roughness;
however, the amount of absorption necessary in the cavity to
reach critical coupling is altered due to the presence of surface
roughness as an additional loss mechanism.
In the modified Fresnel coefficients [25], the scattering
loss due to surface roughness is proportional to the difference between the refractive indices at each interface. In this
regard, the present design with high index contrast mirrors is
particularly sensitive to interfacial roughness. The effects of
surface roughness could potentially be decreased by switching
to lower-contrast DBR materials, such as Si3 N4 /SiO2 , at some
cost of reduced operating bandwidth because of the deeper
penetration into the lower index-contrast mirrors.
IV. FDTD S IMULATIONS OF S MALL -D IAMETER D EVICES
A. Method

We model the effects of surface roughness by incorporating
scattering loss into our transfer matrix simulation. For a
material with small Gaussian-distributed thickness variations
with RMS value σ , where σ/λ  1, we can modify the
Fresnel coefficients, as in Eq. 9 of Mitsas et al. [25] to take

While the modified transfer matrix method results above
give insight into the behavior of devices for which the modulator dimensions are significantly larger than the spot size,
the usual one-dimensional TMM cannot account for optical
confinement in the transverse directions. To model small
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Fig. 11. 3-D FDTD simulations of reflectance spectra for three devices with
different pillar diameters, d, operating in the off (low reflectance) state, for a
tightly focused beam with spot size 2w0 = 4 μm. The minimum reflectance
is improved by decreasing the modulator size to better match the incident
spot size.

modulators in which the device diameter is comparable to the
spot size of the incident beam, we perform finite-difference
time-domain (FDTD) simulations [39], and examine how the
optical performance of the modulators is affected as the device
size is decreased. We find that in small “micropillar” devices,
vertical (i.e., surface-normal) waveguiding effects can act in a
manner that substantially benefit device performance.
We perform both 2-D and 3-D FDTD simulations of the
modulator described in Section II-B. In contrast to the structure simulated with the TMM, which had infinite extent in the
x y plane, the device here is a cylindrical pillar and thus light
is confined in the transverse directions. The incident Gaussian
beam is TE-polarized and focused on the top surface of the
modulator for all the FDTD simulations presented here. The
simulations are performed using custom FDTD code running
on an NVIDIA graphics processing unit (GPU) [40].
B. Results
Figure 9(a) shows a cross-sectional view of the simulated
optical electric field intensity within a modulator on resonance
in the low reflectance state. We note the strong enhancement
of the field inside the resonant cavity. Also apparent is the
relatively short propagation length of the electric field into the
high index-contrast DBR mirrors. Figures 9(b) and (c) show
the incident and reflected beam profiles for different device
sizes. In Fig. 10, good agreement is observed between the
Gaussian beam TMM simulations and 3-D FDTD for a spot
size of 4 μm, in the limiting case of a structure with large
dimensions (d = 20 μm for FDTD, infinite for TMM). We
note that for this large device, the minimum reflectance is 18%
for the low reflection state, thus limiting the contrast ratio to
3.3 dB. The same layer structure illuminated by a plane wave
would exhibit zero reflectance in the off state.
Figure 11 shows that the minimum reflectance for the same
spot size can be significantly lower than the 18% quoted above
if the modulator pillar diameter is chosen appropriately. As
the diameter is decreased, the reflectance falls from 18% for a
12 μm pillar to a minimum of approximately 1% for a 6 μm
pillar.

0.6
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Fig. 12. Spectra for a modulator with pillar diameter d = 6 μm, for an
incident Gaussian beam with spot size 2w0 = 4 μm, simulated by 3-D FDTD,
plotted against spectra for a modulator with infinite transverse extent and an
incident plane wave, simulated by TMM. The close agreement between the
two sets of curves illustrates that near-ideal performance can be achieved
when the pillar diameter is well-matched to the incident spot size.

Figure 12 compares the performance of the modulator with
a 6 μm pillar diameter and 4 μm beam waist to the TMM
result for a semi-infinite modulator with an incident plane
wave. The FDTD results show a contrast ratio of 12.3 dB
and an absolute reflectance change of R = 20.2%. This
performance is very close to the ideal plane wave scenario,
which has a large extinction ratio and R = 17.3%. Hence, it
appears that good optical performance can be achieved even
from small diameter AFPM structures when the pillar size is
chosen appropriately.
C. Optimal Pillar Size
A series of 2-D FDTD simulations was performed to better
understand how varying the micropillar size affects the reflection spectra. The minimum device reflectance in the absorbing
state was calculated as a function of both the incident beam
size 2w0 and the pillar diameter d. The results are shown
in Fig. 13(a). A linear relationship exists between the beam
waist and the pillar diameter yielding minimum reflectance,
with the optimum from these numerical simulations occuring
for 2w0 /d ≈ 0.7.
This linear trend can be understood intuitively in terms of
the coupling efficiency between the incident beam and a highindex cylindrical dielectric waveguide. Figure 13(b) shows the
calculated overlap integral between a Gaussian beam and the
fundamental mode of a GeSi cylinder, which is maximized
for nearly the same ratio of beam size to pillar diameter
2w0 /d = 0.7 as was found optimal for the modulators in
Fig. 13(a). The maximum squared mode overlap integral η2 >
99% indicates excellent mode matching between the incident
Gaussian beam and the cylindrical waveguide mode. As such,
in the off state at resonance, the incident beam experiences
near perfect coupling into the AFPM. Furthermore, when the
bias is set appropriately, all light coupled into the modulator
will be completely absorbed. Thus, it is possible to achieve
near zero reflectance with an appropriately sized micropillar
modulator.
The above mode matching argument is somewhat simplistic,
as the modulator is not homogenous in the z direction.

AUDET et al.: OPTICAL PERFORMANCE OF ASYMMETRIC FABRY-PEROT ELECTROABSORPTION MODULATORS

205

Total
d = 6 μm

0.2
0.1

1

0.5

0.5
11.7 dB

Sp

ot

5

5
)
10
r (μm
e
t
e
m
a
i
llar d

siz

e(
μm 10
)

15

0

Pi

(a)
Mode overlap, η2

1

0

d = 12 μm

0
0

Reflectance

Minimum
reflectance

0.3

Into incident mode

1

1500

1520
(a)

1540

24.0 dB
0

1

1

0.5

0.5

1500

1520
(b)

3.4 dB

0.8
0

0.6
0.4

1500

1520
(c)

1540

18.4 dB
0

1540
1500
Wavelength (nm)

1520

1540

(d)

0.2
0

0
0.5
1
1.5
2
Ratio of spot size to diameter, 2w0/d
(b)

Fig. 13. (a) Scaled 2-D FDTD results, showing the minimum reflectance
in the off state of the modulator as a function of beam waist 2w0 and
pillar diameter d. The dotted red line denotes the points with 2w0 /d = 0.7.
(b) Calculated squared mode overlap integral between a Gaussian beam with
spot size 2w0 and the fundamental mode of a GeSi cylinder with diameter
d, as a function of the ratio 2w0 /d. The maximum overlap occurs for
2w0 /d ≈ 0.7.

However, both the SiO2 and the semiconductor material have
sufficiently high index contrast with the surrounding air such
that the field remains confined and the transverse profile of the
fundamental mode is similar throughout the structure. Hence,
considering the optimal modulator sizing from the perspective
of this simple mode overlap argument is quite instructive.
D. Mode Overlap Integral
As was done in the case of large devices using TMM
simulations, we now consider how the reflection spectra for
small modulators are altered when the reflected beams are
coupled into an optical fiber or other mode-selective element.
Here, 3-D FDTD simulations were used to solve for the fields.
Figure 14 shows the effect of including the fraction of
power coupled back into the original mode in the reflection
calculation. First, we compare parts (a) and (b), which show
spectra for a device in which the pillar diameter is optimally
matched to the incident beam spot size. There is little difference between (a), which shows the total reflected power,
and (b), which shows the fraction of power reflected back
into the incident mode, because the waveguiding effect of
the pillar minimizes the spatial redistribution of the beam
as it propagates through the resonator. Off resonance, the
mode overlap integral (3) is nearly unity. At resonance, in the
high reflectance state, the mode field overlap integral is still
above 90%.
In contrast, in Fig. 14(c) and (d), we see that modal overlap
has a significant effect when the pillar is larger than optimal for
the given spot size. For the 4 μm spot, with a pillar diameter

Fig. 14. Effect of mode overlap, for an incident beam with waist diameter
2w0 = 4 μm. Reflection spectra are plotted for modulators in the nominally
low (red, solid curve) and nominally high (blue, dashed curve) reflectance
states. Plot (a) shows the reflection spectrum for the total reflected power,
while plot (b) shows the power coupled back into the incident mode, calculated
for a pillar with diameter d = 6 μm. Plots (c) and (d) show the same for a
pillar with diameter d = 12 μm. The extinction ratio on resonance is noted
on each plot.

of 12 μm (compared to the optimal diameter of 6 μm), we
see a substantial decrease in reflectance of the high reflectance
state when the modal overlap is considered, from 17.89% in
Fig. 14(b) for the 6 μm pillar to 0.06% in Fig. 14(d) for the
12 μm pillar. In fact, the reflectance in the low absorption
(nominal high reflectance) state is actually lower than in the
high absorption (nominal low reflectance) state, resulting in
a transition from a normally-on to a normally-off device, as
well as large insertion loss, although the predicted extinction
ratio remains relatively high.
We note here that the above simulations were performed
with the focus position on top of the front mirror, which is
the optimal position when the modulator when pillar is sized
correctly. For modulators where the pillar is too large relative
to the incident beam, the same effects described in III-D will
be observed, with the optimum focus point being towards the
bottom of the device.
E. Misalignment Tolerance
The results presented previously have all assumed that the
incident beam is perfectly centered on the surface of the
modulator. However, any practical system involving dense
arrays of thousands of modulators will need to maintain a
degree of tolerance to beam misalignment. FDTD simulations
were performed to analyze the impact of varying amounts of
misalignment on the performance of the modulators.
Figure 15 shows spectra in the on and off state for a device
with a 6 μm pillar diameter, when the incident beam with
4 μm spot size has a lateral misalignment of x = 0,
0.5, and 1 μm. The extinction ratios in the three cases are
11.9 dB, 7.4 dB, and 4.0 dB, respectively. To maintain a target
7 dB extinction ratio over at least 1 nm bandwidth, a lateral
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Fig. 15. Effect of different values of beam misalignment on the modulator
performance, for a modulator with diameter d = 6 μm and a spot size of
4 μm, for total reflected power (top), and reflected power coupled back into
the incident mode (bottom). The extinction ratio on resonance is noted on
each plot.

misalignment of x < ±0.5 μm is acceptable. It is possible
to increase the pillar diameter somewhat to try to improve the
alignment tolerance, but if the spot size is kept the same, the
loss of waveguiding due to the larger pillar can lessen the
degree of improvement that would otherwise be seen. As an
example, for the same spot size but a larger device diameter
of 7 μm, the extinction ratios for x = 0, 0.5, and 1 μm are
8.0 dB, 6.38 dB, and 4.8 dB, respectively.
The bottom panel of Fig. 15 shows power coupled back
into the original mode for a 4 μm spot incident upon the
6 μm diameter micropillar modulator. We again observe that
the extinction ratio degrades as the misalignment increases.
Overall, the extinction ratio is higher in the case where mode
overlap is considered, at the expense of greater insertion loss.
The modulator performance will also be degraded if the
incident beam is not perfectly perpendicular to the device
surface. An FDTD simulation was performed to examine the
tolerance to such angular misalignments. For the device with
a 6 μm pillar diameter and an incident beam with 4 μm waist,
assuming no lateral misalignment, the angular misalignment
θ must be less than ±3 degrees to maintain at least 7 dB
extinction ratio over 1 nm bandwidth.
V. P ROPOSED D ESIGNS
For optical interconnects to be a compelling replacement for
electrical links, we need to target device energies in a 10-year
timescale of 10–50 fJ/bit for off-chip and 2–10 fJ/bit for onchip interconnects, respectively [5]. Given a desired extinction
ratio of 7 dB, and the modulator structure considered throughout this paper, we now propose three sets of specific device
dimensions. The proposed designs are shown in Table I. The
table specifies the pillar diameter and spot size, as well as the
extinction ratio (ignoring mode overlap), alignment tolerance,
and switching energy associated with each design.
For the proposed designs, the modulator’s switching energy
per bit was taken to be E = C V 2 , assuming a 1 V drive
voltage. Such an energy definition includes the energy stored

Design
No waveguiding
Conservative
Aggressive

Pillar
(µm)
> 12
8.5
6

Spot
(µm)
8
6
4

ER
(dB)
8
13
12

Align. Tol.
(±µm)
As desired
0.75
0.5

Energy
(fJ/bit)
> 45
20
10

in the capacitor after it is charged and the energy necessarily dissipated in the resistance of the driver circuit during
charging, and presumes this energy is dissipated for every
bit. If we presume non-return-to-zero signaling, in which on
average the voltage on the capacitor is only changed every
other bit, the energy per bit would be half of our quoted
numbers. It would also be possible to presume that when
transitioning from a charged state to a discharged state, which
on the average will happen every other bit transition, there is
no additional power drawn from the power supply because we
are merely discharging the capacitor, then we could divide our
average energy per bit by another factor of 2. Here we take
the most conservative approach to this energy, however, noting
that we have also not included possible energy dissipation due
to photocurrent, a dissipation that could be comparable to the
capacitive energy dissipation [41]. The device capacitance C
(ignoring parasitics) was approximated by the parallel plate
capacitance C = A/x d , where is the dielectric constant,
A is the device area, and x d is the thickness of the depletion
layer within the p-i-n active region, which for the simulated
device is approximately 350 nm.
The first design, labeled “no waveguiding” in Table I,
utilizes a large spot size of 8 μm, so that beam diffraction
during propagation through the resonator is minimal. This
design is the most conservative of the three, because the
performance is not substantially dependent on the pillar size,
as long as the pillar is large enough to contain the entire
incident spot. Hence, the lateral alignment tolerance can be
made arbitrarily large by simply increasing the pillar size.
The large spot size, and hence large pillar diameter means
that the device energy per bit will be higher than the other
two designs, which rely upon waveguiding to achieve good
extinction ratios with smaller pillars. However, the minimum
energy consumption of 45 fJ/bit for the smallest version of
this no-waveguiding design still places it within the range of
target device energies for off chip links [5], so a device of
such dimensions could indeed be useful.
The next design, which we consider a conservative
approach, achieves good contrast ratios with a smaller pillar
diameter and spot size due to waveguiding by the pillar. The
incident spot size of 6 μm requires a pillar diameter of approximately 8.5μm to achieve optimal performance. The projected
energy consumption of the conservative design, 20 fJ/bit,
would make it very attractive for chip-to-chip interconnects.
Simulations show an alignment tolerance for the conservative design of x = ±0.75 μm, over which a contrast ratio
over 7 dB is maintained with 1 nm bandwidth. Although this
tolerance is quite tight, the question of alignment tolerance
in highly parallel free space links has been considered in
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depth elsewhere [42], [43]. A variety of schemes have been
developed to facilitate alignment and packaging of massively
parallel links [44], [45]. The use, for example, of lithographically defined micro-lenses could enable such beam alignment
tolerances to be achieved across all devices on the chip.
Our aggressive design relies upon a smaller spot size of
4 μm, and exhibits tighter alignment tolerance of x =
±0.5 μm to maintain a 7 dB contrast ratio over 1 nm
bandwidth. The low energy consumption of 10 fJ/bit opens
up the possibility of using it for intra-chip as well as interchip connections.
The small capacitances of both the conservative and aggressive designs should allow high-speed modulation at tens of
GHz, assuming low resistance contacts to the germanium p-i-n
structure can be achieved. There are, however, some challenges
in electrically contacting the micropillar modulators. While
techniques are available to improve the resistance of metal
contacts to germanium [46], as device size is decreased to
minimize capacitance, the contact resistance will increase due
to the smaller contact area. Since the modulation rate of QCSE
AFPMs is limited primarily by the RC delay, for high-speed
operation the contact resistance may restrict the minimum
feasible device size. Furthermore, for the devices requiring
waveguiding (spot sizes less than 8 μm), it is important that
the contacts be placed such that the interaction between the
contacts and the optical mode is minimized, and, simultaneously, such that the correct pillar diameter is maintained,
in order to minimize diffractive effects. Similar contact difficulties have been successfully addressed in micropillar lasers
using lateral contacting, with the contact pads resting on top of
an insulating polymer surrounding the pillars [47]. This leaves
the top of the micropillars free of metal, so that the optical
properties are minimally impacted.
While the aggressive design is already projected to operate
at energy levels that could be usable for on-chip links, it is
worth considering what the ultimate limit of the micropillar
modulator size may be. As was suggested in section IV-C,
the modulator design should provide good contrast ratios
so long as the incident beam profile can be well matched
to the fundamental mode of the micropillar. This implies
that the minimum size would be set by the ability to form
precisely aligned, diffraction-limited spots on the modulator
surface. Reductions in diameter down to approximately half
a wavelength are possible in principle, which leaves open
the possibility of up to about one order of magnitude further
reduction in energy, though such device structures would be
very challenging to fabricate, contact, and align.
VI. C ONCLUSION
As device size plays a key role in determining the
energy consumption of AFPMs, this work has identified
size-dependent factors that influence the minimum feasible
modulator dimensions. To do this, we have considered the
design of a realistic AFPM based on the QCSE in Ge/SiGe
quantum wells, as this material system is compatible with
CMOS processes and hence attractive for optical interconnect
applications. For small devices, it was shown that diffraction
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effects may significantly degrade device performance unless
the modulator pillar diameter is matched to the spot size of the
incident beam. Alignment tolerances and other nonidealities
were also considered.
Based on our investigations, we have presented three device
designs maintaining > 7 dB extinction ratio with device
energies as low as 10 fF/bit. This suggests that asymmetric Fabry-Perot electroabsorption modulators in CMOScompatible material systems could enable efficient free-space
optical connections in and out of the surface of silicon chips,
providing the interconnect density and bandwidth necessary to
meet the needs of future computing systems.
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