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Abstract— With germanium showing significant promise in the
design of electroabsorption modulators for full complementary
metal oxide semiconductor integration, we present a simple elec-
troabsorption calculator for Ge/SiGe quantum wells. To simulate
the quantum-confined Stark effect electroabsorption profile, this
simple quantum well electroabsorption calculator (SQWEAC)
uses the tunneling resonance method, 2-D Sommerfeld enhance-
ment, the variational method and an indirect absorption model.
SQWEAC simulations are compared with experimental data to
validate the model before presenting optoelectronic modulator
designs for the important communication bands of 1310 nm and
1550 nm. These designs predict operation with very low energy
per bit (<30 fJ/bit).

Index Terms— Germanium, modulators, optical interconnects,
optoelectronic, quantum wells, quantum-confined Stark effect,
silicon.

I. INTRODUCTION

W ITH power consumption in interconnects becoming
increasingly significant both on-chip and environmen-

tally, it is important to look at possible technologies for
meeting future energy targets [1]. If optical interconnects are
to replace copper wires within the next decade, one study
suggests optical output devices should consume <30 fJ/bit
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and <7 fJ/bit for off-chip and on-chip communication, respec-
tively [1]. It is particularly important to meet these demands
using silicon-compatible materials so the technologies can be
compatible with silicon manufacturing. The III–V compounds
typically used for optoelectronics face many challenges for
integration with silicon (whether using epitaxial growth, wafer-
to-wafer bonding or die bonding); one example is for epitaxial
growth where the groups III and V materials act as dopants
in group IV materials like silicon.

Silicon-compatible optoelectronic modulators can use two
possible effects: electro-refraction or electroabsorption. Com-
mercial research has typically focussed on electro-refraction
using a Mach-Zehnder interferometer (MZI) architecture [2],
[3]. However, since it is difficult to make large index changes
with most electro-refractive mechanisms in Si, these devices
require relatively longer path lengths to achieve the required
phase change (with the shortest path length ∼ 5× longer
than the electroabsorption modulators modeled here). Since the
electro-refractive mechanisms in silicon are relatively energy-
inefficient, energy consumption in such devices is relatively
large, with the lowest reported energy consumption of 5 pJ/bit
at 10 Gb/s [3]. Using the same mechanism, ring resonators
(RR) use strong resonance to create very compact device
structures. These compact devices have demonstrated energies
as low as ∼3 fJ/bit at 12.5 Gb/s [4]. However, due to this
strong resonance, these devices are highly temperature sensi-
tive and need precise temperature tuning that can easily cost an
excess 100 fJ/bit [1], with the state-of-the-art fully integrated
temperature controller consuming <1 mW for ±10 °C [5].

Unlike silicon, germanium has a direct gap at 0.8 eV that
is close to its indirect gap (at 0.66 eV). Consequently, Ge has
demonstrated strong electroabsorption characteristics using
either the Franz-Keldysh effect (FKE) [6], [7] or quantum-
confined Stark effect (QCSE) [8], [9]. These effects are strong
optoelectronic mechanisms and can allow for much more
compact, low-power devices. Due to the ease of fabrication for
the bulk-Ge based FKE devices, they have shown significant
improvement in a short time and show promise for achieving
the low energy per bit needed for off-chip communication.
In 2008, the first demonstration of a modulator device gave
50 fJ/bit, though no high-speed results were reported [6].
More recently, these devices have demonstrated 100 fJ/bit at
12.5 Gb/s operation and 30 GHz bandwidth in a waveguide
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Fig. 1. Components of QCSE and indirect absorption forming SQWEAC.

integrated structure [7]. Given the band gap of Ge, these
devices are limited in operation to the C-band at >1500 nm
as the addition of Si (with a direct gap of 4.0 eV) to
shift the band gap to shorter wavelengths quickly causes
indirect absorption to dominate (thus increasing the insertion
loss).

While they have only demonstrated up to 3.5 GHz operation
[10], [11], Ge QCSE devices use the strongest electroabsorp-
tion mechanism available in semiconductors. With quantum-
confinement in a Ge/SiGe quantum well (QW) heterostruc-
ture, the electroabsorption spectra are enhanced by both the
concentration of the absorption into steps and the particularly
strong excitonic enhancement that, unlike in the FKE, is
retained in the presence of electric fields. This large change
in absorption allows for ultra-compact, low-energy modulators
in Si-compatible materials. Devices with <20 fJ/bit have been
demonstrated and improvement is still expected [11].

With the expectation of meeting future energy and density
requirements through QCSE in Ge QW electroabsorption
modulators, it is important to have the ability to design
devices in an easy and effective manner. Researchers have
modeled this material system using electronic band structures
defined by tunneling resonance [12], tight-binding [13], [14]
and k·p [15]–[17] methods as well as approaches including
excitonic effects using the variational method [16], [17] and
a Green’s function method [18]. Both tight-binding and k·p
methods are computationally and time intensive, which is not
desirable when attempting to design future devices. Tunneling
resonance, however, is a fast and effective method of mapping
the shift in exciton peaks with electric field if nonparabolicity
is added to the Ge direct conduction band [12].

In this paper, we will build on the work from [12] to
fully model the electroabsorption spectra of Ge/SiGe QWs.
To do so, excitonic effects are included with 2D Sommerfeld
enhancement for the above-band gap excitonic enhancement
and the variational method for the below-band gap excitonic
peaks [19]. Since both Si and Ge are indirect band gap
materials, a model for indirect absorption is included to better
simulate the expected insertion loss (IL) in this material
system [20], [21]. After validating the simple quantum well
electroabsorption calculator, or SQWEAC, with a range of
material structures and growth conditions, we present two

possible waveguide modulator designs for operation in the
important communication bands of 1310 nm and 1550 nm.
Unlike for FKE, which is dominated by indirect absorp-
tion at 1310 nm, the excitonic enhancements present in
Ge/SiGe QWs allow for designs at this wavelength while
still maintaining strong enough extinction ratios (ER) for
communication off-chip or on-chip. These designs also operate
within the energy requirements for off-chip optical commu-
nication with speeds that could be >100 GHz as they are
only limited by the resistance-capacitance (RC) time con-
stant (similar to III–V devices that demonstrate speeds up to
500 Gb/s [22]).

We will begin the paper with a discussion of the models
incorporated in SQWEAC. We will then describe the growth,
fabrication and setup used to obtain experimental data, which
is compared with SQWEAC results. Following validation of
the model, we will present the two modulator designs at
1310 nm and 1550 nm.

II. THEORY

In order to model the electroabsorption spectra in Ge/SiGe
QWs, we must include both QCSE with excitonic contribu-
tions as well as indirect absorption. For an in-depth discussion
of the indirect absorption present in this material system, see
Ref. [21]. The theoretical models that make up the QCSE
spectra that contribute to the red dashed line in Fig. 1 include:
(a) Transfer matrix (tunneling resonance) method for the elec-
tronic band structure as well as (b) Sommerfeld enhancement
and (c) variational method for the below-band gap excitonic
peak contributions.

The transfer matrix method, or tunneling resonance method
(originally presented in [12]), determines the quantum con-
finement energies of the Ge/Si1−xGex heterostructure using
boundary conditions where � and (1/m)d�/dz are continuous
at the boundary (� being the envelope wavefunction and m
being the effective mass). While the number of wells varied
from 10 to 60, a single QW (Fig. 2) was used to model all
the QWs since the thickness and height of the barriers are
sufficient to prevent quantum-mechanical coupling between
QWs. The calculation method for the band gaps, offsets and
masses is fully described in [12] and will not be discussed
here. The results from [12] are slightly different only in the
well width as the inclusion of the exciton binding energy
(described later) necessitates a slight ∼0.5 nm reduction of
the fitted well width.

The simulation of the transfer matrix model at various static
electric fields results in wavefunctions of the electrons (�e)
and holes (�h) (which describe the probability of finding an
electron and hole along the growth direction within the well)
and confinement energies for all the relevant transitions and
electric fields. These wavefunctions are used for the variational
method, described later, as well as to determine the step
height of each transition (such as electron 1 to heavy hole 1,
E1-HH1). The step heights are calculated as the modulus
squared of the overlap of the wavefunctions of the relevant
bands involved in the transition (|〈�e|�h〉|2), such as wave-
functions E1 and HH1 for the E1-HH1 transition.
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These step heights, which demonstrate the strength of the
optical absorption, are further augmented in total magnitude
due to the Coulomb attraction of the electrons and holes
(the excitonic effect). The increase in absorption for photon
energies above the start of the steps due to excitonic effects is
described by the 2D Sommerfeld enhancement factor given in
Eq. (1). Due to selection rules from the conduction to the light
hole (LH) and HH bands, the E-LH transitions are reduced by
a factor of three compared with the E-HH transitions with
the assumption that the electric vector of light is polarized
in the plane of the QWs (TE mode) [23]. These Sommer-
feld enhanced steps are shown by the dashed green line in
Fig. 1

S2D(ε) = 2
[
1 + ex p

(−2π/
√

ε
)] (1)

Ry = μq4

8h2(εrε0)2 (2)

where ε refers to the energy normalized in exciton Rydbergs

above the start of each step,
√(

h̄ω − Estep
)
/Ry . The exciton

Rydberg energy for Ge is calculated with Eq. (2), where
μ is the reduced effective mass between the relevant bands
(such as E-HH), q is the charge of an electron, h is Planck’s
constant, εr is the relative permittivity and ε0 is the free space
permittivity [24].

Following calculation of the Sommerfeld enhanced tran-
sition step, the variational method is used to determine the
strength and location in energy of the 1S exciton [23], [25],
[26]. (We neglect exciton bound states other than the 1S,
presuming we can effectively fold their contributions into
the 1S exciton absorption in practice. No other such bound
states are resolved spectrally.) Following [26], when the static
electric field is applied perpendicular to the plane of the QWs
(parallel to the growth direction), the energy associated with
the Coulomb attraction between the electrons and holes, or the
binding energy, can be represented by two summed energies,
EB = EK Er + E P Er , for the kinetic and potential energy
components. The kinetic and potential energies in Joules can
be represented by Eqs. (3) and (4), where h̄ = h/2π , λ is the
effective Bohr-radius of the exciton, � is the full wavefunction
and Ve,h(r, ze, zh) is the potential given in Eq. (5)

EK Er = h̄2

2μλ2 (3)

E P Er = 〈�|Ve−h |�〉 (4)

Ve,h(r, ze, zh) = −q2

4πεrε0(|ze − zh |2 + r2)1/2 (5)

where r is the relative position of the electron and hole in
the plane of the QW while ze and zh are the coordinates
perpendicular to the plane (parallel to the growth direction).

Here we have assumed we can write the full wavefunction as
separable wavefunctions that is the product of the electron (�e)
and hole (�h) wavefunctions in the direction perpendicular to
the layers (evaluated here by the tunneling resonance method)
and a relative motion electron-hole wavefunction in the plane
of the layers (U ). We are assuming for variational purposes
that the electron-hole wavefunction has the form of a 1S-like
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Fig. 2. Energy band diagram of Ge/SiGe quantum wells.

orbital in the xy plane as given in Eq. (6)

U(r) =
(

2

π

)1/2 1

λ
e−r/λ (6)

|Ueh(0)|2 ∝ 2

π
| 1

λ
|2. (7)

By minimizing the binding energy in such a variational
approach, we can deduce the effective exciton radius, λ.
Knowledge of λ allows us to deduce the scaling of the factor
|Ueh(0)|2 in Eq. (7). The location of the exciton peak is the
valence subband to conduction subband separation energy,
(Eeh in Eq. (8), as determined by transfer matrix method)
less the binding energy (EBeh in Eq. (8), as determined by the
variational method). The strength of the 1S exciton absorption
peak (i.e., the area under it in the absorption spectrum) is
proportional to the product of |Ueh(0)|2 (normalized to the
strongest E1-HH1 transition at zero electric field, |U0(0)|2)
and the step height (given by |〈�e|�h〉|2 [26]) with a 2.7×102

empirical scaling factor given by C in Eq. (8). (This scaling
also presumes we can include the effects of any higher
bound exciton states into this one approximate calculation.) As
electric field is applied the step height will change, but so also
will the (variationally determined) exciton effective radius, λ,
leading to a further reduction in the exciton absorption peak
area. For simplicity in our model, we treat the exciton peaks
associated with the different valence to conduction subband
pairs as if the exciton binding energy and radius was the same
for each such pair. This is not strictly correct microscopically
- in principle the exciton waveform and energy should be
separately calculated for each valence and conduction subband
pair - but we wish to keep the model relatively simple and such
higher energy transitions are usually of less importance for
device operation anyway. The final peak shape is defined by
the inclusion of the empirically determined full width at half
maximum (FWHM) that sets the width of the corresponding
absorption line (given by the parameter � in Eq. (8)). For
the line shape, we have empirically chosen to use a hyper-
bolic secant (sech) function because of its relatively good
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agreement with experimental data. The FWHM includes
homogeneous (e.g., from ultrafast carrier lifetimes [27]) and
non-homogeneous broadening contributions (e.g., from well
width fluctuations [19]). Characteristic exciton absorption
peaks calculated this way are shown in Fig. 1 with the solid
black line.

The same hyperbolic secant function is also used to con-
volve with the transition step since it is unphysical to have a
sharp change in the electroabsorption profile because of short
carrier lifetimes and layer thickness fluctuations. As a model
approach therefore, we presume the same broadening effects
apply both to the exciton absorption peak and to the other
absorption processes, an approach that is at least reasonable
as a first physical modeling approximation. This convolution
is given by the dashed-dot black line in Fig. 1 (and the third
line of Eq. (8)). The sum of the convolved steps and the
effective 1S exciton peaks provides the QCSE spectra given
by the dashed red line. The overall magnitude of the final
simulated QCSE spectra has been scaled by an empirical factor
of 3.3 × 10−9 for the E-HH (h = H H ) transitions and a third
that value for the E-LH (h = L H ) transitions (Bh in Eq. (8))
to fit experimental data with units of cm−1. Using this factor,
we can fit electroabsorption data for a wide range of quantum
wells and growth conditions as shown in Section IV.

The last model in SQWEAC is the indirect absorption (solid
red line in Fig. 1 and αindt in Eq. (8)), which is dominated
by the Ge well material and is modeled following [20] with a
27.7 meV phonon energy. An in-depth discussion, including
experimental data from photocurrent measurements, is given
in [21]. Adding QCSE and indirect absorption gives the full
simulated electroabsorption profile of the Ge/SiGe QWs at
a given electric field. From experimental capacitance-voltage
(CV) data, we found that the variation of electric field within
the intrinsic region can be rather large (up to ∼1 V/μm) due
to background doping of up to 1016 cm−3. To compensate
for this variation, we average three electroabsorption profiles
corresponding to electric fields at the middle and edges of
the i-region (given by the summation over t with T = 3 in
Eq. (8)). The final SQWEAC calculation of the electroabsorp-
tion spectra at any electric field is given by Eq. (8)

αtotal =
1

T

∑T
t=1

{
∑

e,h

[
Bh |〈�et |�ht 〉|2 ×

(
C

|Ueht (0)|2
U0(0)|2

×Assech

(
E−Eeht −EBeht

�t

)

+ ∫ ∞
Eeht

S2D (E0) Assech
(

E−E0
�t

)
d E0

)]

+αindt (E)

}
(8)

where As is a normalization term for the hyperbolic secant
function so Assech(·) has unit area, the summation over
e and h is the sum over all electron and hole subbands
of interest in our spectral range (including both light and
heavy hole subbands) and E is the photon energy. Our model
therefore has three empirically determined parameters, Bh ,
C , and �t . Once chosen, the same values for Bh and C are

TABLE I

SAMPLE QW DESIGNS EXPERIMENTALLY TESTED AND COMPARED WITH

SQWEAC. L1 GROWTHS WERE AT 500 °C WHILE Y GROWTHS WERE AT

400 °C. SAMPLES WERE STRAIN BALANCED TO THE VS WITH THE

REPORTED VALUES DETERMINED BY SQWEAC AND

EXPERIMENTAL STUDY

Thickness (nm) Composition (%Ge) Number of

Well Barrier Well Barrier VS QW periods

L1G1 15.6 40 (±4) 100 84 91 10

L1G5 14.0 ∼35 100 85 91 60

L1G6 19.5 ∼45 100 86 91 10

L1G7 23.3 ∼50 100 84 91 10

Y14 9.7 ∼16 100 86 90 15

Y19 9.8 ∼16 100 86 90 15

Y20 9.5 ∼16 100 86 90 15

used in all simulations for different samples. We change �t

as necessary for the samples due to differing well widths that
may show different amounts of broadening from well thickness
variations, and such thickness variations may also change from
sample to sample.

III. GROWTH, FABRICATION AND EXPERIMENTAL SETUP

To validate our approach, which we call the Simple Quan-
tum Well Electroabsorption Calculator, or SQWEAC for short,
we took experimental data from the range of growths and
material designs presented in Table I. (These numbers reflect
the actual growth thicknesses of the samples. L1 growths for
the wells, barriers and the virtual substrate were 150% to 200%
thicker than designed depending on composition.) We will
first discuss the technique used to measure absolute absorption
spectra followed by a description of the material designs used
to compare with the SQWEAC simulations.

A. Sample Growth and Fabrication

The samples we will compare were grown in two dif-
ferent epitaxial reduced-pressure chemical vapor deposition
(RPCVD) machines at temperatures of 400 °C and 500 °C
for the Y and L1 samples, respectively. A layer of B-doped
Si1−zGez of either ∼600 nm or ∼1 μm thickness (Y and L1,
respectively) was grown in two stages with higher temperature
anneals at ∼800 °C to reduce defect propagation into the active
material and to create the virtual substrate (VS). For the L1
samples, a thin intrinsic spacer layer (∼50 nm) of the same
composition was grown prior to and following the quantum
well (QW) region. The QW region consisted of a periodic
structure of Ge/Si1−xGex with a range of thicknesses. The
final structure was capped by an As-doped Si1−zGez layer
to form the pin diode. The compositions and thicknesses for
the L1 and Y samples are presented in Table I. The L1
growths had thicknesses that far exceeded (∼2x) the thickness
specified by the original design, likely causing the structure
not to be properly strain-balanced. However, even the samples
with many quantum wells (such as L1G5) and thus very thick
(∼3 μm) intrinsic regions still showed good QCSE behavior
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Fig. 3. Example QW structure in a pin diode used for photocurrent
measurements.

[28]. We used measured overall thicknesses in calculating
electric fields and absorption coefficients.

Following epitaxial growth, the photodiode mesas were
lithographically defined and samples were etched to form
a square mesa structure. Deposition of Ti/Al or Ti/Au ring
contacts on the top and bottom of the mesa formed the n-
and p-contacts (with ∼60 	 resistance, a sufficiently small
value to neglect in electric field calculations) as shown in
Fig. 3.

B. Experimental Setup

The experimental setup consisted of a tapered fiber tip lens
to focus light, with an angular spread between 10° and 45°
from normal to reduce Fabry-Perot fringes, onto the surface of
the square mesa device. The data was calibrated to determine
the amount of light that enters the device. The light sources
were continuous wave lasers that gave a wavelength range of
1369 nm to 1641 nm (Agilent/HP 8164A). The full absorption
spectra were taken using a lock-in (SRS830) with the laser
being chopped at the source to give the necessary modulation
for the lock-in and a low noise current pre-amplifier (SRS570)
for supplying voltage and converting the photocurrent to volt-
age for measurement. These spectra were scaled to absolute
absorption by measuring the d. c. photocurrent at specific
wavelengths and voltages where there was a large contrast
between light and dark d. c. current (ilight , idark) on a
parameter analyzer (HP4145B). By separately measuring the
absolute incident power (P0) at these points, we can convert
the resulting currents to the percent of light absorbed in the
material using Eq. (9), where Pabs is the absorbed intensity
of light and λ is the wavelength of the light. The (effective)
absorption coefficient (or attenuation coefficient, α, in cm−1)
can be deduced using Eq. (10), where L is the thickness
of the intrinsic region as determined by CV measurements.
Hence, our effective absorption coefficients here are based on
the entire thickness of the intrinsic region, which includes
the well and barrier material (as well as spacers for the L1
growths)

Pabs

P0
= (ilight − idark) · 1.24

λ
· 1

P0
(9)

Pabs

P0
= 1 − e−αL . (10)

IV. COMPARISON OF SQWEAC WITH EXPERIMENT

Using the simple calculator described in the theory section,
we have compared the results against experimental data for L1
and Y samples (Table I). Figure 4 compares SQWEAC to the
experimental results from Y14 and L1G1, which had different
quantum well widths, compositions, growth temperatures and
number of periods of QWs.

In order to model these very different test samples, we fit the
transitions (E1-HH1, E1-HH2 and E2-HH1) by adjusting the
well width, substrate composition and barrier composition. A
very small range of values exist that can fit all these transitions
and thus are essentially not free variables. Reference [12]
gives typical ranges for these variables that still result in a
good fit for all the transitions from experimental data. As
an example of variation in growth, Y14, Y19 and Y20 were
all originally designed to have a 10 nm well, but actual well
widths ranged from 9.5 nm to 9.8 nm while the concentration
of the substrate and barrier remained consistent. Following
modeling of the transitions, the full electroabsorption profile is
defined by adjusting the full width at half maximum (FWHM)
to match that of experimental data. Typical values for the
FWHM range from ∼12 meV (Y samples) to ∼16 meV (L1
samples) depending on the growth technique. We expect this
variation for the different growths as many factors contribute
to the linewidth (FWHM) of our hyperbolic secant profile.
First, we know there must be a homogeneous component of
∼3.6 meV from the known short lifetime of carriers in the
central (direct) Ge conduction band valley [27]. Second, we
expect there will be contributions from well width fluctuations,
strain inhomogeneity from well to well (which may well occur
in the L1 growths), and non-uniformity of the electric field
across the i-region. The slight roughness due to the initial
lattice mismatch between Si and the VS can propagate to
cause <1 nm variations in well thickness (as evident in the
Y growths) and thus a broadening of the FWHM. The same
well width fluctuations within a well affect small wells much
more than large wells as a change of 0.1 nm is a much larger
fraction of the well width for a small well, and confinement
energies also tend to vary quadratically with the inverse of the
well width.

SQWEAC gives very good agreement with the typical quan-
tum well thickness of 10 nm (Fig. 4a). Even as we increase the
well size to ∼15.5 nm, we find good agreement between sim-
ulation and experiment (Fig. 4b). It is evident in SQWEAC as
we move away from zone center (to higher energy transitions),
the simulation does not fully predict the absorption in the
experimental data. The first reason, especially for wider wells,
is the tunneling resonance model does not simulate unbound
states (for example, in Fig. 4b we do not simulate higher
energy transitions at the largest electric field). Consequently,
any transitions that are no longer bound (typically at larger
electric fields) will not be included. The second reason for
this difference is likely due to the known mixing of the s- and
p-like unit cell states away from zone center. This mixing is
calculated in the more sophisticated k·p [15] and tight-binding
[13] models, which evaluate the entire momentum space and
thus give better agreement at higher energies. For modulator
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Fig. 5. (a) COMSOL simulation showing optical power overlap with the QWs of ∼57%. (b) Waveguide design giving <8 fJ/bit.

design, the longer wavelength (lower energy) spectra to the
first transition edge are the most important for deducing
performance. SQWEAC has strong predictive power for these
lower energy electroabsorption spectra and given the speed
of simulation with the ability to include (or exclude) relevant
physical properties, it is a very useful calculator to design
electroabsorption modulators that can operate in the important
communication wavelengths. In the next section, following a
discussion of design considerations, we will present designs
for 1310 nm and 1550 nm modulators expected to operate at
ultralow power and high speed.

V. 1310 nm AND 1550 nm DESIGNS

Having demonstrated the viability of SQWEAC for pre-
dicting electroabsorption spectra for a range of quantum
well widths and growth conditions, we can now implement
SQWEAC to design electroabsorption modulators (EAMs)
that can operate at the important communication wavelengths
around 1310 nm and 1550 nm. In order to operate at these
wavelengths, we must adjust the initial quantum well design
from its nominal ∼1450 nm operating wavelength. The mate-
rial design choices include changing the composition of the
substrate, barrier or even the well and adjusting the well width.
We will begin this section by stepping through the effect
of changing these four design components to shift operation

toward 1310 nm. We will then present the final 1310 nm and
1550 nm designs intended to operate with <30 fJ/bit of energy.

In order to compare each of the four design choices, we will
use the waveguide architecture presented in Fig. 5. Beginning
with a silicon waveguide of 450 nm thickness and 400 nm
width on oxide, a selective area 20 μm long is presumed to
be etched to within 50 nm of the buried oxide to provide
a Si(100) substrate for growth. Oxide is deposited on the
vertical walls of the Si waveguide to prevent lateral growth
(as previously demonstrated by Ren, et al [29]). The material
would be selectively grown using reduced-pressure chemical
vapor deposition (RPCVD) in a window that is wider than
400 nm. This dimension would provide a p-doped contact
region (50 nm thick) as shown in the waveguide cross-section
in Fig. 5a. In the same manner as presented in [30], the p-
doped Si1−zGez virtual substrate can be alternately grown and
annealed to a total thickness of 125 nm selectively within the
growth window. While the 125 nm virtual substrate (VS) is
quite thin in comparison to previous published growths (such
as [12], [31]), selective area growth of a thin 150 nm VS has
still demonstrated QCSE [32]. Following the VS, a periodic
structure of n well/barrier pairs of Si1−yGey /Si1−xGex layers
would then be grown to a thickness of 150 nm (where y is the
composition of the well material and x is that of the barrier).
The number of periods, n, is dependent on the composition
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Fig. 6. FOM for the five design changes: Design 1 of nominal 10 nm pure
Ge wells, 15% Si barrier, and 10% Si buffer, n = 5 (solid black), Design 2
with reduced 8 nm Ge well, n = 6 (dashed black), Design 3 with increased
Si buffer of 13%, n = 2 (solid blue), Design 4 with increased Si barrier to
20%, n = 8 (dashed blue) and Design 5 with addition of Si in the well of
1%, n = 5 (solid red) compared with the FOM = 1.6. The zero points here
refer to sign changes where the normally on-state becomes the off-state.

of the substrate, barrier and well material in addition to the
well width choice for the 1310 nm and 1550 nm designs
to maintain 150 nm total quantum well/barrier thickness and
strain balancing. The final material would then be capped by
a 125 nm n-doped Si1−zGez to form the pin diode. Both n-
and p-regions are designed with a doping concentration of
1018 cm−3 and the corresponding loss from (below band gap)
absorption in doped materials is included according to the loss
profile curves provided in [33], [34]. Following growth, the
structure would be polished and etched to form the waveguide
mesa. Oxide protection followed by contact vias and metal
deposition would finalize the structure for testing. Simulations
using COMSOL determined the overlap of the first-order
optical mode (the only one present in these waveguides) with
the QW region to be 58% and 57% of the total power for
1310 nm and 1550 nm wavelengths, respectively. The CV 2

energy consumption of such a 20 μm long waveguide using
0 V and 1 V biases (∼4 V/μm and ∼10.5 V/μm) is <8 fJ/bit
(or ∼0.4 fF/μm), which meets the energy requirements of even
the shortest distance optical interconnects [1]. CV 2 would be
the minimum total electrical energy to turn the modulator
on and off again; under non-return-to-zero modulation, the
average dissipated energy per bit would be half this number.
Where possible, devices are designed for operating voltage
swings of 1 V, a number that is compatible with direct drive
by CMOS logic. In general with electroabsorption modulators,
there is an additional dissipation energy E pc from the elec-
trical flow of the photogenerated charge through the device.
This electrical dissipation will be ∼V × Q where V is the
operating voltage and Q is the total photogenerated charge.
The photogenerated charge in turn is bounded by the total
optical energy being absorbed, Emod , divided by the photon
energy in electron volts (h̄ω/q) (we cannot generate more
charge than would result from the total absorption of the
input optical energy). So, the photocurrent dissipation energy
is � (Ve/h̄ω)Emod . If the operating voltage V is comparable
to the photon energy in electron volts, then this photocurrent

TABLE II

QW DESIGNS DISCUSSED (DESIGNS 1–5) FOR SHIFTING TO 1310 nm

OPERATING WAVELENGTH. ALSO PRESENTED ARE FINAL 1310 nm AND

1550 nm DESIGNS (VS). THE NUMBER OF QUANTUM WELLS IS

DESIGNED TO FIT WITHIN THE 150 nm INTRINSIC THICKNESS

(FOR ∼0.4 FF/μM) AS GIVEN IN THE DESIGN IN FIG. 5

Design Thickness (nm) Composition (%Ge) Number of

Well Barrier Well Barrier VS QW periods (n)

1 10 20 100 85 90 5

2 8 16 100 85 90 6

3 10 65 100 85 87 2

4 10 10 100 80 90 8

5 10 18 99 85 90 5

1310 nm 7 4.2 99 75 90 13

1550 nm 14 7 100 85 95 7

electrical dissipation energy E pc is comparable to the optical
energy being absorbed. Specifically, for our two designs below,
we would have, for 1 V drive and 0.8 eV (1.55 μm) photons
E pc � 1.25Emod , and for 2 V drive and 0.95 eV (1.3 μm)
photons, E pc � 2.1Emod . If we presume the system is run so
that the modulator is on the average absorbing approximately
half the input power, we can see in general that, under these
conditions of relatively low operating voltage, the modulator
photocurrent dissipation is comparable to or smaller than the
input optical power being modulated. Hence, for such drive
voltages, the photocurrent power dissipation is comparable
to input optical power, roughly independent of the power
being modulated. For larger bias voltages, beyond those in
our designs below, photocurrent dissipation could become a
dominant source of power dissipation, however. In the kind
of balanced system design envisaged in Ref. [1], 10 fJ of
optical energy would be modulated by a modulator with 1 V
drive and 10 fF capacitance, so ∼10 fJ CV2 energy, leading
to ∼ 1 fJ received optical energy after a total system loss of
∼10 dB. Such a 1 fJ/bit received energy is compatible with a
receiverless (i.e., no input voltage amplification) design with a
low (∼ 1 fF) front end photodetector/transistor capacitance in
an integrated technology. The photocurrent energy dissipation
with 1 V drive would also then be � 10 fJ. In the energy
numbers below, we will quote only the CV2 energies because
the photocurrent dissipation energy depends on the design of
the rest of the system, but the reader should understand there
is such additional dissipation following our discussion here.

Parameters for various designs are given in Table II. In order
to shift the operating wavelength from the nominal ∼1450 nm
(Design 1, similar to Y14) toward 1310 nm, we can decrease
the well thickness (Design 2) or increase the Si content in the
substrate (Design 3), barrier (Design 4) or even well material
(Design 5). To compare these designs with the nominal design,
a figure of merit (FOM) defined as the change in absorption
divided by the absorption (
α/α), which is equivalent to the
extinction ratio over the insertion loss (ER/IL, where the IL is
just the material loss), is used as it is independent of the length
of the waveguide (given in Fig. 6). (Here by absorption we
mean an effective absorption coefficient or equivalently the
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Fig. 7. 1310 nm modulator design with 7 nm well composed of Si0.01Ge0.99/Si0.25Ge0.75 well/barrier on Si0.1Ge0.9 VS (n = 13). (a) ER and IL and
(b) FOM (ER/IL) for both 0 V and 0.6 V pre-bias with 2 V swing if it was in the waveguide architecture presented in Fig. 5, but with a 6 μm length instead
of 20 μm. Corresponding energy consumption would be ∼10 fJ/bit to ∼15 fJ/bit for the 0 V and 0.6 V pre-biases, respectively.

transmission of the structure expressed in logarithmic units,
such as decibels.) For shorter distance communication, we
will use a target of >5 dB ER and <3 dB IL (or FOM
>1.6). Such choices represent a reasonable balance between
requiring significant contrast between the two states (a factor
>3.3) while limiting the background loss to no more than 50%.

Design 2 shown by the dashed black line in Fig. 6 demon-
strates the effects of reducing the well width to 8 nm (keeping
all other parameters constant). This reduction increases the
overlap of the electron and hole, even at high electric fields,
but also reduces the shift in energy with field. With design 2,
we are now able to fit 6 QWs in the 150 nm region (vs. 5 in
the nominal design), increasing the ER. However, since the ER
peak has a smaller shift towards longer wavelengths and the
IL increases with the overall shift toward shorter wavelengths
(by ∼50 nm), we see an overall reduction in the FOM.

Adjusting the substrate composition to have more Si, as in
Design 3 (solid blue line in Fig. 6) results in a much thicker
barrier to maintain strain balancing. Consequently, only two
periods of QWs can fit within 150 nm, causing the ER and
FOM to reduce drastically without a strong shift to shorter
wavelengths. However, increasing the Si in the barrier to 20%
leads to a reduction in barrier width from 20 nm to 10 nm
and thus an increase in the number of QWs to n = 8.
For design 3, the ER increases significantly, though the shift
to shorter wavelengths is minimal (as that shift only results
from a slightly higher quantum confinement). It is clear that
the effect of increasing the density of wells in the intrinsic
region has a strong impact on the performance of the device
with a slight increase in the FOM despite shifting to shorter
wavelengths (dashed blue line in Fig. 6). Thus, an increase of
Si composition in the barrier (within growth constraints) and a
decrease in barrier thickness (maintaining a thickness in which
coupling between wells does not dominate) is beneficial for
future designs.

The final design is to put a small amount of Si in the well
material (as opposed to leaving it as pure Ge). Since Si has a
very large direct band gap of 4.0 eV, only a very small fraction
is needed to shift toward higher energy (shorter wavelength).

Design 5 shows the effects of the addition of 1% Si in the well
material (solid red line in Fig. 6). Similar to the 8 nm well
from Design 2, the addition of 1% Si shifts the wavelength by
∼50 nm though it gives a slightly smaller FOM. Unlike for
the 8 nm well, the ER is slightly similar and number of QWs
remains the same as the nominal design with a slight increase
in the IL due to increasing indirect absorption at the shorter
wavelengths (thus causing the reduction in the slight FOM).

To design a 1310 nm modulator, we can induce a strong
shift in wavelength from ∼1450 nm to ∼1310 nm (a shift
of ∼140 nm) by reducing well width (to 7 nm) and adding
Si (1%) to the well. The ER is improved by increasing in
the number of QW periods (n = 13) due to higher Si barrier
composition. Despite these design modifications, the insertion
loss at 1310 nm from the indirect band edge is very strong.
Thus, to achieve the FOM of >1.6, we use a 2 V swing with
either 0 V or 0.6 V pre-bias. With the stronger absorption (in
both the on and off states), we can reduce the device length
from 20 μm to 6 μm, giving energy dissipation of 10 fJ/bit and
15 fJ/bit for the 0 V and 0.6 V pre-biases, respectively (Fig. 7).
The expected field across this device is quite high at 17 V/μm
and 21 V/μm, though equivalent fields have been achieved
with this Ge quantum well material system using selective
area growth [30]. We can adjust the operating wavelength from
1300 nm to 1322 nm using the different pre-bias voltages while
still maintaining the FOM criteria of 1.6 as shown in Figs. 7a
and 7b. At the 6 μm length, the wavelength of operation would
be between 1304 nm to 1317 nm while maintaining an ER
> 5 dB and an IL < 3 dB. For this 1310 nm device, the energy
consumption is much lower than the total energy of other Si-
compatible modulators (if one includes the total power to tune
resonator devices to any desired operating wavelength) at this
wavelength of operation. It is not obvious that a viable FKE
modulator can be constructed for 1310 nm in the SiGe material
system. The indirect absorption is relatively much stronger at
1310 nm than at 1550 nm for both FKE and QCSE, but for
FKE we do not expect larger absorption changes in the bulk
SiGe material needed to push the direct absorption edge to
this range.
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Fig. 8. 1550 nm modulator design with 14 nm well composed of Ge/Si0.15Ge0.85 well/barrier on Si0.05Ge0.95 VS (n = 7). (a) ER and IL. (b) FOM (ER/IL)
for 0 V pre-bias with 1 V swing if it was in the waveguide architecture presented in Fig. 5, but with a 60 μm length instead of 20 μm. Corresponding energy
consumption would be ∼24 fJ/bit.

The flexibility of this QCSE material system also allows
for the design of a (room temperature) 1550 nm modulator
as shown in Fig. 8. In order to shift the operating wavelength
toward longer wavelengths, we can reduce the compressive
strain in the well material (and thus the direct band gap) by
decreasing the Si composition in the VS from 10% to 5%
(previously done experimentally by Kuo, et al [9]). To further
shift toward lower energy (longer wavelength), we can increase
the well width from 10 nm to 14 nm. We see the trend of a
slight improvement in the FOM spanning a large wavelength
range of ∼50 nm from 1511 nm to 1563 nm (Fig. 8b).
Slight improvement of the FOM is expected since the indirect
absorption becomes less dominant at longer wavelengths (in
contrast to its substantial increase as we shift toward 1310 nm).
With the lower total absorption at 1550 nm, this device is
slightly longer (60 μm) with a total energy consumption of
∼24 fJ/bit. At this design length, the wavelength operation
would be 1514 nm to 1550 nm for ER > 5 dB and IL < 3 dB.
Further improvement in energy consumption could occur with
increased Si in the barrier (which would reduce the barrier
thickness), increasing the number of QWs in 150 nm. More
QWs would increase the overall absorption and thus reduce
the length of the device to maintain ER and IL.

VI. CONCLUSION

We have created a simple modeling approach, SQWEAC,
which includes the various major physical effects present
in the Ge QW material system and effectively fits the first
transition (E1-HH1) for a range of material designs and
growth conditions. For thinner wells, we experimentally see
a strong enhancement in absorption due to excitonic effects
while for larger wells we see that the excitonic effects are
slightly weaker as predicted. While more sophisticated models
exist for calculating the electronic band structure (e.g. k·p
and tight-binding) or for including excitonic effects (e.g. the
Green’s function method), SQWEAC incorporates all of the
relevant physical effects present in experimental structures,
while improving the calculation speed. We found that indirect
absorption, spectral broadening and the 1s exciton have a
strong role in the electroabsorption spectra. The reliability and

speed of SQWEAC enables optimization of Ge-based quantum
well structures for CMOS compatible low-power, high-speed,
compact electroabsorption modulators. We have presented
two such modulator designs that are predicted to operate at
the important communication wavelengths of 1310 nm and
1550 nm with very small CV2 energy consumption of 10 fJ/bit
and 24 fJ/bit, respectively. The Ge/SiGe quantum well material
structure in combination with SQWEAC provides a flexible
platform for designing a wide array of modulator devices.
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