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Germanium has become a promising material for creating CMOS-compatible opto-
electronic devices, such as modulators and detectors employing the Franz-Keldysh
effect (FKE) or the quantum-confined Stark effect (QCSE), which meet strict energy
and density requirements for future interconnects. To improve Ge-based modulator
design, it is important to understand the contributions to the insertion loss (IL). With
indirect absorption being the primary component of IL, we have experimentally de-
termined the strength of this loss and compared it with theoretical models. For the first
time, we have used the more sensitive photocurrent measurements for determining
the effective absorption coefficient in our Ge/SiGe quantum well material employing
QCSE. This measurement technique enables measurement of the absorption coef-
ficient over four orders of magnitude. We find good agreement between our thin
Ge quantum wells and the bulk material parameters and theoretical models. Similar
to bulk Ge, we find that the 27.7 meV LA phonon is dominant in these quantum
confined structures and that the electroabsorption profile can be predicted using the
model presented by Frova, Phys. Rev., 145 (1966). Copyright 2011 Author(s). This
article is distributed under a Creative Commons Attribution 3.0 Unported License.
[doi:10.1063/1.3646149]

I. INTRODUCTION

Optical interconnects have the potential to alleviate the interconnect bottleneck by meeting
future density and energy requirements.1, 2 However, in order to replace electrical interconnects with
optical solutions, we need to meet strict off-chip and on-chip power requirements for the optical
output devices (e.g. a modulator with an off-chip laser)), which one author predicts to be as little as
<30 fJ/bit (off-chip) and <7 fJ/bit (on-chip).1 To meet these targets by 2022, we need to employ
very strong optoelectronic mechanisms, such as the Franz-Keldysh effect (FKE)3, 4 or the quantum-
confined Stark effect (QCSE).5 Typically, these strong mechanisms have only been demonstrated in
direct band gap group III-V materials. III-V materials, however, present a particular challenge for
integrating them with CMOS chips as they act as dopants in Si.

Recently, however, the Ge and SiGe material systems have shown great promise by demon-
strating both FKE and QCSE, despite being indirect band gap materials. In 2008, Ge showed initial
promise in using FKE for modulation with only 50 fJ/bit of energy consumption.6 Since then,
Ge-based FKE modulation has achieved 12.5 Gb/s modulation, a 3 dB bandwidth of 30 GHz with
only 100 fJ/bit of energy consumption in an integrated Si waveguide architecture.7 In 2005, QCSE
was first demonstrated in Ge/SiGe quantum wells8, 9 with initial results showing the possibility of
modulation.10, 11 While it has not yet been tested under digital modulation to such high speeds,12, 13

power consumption has already met 2022 off-chip energy targets of <20 fJ/bit through tight in-
tegration with a Si waveguide.13 Ge-based optoelectronic modulators employing FKE and QCSE
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show great promise in meeting the strict energy requirements with high speed operation needed to
alleviate the future interconnect bottleneck.

While Ge-based modulators have the potential to alleviate the interconnect bottleneck with
strong electroabsorption mechanisms and tight CMOS integration, they do have an added insertion
loss over typical III-V modulators. This additional loss is largely due to indirect absorption and
it is important to fully understand this mechanism in detail to optimize future modulator designs
in Ge or GeSi. While bulk Ge and Si have been extensively studied with respect to their indirect
absorption,14–20 how this absorption changes in a quantum well (QW) heterostructures (for QCSE
devices) has not yet been similarly investigated. Only one published paper shows the presence of
the longitudinal acoustic (LA) phonon in Ge/SiGe quantum wells with the same energy as that of
the bulk material.21

In this paper, we present experimental results for Ge indirect absorption using a more sensitive
photocurrent measurement technique. This technique enables us to measure effective absorption
coefficient over 4 orders of magnitude, from >103 cm−1 to a few tenths of a cm−1, and across a broad
wavelength range, from 1200 nm to ∼1950 nm, with one sample. Typical transmission measurements
used to determine such a range of absorption coefficients would need multiple samples with various
thicknesses (thick samples for small coefficients and thin samples for large coefficients). Very thick
samples are especially difficult for quantum well growth. The ability to experimentally determine
using photocurrent a large range of absorption coefficients over a broad wavelength spectrum allows
a detailed quantitative comparison with theoretical models and gives empirical absorption data for
device design. Because the technique is sensitive only to those absorption mechanisms that give rise to
photocurrent, other background loss mechanisms that do not generate free carriers are experimentally
eliminated from the measurements. We compare these results with theoretical models and find good
agreement with the model presented by Frova, et al.,19 with a 27.7 meV phonon energy consistent
with bulk Ge.15 By validating the model for indirect absorption out to very long wavelengths, we
can then deduce the effect of indirect absorption at wavelengths shorter than 1600 nm (where other
absorption mechanisms are present). Understanding of the relative contribution of indirect absorption
to insertion loss of possible Ge/SiGe QCSE electroabsorption based modulators is critical in future
device design. Detailed understanding of the strength of the indirect absorption tail is also important
for the design of any electro-optic devices based on the refractive index changes that are associated
with the electroabsorption since such absorption will limit the usable length of waveguide electro-
optic devices or the Q of resonator structures. We will first present the experimental setup prior to
the theory of modeling indirect absorption for our Ge/SiGe QWs. We will then compare our theory
with the experimental results followed by a discussion and a conclusion.

II. EXPERIMENTAL SETUP

Photocurrent measurements, one of the more sensitive methods of determining interband absorp-
tion, were completed using a tunable optical parametric oscillator (OPO) light source to access the
wavelength range of 1200 nm to ∼1950 nm. In this section, we will describe both the experimental
setup as well as the test material.

Using the optical signal from a tunable OPO system (Opotek Opolette 355 II) that is spectrally
filtered to remove sub-750 nm wavelengths (the idler beam of the doubly resonant OPO cavity),
we performed spectral absorption measurements from 1200 nm to ∼1950 nm. The optical signal
is spatially filtered, strongly attenuated with neutral density filters, and focused on the sample to
∼10 μm diameter spot size with a reverse Cassegrain reflective objective. Such an objective, being
reflective, is non-dispersive over this broad wavelength range, so the focus position is independent of
wavelength. Under reverse bias voltages ranging from 2.5 V to 22.5 V using an external DC power
supply (HP6612C), photocurrent was extracted and amplified using a Stanford Research Systems
(SRS570) low-noise current amplifier. In order to avoid changes in the electrical bandwidth with
gain in the SRS570 amplifier, the transconductance of the amplifier was fixed at 20 μA/V throughout
the experiment. The signal was then integrated over a period of 6 μs to coincide with the OPO pulses
using a Stanford Research Systems (SRS250) boxcar integrator. The measurements were performed
under low power such that the photocurrent showed a linear response to optical power. In order to
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calibrate and normalize the curves to the optical power, the output of the OPO was measured before
the focusing objective and all the neutral density filters were calibrated individually using both the
OPO over the entire wavelength range and a continuous wave light source from 1380 nm to 1480 nm
(Agilent 8164A). The Cassegrain objective was calibrated using the continuous wave light source
and the experimental results agreed well with the manufacturer’s provided spectral loss curve. The
final absolute spectra were scaled using d. c. photocurrent measurements with external efficiency
maximized on a parameter analyzer (HP4145B) with the low-noise continuous wave laser source
swept in steps of 10 nm from 1380 nm to 1480 nm. The final spectra (taken in 1 nm increments)
were smoothed through averaging over 11 nm of wavelength as well as time-averaging to reduce the
effects of noise from the OPO source.

The sample tested was a 100 μm ×100 μm square mesa with 60 periods of Ge/SiGe QWs
in an intrinsic region. Starting with a Si(100) wafer, a virtual substrate (VS) of B-doped Si0.1Ge0.9

was grown beyond the critical thickness at 500◦C. Subsequent growth and anneals (∼800◦C) help
to prevent the defects from propagating into the active device material. Following the B-doped
Si0.1Ge0.9 VS of ∼1 μm of thickness, a thin ∼50 nm intrinsic spacer layer of the same composition
is inserted prior to and following the growth of 60 periods of ∼14 nm pure Ge wells and ∼35 nm
of Si0.15Ge0.85 barriers. The entire structure is capped by an As-doped Si0.1Ge0.9 layer. The final
thickness of the epitaxial growth was measured at 5.3 μm, in which the intrinsic region was ∼3.2 μm
as determined by capacitance-voltage measurements. The p- and n-doping were determined from
similarly grown material by SIMS to be ∼2×1017 cm−3 and ∼1×1018 cm−3, respectively. The final
epitaxial growth was dry-etched to form the mesa and a silicon nitride anti-reflection coating was
deposited to ∼ λ/4 thickness (with the wavelength centered around 1500 nm) on both the substrate
and the top of the epitaxy to reduce effects from surface reflections. Contacts were formed on the
top and bottom of the mesa using Ti/Au.

III. THEORY

To simulate the electroabsorption spectra of our Ge/SiGe QWs in the pin diode, we must
include both the direct (QCSE) and indirect components. Simulation of QCSE is a combination
of the tunneling resonance method for the quantum-confined levels structure, a 2D Sommerfeld
model for excitonic enhancement of the above band gap absorption, and a variational method on an
effective 1S exciton for excitonic effects below the bandgap. This model, which we call the Simple
Quantum Well Electroabsorption calculator, or SQWEAC,22 fully simulates the QCSE portion of the
electroabsorption spectra in Ge/SiGe quantum wells. The detail of the QCSE portion of SQWEAC
is published elsewhere.22 In this section, we will specifically discuss the modeling of the indirect
absorption used in that SQWEAC. To model the indirect absorption in Ge/SiGe quantum wells, we
need to understand the overall band structure (specifically the band gaps and potentially any type-I
confinement), the type of phonons present and the temperature of measurement. In this section,
we will first discuss the calculation for the overall band structure in the Ge/SiGe material system
following the model-solid theory.23–25 We will then present the models used to predict absorption
spectra in bulk Ge and Si materials followed by a discussion of the dominant phonons present in
these materials.

A. Band structure

We use the model-solid theory presented by Van de Walle and Martin23, 24 to calculate the indirect
band gaps and band alignments of Ge/SiGe QWs on a tensile strained VS.22 The effectiveness of
this method was verified by Busby, et al., for calculating the band alignments of the direct, L and
�-valleys in a Ge/Si0.2Ge0.8 quantum well system grown on a graded Si0.15Ge0.85 relaxed substrate.25

For ease of later discussion, we will reprint the equations and constants used to calculate the band
gaps and band offsets.23–25

The calculations presented here are all at 0K for epitaxial Si1−x Gex on a relaxed Si1−yGey

substrate, which can later be shifted to room temperature using the Varshni relationship presented in
Eq. (1) and the related parameters for Si and Ge in Table I. The overall equation for the band lineups
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TABLE I. Varshni Parameters for the relevant band gaps of Si and Ge. α is in units of 10−4 eV/K2, β is in K and Eg,0K is in
eV.

Ge Si
Eg,0K α β Eg,0K α β

L 0.74426 4.77427 23527 2.17628 4.77429 23529

� 1.10528 4.73029 63629 1.17030 4.73027 63627

Eg,dir 0.89231 7.2531 43331 4.18532 7.2529 43329

of the conduction bands is given in Eq. (2), which consists of the shift of the topmost valence band
(Ev,avg(x, y) + 1

3�0(x)) and the hydrostatic (E L ,�
h ) and uniaxial (E L ,�

u ) strain effects on the band
gap. The absolute changes in the L, �⊥ and �|| band gaps relative to the topmost valence band are
given by Eq. (3).

Eg(T ) = Eg(T = 0) − αT 2

T + β
(1)

E L ,�
c (x, y) = Ev,avg(x, y) + 1

3
�0(x)

+ E L ,�
g,strained (x, y) (2)

E L ,�
g,strained (x, y) = E L ,�

g (x, y) + E L ,�
h (x, y)

+ E L ,�
u (x, y) (3)

where E L ,�
g are the unstrained bulk band gaps given in Eqs. (4) and (5).25 The average valence band,

Ev,avg is given in Eq. (6). The split-off energy, �0, is linearly interpolated from the Ge and Si values
given in Table II.25 The hydrostatic shift, E L ,�

h is given in Eq. (7) and the uniaxial splitting is given
in Eqs. (8)-(10) for the L, �⊥ (�2) and �|| (�4) bands.

E L
g (x) = 2.01 − 1.27x (4)

E�
g (x) = 1.155 − 0.43x + 0.206x2 (5)

Ev,avg(x, y) = (0.47 − 0.06y)(x − y) (6)

E L ,�
h (x, y) = (

aL ,�
c − av

) · (
2ε|| + ε⊥

)
(7)

E�2
u (x, y) = 2

3
��

u · (ε⊥ − ε||) (8)

E�4
u (x, y) = −1

3
��

u · (ε⊥ − ε||) (9)

E L
u (x, y) = 0 (10)

where ε|| and ε⊥ are the strain components along the parallel and perpendicular growth planes,
respectively, and have the relation given by Eq. (11), and ac, av and � are the deformation potentials
linearly interpolated between the Si and Ge values given in Table II.

ε⊥ = −2
C12

C11
ε|| (11)

The experimentally determined value from x-ray diffracton (XRD) analysis for the thermally
induced strain in the virtual substrate of ∼0.18% tensile strain was used to calculate the in-plane
strain (ε||) for each subsequent material grown pseudomorphically to the substrate. The in-plane
lattice constant (a||) as established by the strained virtual substrate determines the strain in the layers
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TABLE II. Ge and Si elastic constants, spin orbit splitting and deformation potentials25

Silicon Germanium

C11(107 N cm−2) 1.675 1.315
C12(107 N cm−2) 0.650 0.494
�0 (eV) 0.044 0.296
aL

c − av (eV) -3.12 -2.78
a�

c − av (eV) 1.72 1.31
��

u (eV) 8.7 9.42

(barrier and well) grown pseudomorphic to the virtual substrate. The in-plane strain is calculated
with ε||,epi = a||,sub/aepi,bulk − 1, where the in-plane lattice constant (which sets the in-plane strain
for pseudomorphically grown layers) is determined by Vegard’s Law in Eq. (12).

aSi1−x Gex = aSi + 0.01992x + 0.0002733x2Å (12)

Following calculation of the L, �⊥ (�2) and �|| (�4) band gaps, the splitting of the light hole
(LH) and heavy hole (HH) bands must also included. The band gaps calculated thus far are from
the bottom of the conduction band to the topmost valence band, which is either the LH or the HH
depending on whether the material has tensile or compressive strain, respectively. To calculate the
two transitions from conduction to LH and HH, the splitting energies of the LH and HH as deduced
by QCSE spectra (simulated in SQWEAC) are added to the relevant band gap.22, 33 The indirect
masses associated with the conduction bands are calculated according to the model presented by
Rieger,34 while the LH and HH masses are calculated in the same way as presented in the SQWEAC
model.22, 33

B. Phonons and the indirect absorption model

Modeling of the band gaps, offsets and masses is an important component to understanding the
indirect absorption in Ge/SiGe quantum wells. However, we must also have a good understanding of
the phonons present, or at least those that dominate the absorption spectra, as well as the appropriate
model to use. In this section, we will first present a few models used to approximate the indirect
absorption spectra, including the model by Frova, et al., which we use to successfully simulate our
experimental data.19 We will then discuss the dominant phonons in bulk Ge and Si as well as the
limited experimental evidence for the 27.7 meV longitudinal acoustic (LA) phonon in a Ge/SiGe
QW heterostructure.

1. Modeling indirect absorption

There are three main models that have been effectively used to approximate the indirect ab-
sorption spectra in Ge and Si bulk materials: a one-phonon model,14, 17, 35, 36 a multiple-phonon
model15, 16, 18, 20, 37 and an electric-field dependent model.19 The one-phonon model (Eq. (13)14) or
the electric-field dependent model (Eq. (14)19) can use either an averaged phonon energy (one energy
value that weights the relative strength of each phonon present) or a single phonon energy for the
dominant phonon present in the system. In both of these models, the resulting indirect absorption
has the characteristic quadratic dependence on the energy difference between the photon energy on
one hand and the band gap energy plus or minus a phonon energy on the other hand. The main
difference between these two equations is that the latter also includes the very slight electric field
dependence (the limit of this equation as the electric field, F , approaches 0 is similar in form to the
one-phonon equation).

α = A

[
1

1 − e−�/T

(
�ω − EG,ind − k�

hν

)2
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+ 1

e�/T − 1

(
�ω − EG,ind + k�

hν

)2
]

(13)

where A is a temperature dependent constant in cm−1 units, k� is the phonon energy (in which case
� can be viewed as an equivalent temperature corresponding to this energy), �ω is the energy of the
photon, EG,ind is the indirect band gap and T is the temperature of measurement in Kelvins.

αind (ω, F)± = K

ωμ2/3

[(
nk0 + 1

2
± 1

2

) (
m∗

em∗
h

)3/2
(q F)4/3

]
·
(∫ ∞

y±
0

(
y − y±

0

)1/2
∫ ∞

y
Ai2(t)dtdy

)

= K

ωμ2/3

[(
nk0 + 1

2
± 1

2

) (
m∗

em∗
h

)3/2
(q F)4/3

]

·22/3

32

(
Ai(r ) + rAi’(r ) + r2

[
1

3
−

∫ r

0
Ai(x)dx

])
(14)

where K is a constant, ω is the operating wavelength of the photon, F is the electric field across
the intrinsic region of the device, μ is the reduced effective mass of the electron-hole pair given in
Eq. (15), nk0 is the number of phonons of momentum k0 based on Bose-Einstein statistics as given
by Eq. (16), m∗

e and m∗
h are the electron and hole effective masses, q is the charge of an electron, Ai

and Ai’ refer to the Airy and Airy derivative functions, r = 22/3 y0, where the plus and minus signs
refer to the emission and absorption of a phonon, respectively, and y±

0 is dimensionless and is given
by Eq. (17).

μ =
(

1

m∗
e

+ 1

m∗
h

)−1

(15)

nk0 = 1

eθ/T + 1
(16)

y±
0 = (

Eg,ind − �ω ± kθ
) (

2μ

q2�2 F2

)1/3

(17)

The masses in Eq. (15) are those of the relevant bands, such as the LH or HH for the valence band
and L, �⊥ (�2) or �|| (�4) for the conduction band.

The multiple-phonon model has a very different form near the emission and absorption energies
for each phonon. Macfarlane, et al., found that there were two classes of phonons that behaved
differently around their “turn-on” energies (within ∼10 binding energies).15 A symmetry-allowed
phonon had an initial (�E)1/2 component, while the forbidden one had a (�E)3/2 component
before the (�E)2 shape dominated the spectra. These characteristic “knees” and the mathematical
deconvolution of the two components are readily seen in Macfarlane’s publication.15 These two
types of absorption spectra are given by Eqs. (18) and (19) for the allowed and forbidden transitions,
respectively.20 While these two transitions have different shape upon “turn-on,” they also have very
different dependence on temperature (when excluding the temperature dependence due to the phonon
population as determined by Bose-Einstein statistics). The allowed transitions, with coefficient
Aa , have no temperature dependence, while the forbidden (which are weaker in magnitude), with
coefficient A f , increase with higher temperatures.

αa = Aa

�ω

(
�ω − Eg,ind + Ry

n2
± kθ

)1/2

(18)

α f = A f

�ω

(
�ω − Eg,ind + Ry

n2
± kθ

)3/2

(19)

where Ry is the Rydberg energy and n is unspecified by the authors (but is likely the principal
quantum number of the hydrogenic exciton and can be taken as 1).

In our study, we found that the model presented by Frova, et al., in Eq. (14) with the electric
field dependence gave the best agreement with our experimental results.19 In the next section,
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TABLE III. Ge and Si associated phonon energies (meV) and equivalent temperatures (K) calculated using kT , where k is
Boltzmann’s constant.

TA LA TO LO
meV K meV K meV K meV K

Ge18, 20 7.8 90 27.8 320 30.0 350 36.0 420
Si16 18.3 212 57.7 670 90.5 1050 122.4 1420

we will discuss in more detail the phonons present and whether they are forbidden or allowed for Si
and Ge.

2. Phonons

There are typically two types of phonons relating to absorption, which can be categorized based
on the consequences of the symmetry of the relevant unit cell wavefunction at the conduction band
minima of interest: the transition allowed and the transition forbidden.20 The four phonons that can
have either allowed or forbidden transitions are the transverse and longitudinal acoustic (TA, LA) and
the transverse and longitudinal optic (TO, LO). In silicon, all four phonons are allowed,16 while in
germanium, only the LA and TO phonons have symmetry allowed transitions.15 The experimentally
determined energy values (kθ ) as well as their equivalent temperatures (θ ) for both Si and Ge are
given in Table III.

When modeling with the one-phonon equations (Eqs. (13) and (14)), we can use either the
dominant phonon or the weighted average phonon energy. For Ge, the dominant phonon is the LA
phonon with energy 27.7 meV18 while the averaged phonon has a slightly lower energy of ∼23
meV.14, 17 The nominally forbidden TA phonon, with only 7.8 meV, also contributes increasingly
to the absorption spectra at elevated temperatures (such as room temperature), thus reducing the
weighted average phonon. While the TO phonon is symmetry allowed (with energy 30.0 meV), its
contribution is much weaker in comparison to the LA (and TA) phonon.20 The forbidden LO phonon
with its comparitively larger energy of 36.0 meV is difficult to resolve even in much more sensitive
experiments.20 Similarly to Ge, the LA phonon for Si is dominant with energy 57.7 meV16 and a
corresponding weighted average phonon energy of 51.7 meV36 (or 47.4 meV17). For the multiple-
phonon model given in Eqs. (18) and (19), all phonons can be included with the appropriate Aa and
A f coefficients.20

While it is important to understand the indirect absorption contributions for bulk pure Ge
and pure Si materials, our Ge/SiGe quantum well heterostructure also has composite SiGe material.
Braunstein, et al., provides significant experimental data using the one-phonon model for many SiGe
compositions and measurement temperatures.17 They successfully modeled over 20 compositions
of SiGe ranging from pure Ge to pure Si over a number of temperatures from 78K to 295K. An
important result of this extensive study was that the variation in phonon energy (or equivalent
temperature) had an S-like shape with change in composition. At low Si concentrations (<30%), the
phonon energy was relatively constant at the Ge average value. At high Si concentrations (>70%),
the phonon energy was similar to the Si average value. However, between 30% and 70% Si, there
was a clear weighted average phonon energy dependence on composition.

For the purpose of modeling our experimental data, we found that using the dominant LA
phonon in Ge gave the best results with the electric-field dependent Eq. (14). With experimental
evidence showing that the Ge material gives the dominant phonon energy for SiGe compositions
below 30% Si,17 we have included a constant phonon energy of 27.7 meV (equivalent to the bulk
Ge LA phonon) for each type of material present in our test sample, giving us good fit with our
experimental data. Our assumption for the phonon energy compares well with the only experimental
evidence published on Ge/SiGe QWs.21 Bonfanti, et al., found only the presence of a ∼28 meV
phonon in photoluminescence spectroscopy of a similar Ge/SiGe QWs. This phonon energy was
independent of well width, which ranged from very small ∼5 nm to very larger ∼23 nm. Bonfanti
also found that the indirect L-band, with its type-I offset of ∼100 meV, provided some confinement
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FIG. 1. Experimental indirect absorption (solid) in Ge/SiGe quantum wells with Frova model (dashed) indirect absorption
added to the modeled QCSE electroabsorption at two different electric fields where the two spectra become coincident at
longer wavelengths. (a) Logarithmically scaled plot of the effective absorption coefficient (over the intrinsic region) and (b)
a linearly scaled plot of the percent absorbed per pass (focussing on the QCSE portion) for the 60 QW sample.

to the electrons (thus increasing the overall band gap). This confinement was clearly more prevalent
with the smaller wells (with no electric field).

In the next section, we will provide our experimental results using photocurrent measurements
and compare them with the model presented here using the 27.7 meV phonon and Eq. (14) for the
shape of the indirect absorption spectra as well as model-solid theory for calculation of the relevant
band gaps. We will then discuss the validity of using this model in the Ge/SiGe QW material system
compared with other models.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

Scaling the OPO measurements of the 60 QW sample with d. c. photocurrent from a continuous
wave source, we measured the absolute electroabsorption profile for a number of electric fields and
wavelengths ranging from 1.2 μm to ∼1.95 μm. Beyond 1.9 μm in wavelength, the data extrapo-
lated was close to the noise threshold, especially at higher electric fields. The results for two electric
fields in which the full wavelength spectrum of photocurrent was obtained are presented in Fig. 1
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FIG. 2. Square root of the absorption coefficient showing (a) good agreement between the electric-field dependent model,
Eq. (14), (dashed) and experimental data (solid) in comparison to (b) the one-phonon model, Eq. (13), (dashed) in the linear
regime at two different electric fields. At most wavelengths of light, the two electric field curves (red and teal) are coincident.

for the percentage of light absorbed as well as the effective absorption coefficient (over the total
intrinsic thickness, which is mainly well and barrier material). An experimentally determined value
of K= 5.5 × 10103 with units of [m4/3/(sJ4/3kg7/3)]×cm−1 for Eq. (14) was used to fit the spectra
and gives an absorption coefficient in units of cm−1. (Note that our effective absorption coefficients
here are based on the total thickness of well and barrier material). Given the characteristic quadratic
dependence of indirect absorption on the energy difference, it is useful to plot the square root of ab-
sorption to compare experiment and theory. The resulting linear component is presented in Fig. 2(a),
which shows good agreement between theory and experiment.

For the direct band gap QCSE spectra, we can make a few important observations. The first is
that the exciton enhanced direct transitions appear to have a ∼15% reduction in peak height from the
theoretically predicted value given by SQWEAC.22 The theoretically predicted value is based on the
nominal 10 nm QWs22 in contrast to the ∼14 nm well widths simulated here. The wider well widths
likely have a reduction in the excitonic enhancements than is predicted by the model (as previously
discussed22). The second observation is that despite calculating the effective absorption coefficient
over the entire intrinsic region (in which the SiGe material minimally absorbs in comparison to the
pure Ge wells), the magnitude of absorption is still on the same order as bulk Ge for the direct band
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FIG. 3. Square root of indirect absorption in Ge/SiGe quantum wells with L-valley confinement energy included (dashed)
compared with experimental data (solid) in the linear regime at two different electric fields. The resulting agreement with
experimental data is worse than when L-valley confinement is excluded (as in Fig. 2(a)), especially at the wavelengths greater
than 1.65μm. At most wavelengths of light, the two electric field curves (red and teal) are coincident.

gap. Thus, the enhancement in direct band gap absorption due to quantum confinement and excitonic
effects is still quite large.

While the QCSE model22 and Eq. (14)19 effectively describe the electroabsorption spectra in
the Ge/SiGe quantum wells, there is a region between 1470 nm and 1570 nm with a slight deviation
of theory from experiment. The slight deviation could be due to other absorption effects in the
material, such as defects, or possibly some tail on the exciton absorption peak. While we have some
deviation, the one-phonon Macfarlane model14 (Eq. (13)) shows a much larger discrepancy for the
same phonon contributions and band gap as seen in Fig. 2(b). Additionally, the slope of the linear
portion in this figure does not approximate the experimental data as well as the Frova model. Using
a more averaged phonon value of 23.3 meV (as derived by Braunstein for bulk Ge) yields slightly
different results, but the larger discrepancy still remains.

Comparing our results with the low temperature photoluminescence results by Bonfanti, et al.,
we are able to model our data using the same LA phonon value present in their experimental data.21

However, the confinement increase in the band gap is not as prevalent in our experimental results,
which is likely due to the application of electric field and our wide 14 nm well width. The increase
in overall transition energy shifts the linear portions (when plotted as the square root of absorption)
towards shorter wavelengths (or higher energy). This effect results in the model not effectively
approximating the experimental data (evident in Fig. 3). When removing the confinement energy
from the transition energy for the L-valley to HH-valley and shifting their results to room temperature
using the Varshni relationship, our experimental band gap agrees very well with their results.

V. CONCLUSION

For the first time, we have used very sensitive photocurrent absorption measurements to re-
solve the indirect (and direct) electroabsorption profile in Ge/SiGe quantum wells. We show good
agreement between theory and experiment in both the band gaps and the dominant LA phonon
present. The ability to model the indirect absorption effectively using the electric-field dependent
model presented by Frova, et al., allows us to accurately determine the expected insertion loss for
devices, such as waveguide or surface-normal modulators, made in this material system employing
FKE or QCSE. Future modulator designs can use this model to effectively design modulators that
have minimized background absorption and thus optimized extinction ratios and insertion losses.
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