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Abstract: In this work we theoretically investigate quantum confined Stark effect of intersubband
transitions in asymmetric Ge/SiGe quantum wells for intensity modulation in the mid-infrared.
Our calculations show that extinction ratios up to 1 dB and modulation speeds of several tens of
GHz could be obtained in 100 µm long waveguides.
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Introduction

Photonic integrated circuits (PICs) operating in the Mid- infrared (MIR) are receiving increasing
attention due to the variety of envisaged applications in medical diagnostics [1], analytical
chemistry [2], environmental monitoring [3], and sensing for safety and security [4]. In the MIR
molecules feature unique, spectrally narrow vibrational bands. Therefore, the innovation brought
by MIR PIC sensors, compared to their visible (VIS) and near-infrared (NIR) counterparts,
consists in the detection of such unique “spectral fingerprints”, instead of the less specific refractive
index change in the VIS/NIR. The recent commercial availability of compact wavelength-tunable
quantum cascade lasers (QCLs) in the MIR range from 4 to 14 µm [5] has enabled, in recent
years, the design and the realization of automated MIR molecular sensors with high molecule
specificity in a label-free approach [6]. Key applications include the atmospheric sensing of
carbon dioxide and monoxide (and toxic gases in general), the identification of cancer biomarkers
through the analysis of the amide bands of proteins, and the quantification of glucose, aldehydes,
alcohols in blood or saliva for rapid health monitoring. In this framework, the development of
integrated electro-optic modulators (EOM) is of high interest for sensitivity enhancement via
synchronous detection [7]. In addition, the presence of two atmospheric transmission windows
in the MIR (3-5 µm and 8-14 µm [8]) makes the development of high-speed EOM appealing for
free space optical communications [6,9].

Silicon-on-insulator (SOI) modulators relying on free carrier plasma dispersion (FCPD) have
been widely developed for telecom wavelengths and their operation has been recently extended up
to 3.8 µm [10,11], nevertheless the use of this platform at longer wavelengths is hindered by the
strong absorption of SiO2 beyond 4 µm. Ge and Ge-rich SiGe alloys are very promising material
platforms for the long-wave infrared (LWIR), thanks to their broad transparency range (up to
λ= 15 µm for pure Ge). The compelling opportunities offered by these materials have stimulated
intense research efforts, resulting in the demonstration of many photonics building blocks [11–19].
Nevertheless, electro-optic modulation at LWIR wavelengths is still in its infancy. EOM based
on FCPD has been recently demonstrated in Ge-on-Si [20] and SiGe-on-Si [21,22] platforms
operating between 3.8-8 µm and 6.4-10.7 µm respectively. The main drawback observed in
such works is the long propagation length (typically few mm) necessary to achieve extinction
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ratios higher than 1 dB. Such long devices feature large associated capacitances, which limit the
modulation speed to a few hundreds of MHz [21].

An alternative approach to achieve efficient electro-optic modulation at LWIR wavelengths is
to leverage on the variation of the absorption spectrum induced by the Quantum Confined Stark
Effect (QCSE) in semiconductor quantum wells (QW). The QCSE is related to the application of
an electric field in the direction normal to the QW plane, which influences the spatial distribution
of the wavefunction of electrons and holes confined in the wells, as well as the energy of the related
quantum states. QCSE based modulators are an established technology at telecom wavelengths
both with III-V [23] and group-IV [24] based QWs. At such wavelengths the QCSE modulation
of the absorption spectrum is related to the tuning of inter-band transitions involving confined
states in the valence band (CB) and in the conduction band (VB) of intrinsic QW systems. In
particular electrically biasing the QW the electron states shift to lower energies, while the hole
states shift to higher energies, causing a red-shift of the absorption spectrum. Additionally,
the external electric field shifts electrons and holes to opposite sides of the well, decreasing
their wavefunction overlap integral, which in turn reduces the exciton-based absorption. At
mid-infrared frequencies, the QCSE modulation is instead related to inter-subband transitions
(IST) within the CB or the VB in n- and p-type devices, respectively. In a symmetric quantum
well, the external electric field would cause similar effects on all the quantum states belonging to
the same band, so, in order to enhance the inter-subband QCSE, QWs with asymmetric potential
profiles are required.

Proof-of-concept demonstrations of high-speed intensity modulation relying of this kind of
approach have been reported in free space configuration only, using III-V materials [25]. To
move a step forward in this direction, here we present a numerical study suggesting the feasibility
of an electro-optic modulation based on the inter-subband QCSE in waveguide-integrated p-type
Ge/SiGe asymmetric QWs. We focus on the SiGe material system to benefit from its prompt
compatibility with standard Si foundry processes. The choice of a hole base device is motivated
by the larger offsets, occurring in the valence band of Ge/SiGe QWs with respect to the conduction
one. More precisely valence band discontinuities can easily reach values up to 0.3 eV, as required
to design IST falling in the mid-infrared spectral range, as for instance shown in [26,27] where
intersubband optical absorption in this spectral range is reported or in [28,29] where p-type
Ge/SiGe asymmetric QW has been used to demonstrate giant MIR second harmonic generation.

Theoretical data here presented indicate that Ge/SiGe QWs with stepped and triangular
potential profiles could be exploited to obtain high-speed modulation at mid-infrared frequencies,
with extinction ratios higher than 1 dB in 100-µm long waveguides and modulation speeds of
several tens of GHz.

Electronic structure and optical absorption modelling

Two different asymmetric QW profiles have been investigated in this work: a stepped quantum
well (StQW) and a triangular quantum well (TQW), whose schemes are reported in Fig. 1 (a) and
(b) respectively. The StQW period consists of a 6 nm thick Si0.35Ge65 barrier followed by the
3 nm Ge main well (p-doped with a density of 1× 1018 cm−3) and a 6 nm intrinsic Si0.3Ge0.7
layer, acting as step well. The heterostructure is designed to achieve strain symmetrisation (the
compressive strain in the wells is compensated by the tensile strain in the barriers), with an
in-plane lattice parameter set by the relaxed (i.e. cubic) Si0.2Ge0.8 virtual substrate (VS). The
TQW period consists of a 4.5 nm thick Si0.5Ge0.5 barrier followed by a 2 nm Ge well (hole
doped with a density of 1× 1018 cm−3) and a graded barrier whose Ge concentration x decreases
linearly from 1 to 0.5 in 6 nm. Also in this case the QW layers are strain symmetrized and have
an in-plane lattice parameter set by the cubic Si0.3Ge0.7 VS. The fine control of the thicknesses
and compositions required to realize such heterostructures are well within the capabilities of the
SiGe epitaxial deposition technology [29,30].
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Fig. 1. Schematics of the StQW (a) and of the TQW (b) structures together with the Ge
concentration profile of the multilayer stack.

As a first step, we calculated the electronic band structure using a semi-empirical first-neighbor
tight-binding Hamiltonian which includes spin-orbit interaction (see Ref. [31,32] for details
on the model). Thanks to this multi-orbital description, all the effects related to subband
non-parabolicity and to the momentum-dependence of the dipole matrix elements, which for
p-type structures operating at room temperature (RT) are expected to play a relevant role, have
been taken into account. Sampling the Brillouin zone around the Γ point we have also calculated,
relying on the approach described in [32], the absorption spectra for different values of the
applied electrical bias.

For the sake of clarity, we will first analyze the electronic structure and the absorption spectrum
of the two heterostructures in the absence of external electrical field (EF) at RT and at T= 4K
(LT). We begin our discussion noticing that in the MIR, both intersubband transitions and
free carrier absorption contributes to the absorbance. However, only the first mechanism can
guarantee a significant electro-optical effect, since the spectral shape of the free carrier absorption
is quite bias independent. Therefore, in order to maximize the IST features in the absorption
spectrum, we designed our single mode waveguides to support a TM polarized field. In fact, the
IST features in the absorption spectrum are enhanced when the polarization vector is oriented
parallel to the growth direction [33–37]. For the adopted doping density, LT and up to RT, holes
mainly populate the fundamental subband which, in our compressively strained quantum wells,
originates from the heavy hole band (HH). It follows that with TM polarized light, the dominant
ISB absorption peaks are due to transition from H0 to excited subband with the same orbital
symmetry, while transitions with LH subbands as final state, which are dominant in vertically
illuminated devices, give only a minor contribution in our waveguide devices [33,35,37].

The Γ-point band edge potential energy profiles for the HH and LH bands of the StQW are
reported in Fig. 2(c), setting the reference energy to have the ground state H0 at 0 eV. The
heterostructure features three confined HH subbands: the ground state H0, tightly confined in the
deeper well and the excited H1 (-0.157 eV) and H2 (-0.19 eV) levels which extend also in the step
well. As a consequence, the symmetry selection rule which for square QW systems suppresses
the H0 →H2 transition for TM light does not apply in our case and then both the H0 →H1 and
the H0 →H2 ISBs are active. In line with the above considerations, we find that at LT the ISB
contribution to the optical absorption spectrum αQW features two main peaks, located at λ= 7.75
µm and λ= 6.6 µm, originating from the H0 →H1 and the H0 →H2 OT, respectively. The former
one is accompanied by a low energy secondary peak located at λ= 8.5 µm, which we attribute to
H0 →L1 transitions. At RT, instead, the H0 →H1 and H0 →H2 transitions merge, originating an
extended absorption band which covers the [5–9] µm interval. This effect is caused by the band
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non-parabolicity (NP) which is apparent in the electronic structure shown in Fig. 2(a), due to the
thermal excitation of H0 holes with large in-plane momentum.

Fig. 2. Band-structure in a neighbor of the Γ point of the StQW (a). Fermi-Dirac distribution
function at RT (red) and at LT (blue) for holes. Potential energy profiles for the HH (red)
and LH (blue) bands, together with hole wavefunctions calculated at the Γ -point (c) The
discontinuity of the energy profile seen at z= 5 nm is an artifact due to the discretization step
related to the (finite monolayer spacing) atomistic character of the model. ISB contribution
αQW to the absorption spectrum as a function of the wavelength at RT (red) and at LT (blue)
for the StQW. Red boxes highlight the energy ranges at RT of the main ISBs (d).

As a matter of fact, at RT the tail of the Fermi distribution extends down to EF-kBT= -0.064 eV
(see Fig. 3(b). Taking into account this value, we have reported in Fig. 2(d), using red boxes the
spectral range associated to the H0 →H1, H0 →H2 and H0 →L1 transitions which are active at
RT. The large overlap of the these two spectral ranges justifies the observed temperature induced
merging of the two peaks.

Similar considerations hold also for the TQW design. Its band edge profile, calculated at the VB
maximum for the HH and LH bands is reported in Fig. 3(c). Also in this case, the heterostructure
features three HH subbands: the ground state H0, deeply confined at the bottom of the triangular
well, and the H1 and H2 states which lie at -0.135 eV and -0.241 eV, respectively. At RT the
Fermi level EF is found at 0.046 eV and the ground state is populated down to EF-kBT= -0.075
eV (see panels a and b in Fig. 3), indicating that ISBs at large in-plane momentum k significantly
contribute to the αQW absorption spectrum (Fig. 3(d)). In line with this fact, we have attributed
peak located at λ= 9.3 µm to the H0 →H1 ISB. The spectral features at shorter wavelengths are
due to the H0 →H2 and to the H0 →L1 which are partially overlapped at RT. In conclusion, as
for the StQW structure, the optical absorption spectrum of TQW is dominated by the H0 →H1,
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Fig. 3. Band-structure in a neighbor of the Γ point of the TQW (a). Fermi-Dirac distribution
function at RT (red) and at LT (blue) for holes. Potential energy profiles for the HH (red)
and LH (blue) bands, together with hole wavefunctions calculated at the Γ -point (c). ISB
contribution αQW to the absorption spectrum as a function of the wavelength at RT (red) and
at LT (blue) for the StQW. Red boxes highlight the energy ranges at RT of the main ISBs (d).

H0 →H2 and H0 →L1 features, with minor contributions which can be attributed to the presence
of more excited HH subbands.

Electronic structure and absorption spectrum with an external electric field

The electronic spectrum, calculated at the Γ point at different EF for the StQW system is reported
in Fig. 4 a− c. Upon increasing the EF, the potential confinement experienced by the H1 and H2
states become progressively less effective since the band bending induced by the electric field
facilitates the leaking of their wavefunctions in the right barrier. Consequently, the H0 →H1 and
H0 →H2 energy separation decreases. This effect is the main responsible for the variation in
the absorption spectrum at LT clearly visible in Fig. 4(d) where αQW(λ) has been calculated for
different values of the EF, varying in the 0-60 kV/cm interval. Indeed, upon increasing the EF the
two main peaks experience a significant red-shift which we relate to the reduction of the energy
difference between the excited H subbands and the H0 one. It follows that the electrical bias
triggers a significant decrease of the peak value of the absorption at the wavelength associated to
unbiased H0 → H2 ISB. More precisely, at λ= 6.6 µm the application of a 60 kV/cm bias reduces
the absorption from 484 to 113 cm−1. A comparable suppression is expected to occur also in a
spectral neighbour of λ= 7.75 µm due to the redshift of the H0 →H1 peak. At RT, due to the
significant overlap between the H0 →H1 and H0 →H2 OT discussed previously, the details of
the evolution of the spectrum become rather complex. A strong red-shift of the peak located at
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λ= 9.2 µm is clearly observable. It follows for instance that the application of an electric field of
60 kV/cm decreases the absorption at λ= 9.2 µm from 290 to 165 cm−1 due to the redshift of the
H0 →H1.

The same kind of analysis can be repeated for the TQW, whose spectrum, characterized by
better resolved H0 →H1 and H0 →H2 and H0 →L1 features, exhibits modulation effects of
comparable magnitude. The electronic structure of the VB at the Γ point at different EF for the
TQW are reported in Fig. 5 a,b,c. Also in this case, for increasing EF the potential confinement
experienced by the H1 and H2 states become less effective, although the respective wavefunctions
in the explored bias range remain fully confined in the potential well. Their energy difference with
respect to the ground state is continuously reduced upon increasing the field and thus both the H0
→H1 and H0 →H2 peaks in the αQW absorption spectrum experience a redshift (see Fig. 5(d)).
However, in this case we do not observe a significant variation in the peak intensities since
the field induced redistribution of the wavefunction spatial density, which affect the oscillator
strengths, is now more modest.

To make a quantitative comparison with the StQW design, we estimate that the application of
an electric field of 60 kV/cm triggers a suppression of the RT absorption coefficient at the H0
→H1 at λ= 9.9 µm from the value of 570 cm−1 down to 280 cm−1.

Fig. 4. Electronic structure of the StQW at the VB maximum with EF of 0 kV/cm (a),
30 kV/cm (b) and 60(c) kV/cm. Absorption spectra of StQW as a function of the wavelengths
for different intensities of the EF at LT (d) and at RT (e).
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Fig. 5. Electronic structure of the TQW at the VB maximum with EF of 0 kV/cm (a),
30 kV/cm (b) and 60(c) kV/cm. Absorption spectra of TQW as a function of the wavelengths
for different intensities of the external EF at LT (d) and at RT (e).

Waveguide integration and modulator performances

WG integration of Ge/SiGe QWs requires a SiGe buffer material that could serve as a fully relaxed
VS to allow the growth of high quality QWs and at the same time as waveguiding layer. Such
challenge has already been successfully addressed to realize WG integrated intensity modulator
at telecom wavelengths [24] through the use of few µm thick SiGe linear graded buffers (GB)
deposited on Si. This approach is even more advantageous at LWIR wavelengths, since the linear
increase of the refractive index toward the Ge-rich part of the structure helps to confine the
optical mode far from the Si substrate, which become lossy beyond λ= 8 µm [38].

In order to study the modulation performances of the LWIR devices here investigated, we
propose the rib WG structures reported in Fig. 6, which have been designed for single mode
operation between λ= 5 µm and λ= 12 µm. The WG structure for the StQW (TQW) consist in a
linearly graded Si1−yGey buffer where the Ge concentration y is raised from 0 to 79% (69%) with
a grading rate of 7%/µm. The GB is followed by a 2 µm thick Si0.2Ge0.8 (Si0.3Ge0.7) constant
composition layer, which serves as a VS for the QWs. The final 150 nm of the VS are p-doped
(Na= 1× 1018 cm−3) to form the bottom contact layer. The WG core consists in 220 (160)
repetitions of the StQW (TQW) period, for a total thickness of 2 µm, followed by a 200 nm
thick layer with the same composition of the VS. The final 100 nm of such layer are p-doped
(Na= 1× 1018 cm−3) to fabricate the top contact. To assess the overlap between the optical mode
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and the individual layers the intensity of the electric field of the fundamental optical mode in TM
polarization between λ= 4 µm and λ= 12 µm have been calculated using the finite difference
method, as implemented in the package MODE of the Lumerical software platform. The results
at λ= 10 µm are reported in Fig. 6.

Fig. 6. Epitaxial structure and geometrical shape of the proposed WG for the StQW (a) and
the TQW (b). Panel (b) and (d) represent the corresponding normalized E-field intensity at
λ= 10 µm for the fundamental TM mode.

The modulation performances have been evaluated in terms of the extinction ratio (ER), the
insertion loss (IL) and the cut-off frequency. The ER as a function of the applied bias voltage V
and wavelength λ is calculated according to:

ER(V , λ) = 10log10

(︃
P(0, λ)
P(V , λ)

)︃
(1)

where P(V,λ) is the transmitted optical power at wavelength λ and voltage V. P(V,λ) can be
expressed as:

P(V , λ) = Pin exp(−αQW (V , λ) · ΓQW (λ) · L − αFCA(λ) · ΓQW,p(λ) · L

−αFCA(λ) · Γp(λ) · L)
(2)

where Pin is the input power at the entrance of the waveguide of length L and αQW and αFCA are
the ISB and the free carrier absorption (FCA), respectively. Accordingly, in eq.(1) ΓQW, ΓQW,p
and Γp represent the overlap of the optical mode with the QW region, the p-doped layers in the
wells, and the contacts. Notice that in the above expression the only bias dependent quantity is
αQW.
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The FCA contributions in the well and contact regions have been both modelled using the
equation [39]:

αFCA(λ) = c(λ) · Na
d(λ) (3)

The wavelength-dependent coefficients c(λ) and d(λ) have been taken from the experimental
data available for Ge [39] and Si [40] and have been linearly interpolated with the Ge concentration
to estimate the appropriate Si1−yGey values. In these calculations, FCA in the QWs have been
treated as for bulk material, due to the lack of experimental data about 2D FCA in Ge/SiGe QWs.

Finally, the total IL have been calculated as:

IL(λ) = 10log10

(︃
Pin

Pmax

)︃
(4)

With Pmax is the maximum optical power transmitted by the device. The propagation losses,
typically falls into the 2-3 dB/cm [22] range for undoped Ge-rich SiGe WGs, have been neglected
in the calculations. The ER per unit length of StQW and TQW is plotted in Fig. 7 a and b
respectively. The StQW can be used for intensity modulation around λ= 7.3 µm, with a maximum
ER per unit length of 8.5× 10−3 dB/µm with an applied electric field of 60 kV/cm. By looking at
Fig. 7(c), it can be noted that an ER of 1 dB can be reached with a 120 µm long device, with an
associated IL of 2.5 dB. The TQW exhibit interesting modulation performances at λ= 6.6 µm and
at λ= 10 µm, where it shows a maximum ER per unit length of 12× 10−3 dB/µm at the highest
electric filed considered. In this case, in order to achieve and ER of 1 dB at λ= 10 µm, a device
length of 80 µm is required, with an associated IL of 1.5 dB.

Fig. 7. Specific ER and IL as a function of the wavelength of the StQW and the TQW at
different bias voltages (a and b). ER and IL as a function of the WG length at different bias
voltages for the StQW at λ= 6.6 µm (c) and for the TQW at λ= 10 µm (d).
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Frequency response

The dynamic behavior of quantum-well based devices is usually determined by two main
parameters: the RC time constant, which is mainly determined by the geometry of the device,
and the escape time τ of the photoexcited carriers from the potential well, which is controlled
by the potential profile and by intrinsic material properties. Since here we are considering only
optical modulation and not photodetection, the speed of the device is not limited by the escape
time, which can be safely neglected in the calculation, at least considering input intensities
well below the saturation, which normally occurs around 10 MW/cm2 [41]. By following the
analysis performed in [42], we can model the QW device by a parallel resistance-capacitance (RC)
equivalent circuit, where C is the device capacitance, which can be calculated in a parallel-plate
capacitor approximation and R=RL = 50 Ω is the load-resistance of the circuit. The maximum
cut-off frequency can then be calculated as:

fRC =
1

2πRLC
(5)

The cut-off frequency fcut−off as a function of the modulator length, is reported in Fig. 8 and it
is valid for both the StQW and TQW heterostructure. Here we have to point out that the model
used to calculate fcut−off is rather simple and the results should be confirmed experimentally.
Nevertheless, high-speed quantum wells infrared photodetectors with fcut−off of several tens of
GHz and similar device areas have been reported in the literature [42,43].
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Fig. 8. Cut-off frequency as a function of the WG length, as calculated with Eq. (6).

Conclusions

In this work, we have theoretically investigated the possibility to obtain high-speed modulation at
mid-infrared frequencies by exploiting the QCSE in waveguide integrated Ge/SiGe asymmetric
QWs. Thanks to the strength of the QCSE, the investigated heterostructures could provide ERs
exceeding 1 dB while maintaining a very small footprint with respect to EOM based on FCPD,
which typically need mm-long WGs to achieve similar ER levels. Our calculations show that,
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thanks to such small footprint, modulation speed of several tens of GHz could be achievable.
Such performances could be further improved by optimizing the QW design as well as the WG
geometry for specific wavelengths.
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