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Abstract: This work presents a systematic theoretical investigation and band-structure engineering of p-doped Ge/Si;_,Ge, multiple
quantum wells (MQWs) tailored for mid-infrared (MIR) photonics. Using a self-consistent 6-band k - p Poisson-Schrédinger approach,
we establish a predictive simulation framework that rigorously accounts for quantum confinement, epitaxial strain, and many-body
interactions. A key feature of our model is the integration of realistic graded interfacial profiles and self-consistent many-body
corrections—specifically local density approximation exchange—correlation and depolarization shifts. We demonstrate that these cor-
rections are essential to resolve the observed 8-12 meV energy blueshift in high-density hole gases (> 10'8¢m=3), where standard
single-particle approximations fail. By systematically optimizing well geometry, doping profiles, and Ge concentration, we achieve
precise spectral tunability across the strategic 6-15 um atmospheric window. Furthermore, our transport and optical models capture
the complex valence band mixing between heavy, light, and split-off hole states, providing deep insights into intersubband absorption
dynamics. The model’s high predictive accuracy (> 95% compared to experimental MIR absorption spectra) establishes it as an indis-
pensable tool for the ab-initio design of CMOS-compatible MIR emitters, quantum cascade lasers, and photodetectors. Ultimately, this
framework bridges the gap between fundamental valence band physics and practical device performance, accelerating the development

of next-generation monolithic silicon-photonics platforms.
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1. Introduction

The mid-infrared (MIR) spectral range, particularly the “fin-
gerprint” region (6—15 wm), represents a frontier for integrated
photonics, offering unparalleled opportunities for molecular spec-
troscopy [1, 2], environmental monitoring [3-7], and medical
diagnostics [8-10]. Among the competing material platforms,
Ge-rich SiGe heterostructures have emerged as a leading can-
didate due to their CMOS compatibility [11-14] and the wide
transparency window of Germanium [3, 15-18]. However, as
the field transitions from passive waveguiding [19, 20] to active
optoelectronic components like Quantum Well Infrared Photode-
tectors (QWIPs) [21, 22] and modulators [23, 24], the need for
precise band-structure engineering becomes paramount. Inter-
subband transitions (ISBTs) in hole-doped Ge/SiGe MQWs are
particularly attractive because the valence band offers signifi-
cantly larger offsets (up to 300 meV) compared to the conduction
band, enabling devices to operate across the entire MIR spectrum.
Despite these advantages, the valence band complexity character-
ized by the strong coupling between heavy-hole (HH), light-hole
(LH), and split-off (SO) bands [25-27] presents a significant chal-
lenge for device design. The performance of these heterostructures
is highly sensitive to strain-induced shifts, quantum confine-
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ment, and many-body effects [28, 29], which cannot be fully
captured by simplified analytical models. While recent exper-
imental works [30] have successfully demonstrated the growth
and basic optical response of p-doped Ge/SiGe MQWs, a com-
prehensive theoretical framework is required to explore the vast
parameter space that epitaxial growth alone cannot efficiently
probe. Unlike simplified effective mass models (e.g., in the work
by Lodari et al. [26]), which often neglect non-parabolicity and
many-body renormalization, our 6-band k - p approach captures
the fine structure of the hole dispersion and the redistribution
of oscillator strength at high carrier densities. Furthermore, a
critical yet frequently overlooked challenge in modeling these
heterostructures is the impact of realistic, non-abrupt interfacial
profiles. During epitaxial growth, atomic interdiffusion inevitably
creates graded interfaces rather than ideal, atomistically sharp step
potentials. This interface grading drastically modifies the local
electrostatic potential, smooths the quantum well boundaries, and
alters both the confinement energies and the spatial overlap of
valence subband wave functions. When coupled with high carrier
densities, these structural deviations trigger complex many-body
phenomena, including local exchange-correlation effects and col-
lective depolarization shifts, which significantly renormalize the
ISBT energies. Consequently, a rigorous, self-consistent treatment
that simultaneously incorporates both non-ideal structural geom-
etry and many-body corrections is strictly mandatory to achieve
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genuine predictive accuracy. In this work, we employ the
Nextnano simulation suite [31] to perform a systematic study of
the electronic and optical properties of p-doped Ge/SiGe MQWs.
By utilizing a self-consistent & - p Poisson-Schrodinger solver [32],
we investigate how structural variations such as well thickness, Ge
concentration, and doping profiles impact the oscillator strength
and the spectral linewidth of ISBTs [33]. This theoretical investi-
gation aims to provide a predictive design suite, identifying the
physical limits and optimal configurations for next-generation
Si-based MIR modulators and emitters, effectively bridging the
gap between fundamental semiconductor physics and practical
photonic applications [34].

2. Theoretical Modeling and Computational Methods

2.1. Device architecture and interface modeling

The simulated heterostructure consists of a p-doped Ge/SiGe
multiple quantum well (MQW) system designed for mid-infrared
(MIR) operation. To ensure alignment with recent experimental
benchmarks (Sample A and B) [30], the nominal design features
3-nm-thick Ge QWs sandwiched between 8-nm-thick Siy3Ge 7
barriers. The entire active region is modeled as coherently grown
on a Sip,Geyg virtual substrate (VS) [26] (see Figure 1 [30]).
A critical aspect of this model is the transition from idealized
abrupt heterojunctions to a more realistic graded compositional
profile. To account for the entropic interdiffusion and surface
roughening typically observed in low-energy plasma-enhanced
chemical vapor deposition (LEPECVD) [35], a self-consistent
interface model was implemented. The Germanium concentration
x(z) across the well-barrier transitions is described by a sum of
error functions:

Figure 1
Structural properties of the Ge/SiGe heterostructure
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In this framework, the parameters o; and oy (ranging from
0.6 to 0.7 nm) define an intermixing region of approximately
1 nm at each interface. This choice of o is physically justified
by transmission electron microscopy (TEM) and secondary ion
mass spectrometry (SIMS) characterizations of Ge/SiGe inter-
faces grown via LEPECVD at temperatures below 500 °C, which
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consistently exhibit atomic-scale grading due to surface segrega-
tion and limited thermal diffusion [35]. To assess the robustness
of the model, a sensitivity analysis was performed by varying
the intermixing parameter. We observed that shifting o from
0.4 nm (near-abrupt) to 1.0 nm (highly diffused) induces a change
in the HHy, — HH transition energy of approximately 5 meV.
This result confirms that a refined potential profile is essential for
an accurate determination of the confinement potential and the
higher-order excited states near the barrier edge, which directly
govern the ISBTs and the subsequent carrier extraction in sensing
devices.

2.2. Self-consistent 6-band & + p and strain modeling

To validate the numerical framework, simulations were per-
formed targeting two specific doping configurations, hereafter
referred to as Sample A (2.5 x 10" ¢cm™3) and Sample B
(5 x 10" ecm™3), corresponding to recent experimental bench-
marks [9]. The electronic properties and band structure of the
heterostructure were calculated using the Nextnano simulation
suite. To accurately model the valence band structure and the
hole-related transitions in the Ge/SiGe QWIP, we employed a
6-band k - p Hamiltonian [36] based on the Luttinger-Kohn for-
malization. While higher-order models (such as the 14-band k-p
[37) explicitly include conduction-valence coupling, the 6-band
approach effectively incorporates the influence of these remote
bands through the Luttinger parameters (¥, ¥», ¥3). This formu-
lation provides a rigorous description of the HH, light-hole (LH),
and split-off (SO) dispersions, which is essential for calculating
the ISBTs and the absorption spectra of p-doped QWIPs without
unnecessary computational overhead.

The computational workflow is structured as follows:

1) Strain calculation: Since the MQW stack is coherently grown
on a Sip,Gepg VS, the Ge wells undergo biaxial compres-
sion while the Sij3Gej; barriers experience tensile strain.
These effects are incorporated through the Bir-Pikus Hamilto-
nian [38], which modifies the valence band edges and breaks
the cubic symmetry. The strain-induced energy shifts at the
I-point are determined by the hydrostatic deformation poten-
tial (@,), which shifts the overall valence band position, and
the shear deformation potential (b), which governs the splitting
between the HH and LH subbands.

2) Potential profiling: The software solves the Poisson equation
to account for the electrostatic potential induced by the boron
doping spikes (2.5 X 10'8 ecm™3 to 5 x 10'® cm™?) located at
the center of the wells [39]. This self-consistent step ensures
that the band-bending and charge redistribution are accurately
captured.

3) Eigenvalue problem: Finally, the Schrédinger equation is
solved at each k-point in the Brillouin zone. This allows for a
precise mapping of the hole dispersion E(k))) and the calcula-
tion of non-parabolic effective masses [26], both of which are
critical for characterizing MIR transitions.

2.3. Many-body effects and optical absorption

To achieve an accurate description of the intersubband
dynamics, this model accounts for many-body interactions, which
become the dominant physical phenomena at the high dop-
ing densities investigated (> 10'8¢cm™3, corresponding to a sheet
density > 10''cm™2). At these concentrations, the holes con-
fined within the Ge quantum wells form a two-dimensional hole
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gas (2DHG), where collective interactions significantly alter the
single-particle energy landscape. We implemented a self-consistent
two-step correction to the Schrodinger-Poisson solution:

1) Exchange-correlation potential (V,,): Calculated within the
local density approximation (LDA) [40], this potential
accounts for the many-body stabilization of the occupied
ground state; the Gunnarsson-Lundqvist parametrization was
adopted, which remains valid for holes by scaling the inter-
action strength with the appropriate effective masses. In the
context of the 2DHG, V.. represents the energy reduction due
to the Pauli exclusion principle (exchange) and the avoidance
of other holes due to Coulomb repulsion (correlation), result-
ing in a significant renormalization (red-shift) of the subband
energies.

2) Depolarization shift: For TM-polarized ISBTs, we include the
collective resonance effect. When excited by an external elec-
tromagnetic field, the 2DHG does not respond as a collection
of independent particles, but as a single plasma-like entity.
This collective oscillation of the hole gas perpendicular to
the layers induces a time-dependent depolarization field [41,
42] that screens the external radiation. This effect results in a
macroscopic restoration force that blue-shifts the absorption
peak relative to the nominal single-particle energy separation,
typically contributing up to 10% of the total transition energy.

Our results indicate that the dynamic depolarization blue-
shift is the dominant mechanism, effectively over-compensating
for the static V,. red-shift and leading to the net blue-shift
observed experimentally.

The optical absorption spectra were calculated by integrating
the momentum matrix elements over the entire reciprocal space,
specifically targeting the TM-polarized transitions between the
ground state (HHO) and the first excited state (HHI). The model
incorporates the complex non-parabolicity of the Ge valence
band and temperature dependence via Fermi-Dirac statistics from
10 K to 300 K. To account for structural disorder and the finite
lifetime of the excitations within the 2DHG, a phenomenological
Lorentzian broadening was applied, incorporating alloy scattering
and interface roughness parameters derived from the structural
data.

2.4. Optoelectronic response and responsivity model

To evaluate the potential of the Ge/SiGe MQW as a
Quantum Well Infrared Photodetector (QWIP), we developed a
numerical model to estimate the spectral responsivity R(kw) [43].
Unlike purely analytical models, our approach utilizes the imagi-
nary part of the dielectric function ¢,(kw) extracted directly from
the Nextnano 6-band k - p simulations. This quantity captures
the complex valence band dynamics and the HH/light-hole mix-
ing fundamental for describing the ISBT strength. The absorption
coefficient a(kw) was derived as:

a(hw) = %ez(hw) )

where n = 3.84 is the refractive index according to the formula
[44],

4 X 3nm + (342 +0.37 x 0.7 +0.22 x 0.7%) x 8nm
11nm

= 3.84494 3

So, we calculated the internal quantum efficiency (IQE) and
the spectral responsivity, assuming an active region thickness of

700 nm (considering at a later stage 3 nm wells and 11 nm barriers)
and an external quantum efficiency 7,,, = 0.6. The resulting IQE
of 0.11% is primarily a consequence of the single-pass normal-
incidence geometry.

3. Results and Discussion

3.1. Valence band dispersion and the role of Luttinge
parameters

To accurately describe the hole dynamics, our 6-band
k - p model utilizes a curated set of Luttinger parameters (¥,
¥2, 73) (Figure 2) sourced from established Group-IV databases
[45, 46]. Rather than treating these as static constants, our analy-
sis highlights their critical role in governing the non-parabolicity
and anisotropy of the valence bands. Specifically, the interac-
tion between the HH and LH dispersions at non-zero transverse
momentum (k; > 0) leads to a profound band-mixing effect.
We observe that the excited state 4) (LHI1 at T'), which typically
exhibits weak TM oscillator strength, acquires a significant HH
character as k| increases. This redistribution of oscillator strength,
captured through the k - p Hamiltonian, provides a rigorous phys-
ical explanation for the asymmetric spectral broadening observed
in Sample B. This demonstrates that the 6-band formalism is
essential to achieve quantitative agreement with experimental
linewidths, surpassing the limitations of single-band effective mass
models. For the Sij_,Ge, alloy layers, the software automatically
retrieves the endpoint values for pure Silicon and Germanium and
applies a linear interpolation scheme—consistent with Vegard’s
Law—to determine the specific properties for any given Germa-
nium mole fraction x. This systematic approach ensures that the
strain-induced shifts and the valence band dispersion are calcu-
lated using a self-consistent and internationally recognized set of
material descriptors.

Figure 2
Luttinger parameters y;, Y, and y; obtained via band structure
simulations based on the & - p method using the Nextnano software
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3.2. Strain-induced band splitting and polarization
control

The epitaxial strain in Ge/SiGe quantum wells is a fun-

damental degree of freedom for tuning MIR optoelectronic
responses. In our model, the strain state is determined by the
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lattice mismatch between the Si;,Ge, layers and the Sij,Gegg
virtual substrate. As shown in Figure 3, this strain reorders the
valence band energetics at the I'-point:

Figure 3
Valence band energy levels and corresponding wave functions at I'
also including above-band-edge levels at 300K for the Sample A
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1) Compressive strain: In the Ge wells (@er > dgpsirare)> the
HH subband is pushed above the Light Hole (LH) sub-
band. This configuration enhances transitions interacting with
TE-polarized light, which is critical for waveguide-integrated
devices.

2) Tensile strain: Conversely, in the barriers, the LH band is pro-
moted. By strategically engineering the barrier composition,
we maximize the TM-matrix elements, optimizing the device
for normal-incidence sensing.

3.3. Impact of many-body effects:
Exchange-Correlation (LDA)

The precision of the peak position is highly sensitive to col-
lective hole interactions. We performed a comparative analysis
between “single-particle” solutions and those incorporating the
LDA for the exchange-correlation potential (7).

1) Redshift vs. blue-shift: While the Hartree potential (elec-
trostatic repulsion) tends to broaden the well and decrease
transition energy, the V. provides an attractive component
for holes in the HHO state, effectively deepening the potential
well.

2) Density dependency: For the highly doped Sample B, the
inclusion of V., results in a calculated blue-shift of approxi-
mately 8-12 meV compared to the bare Schrodinger-Poisson
solution.

3) Experimental fit: When combined with the depolarization
shift, the LDA-corrected model matches

The experimental TM-polarized dips (145-150 meV) with
an accuracy of > 95%. Without these corrections, the model sys-
tematically underestimates the transition energy by approximately
10 meV, failing to replicate the experimental benchmarks and
proving that many-body dynamics are fundamental components
of MIR photonic design.
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It is important to note that the 6-band k - p framework pre-
sented in this work provides the original theoretical basis for the
results recently showcased in the work by Turpaud et al. [35].
While Turpaud et al. [35] utilized this specific model to validate
experimental absorption dips (see Figure 7 in [35]), the present
manuscript offers the first exhaustive disclosure of the underly-
ing physics—including the self-consistent treatment of many-body
effects and interface grading—which are inaccessible to sim-
pler modeling approaches like tight-binding or effective mass
approximations.

3.4. Role of band mixing and oscillator strength
redistribution

A crucial finding of our 6-band k - p analysis concerns
the nature of the excited states near the barrier edge. While
single-band models treat transitions as independent and parabolic,
the 6 X 6 Hamiltonian reveals a profound HH-LH band
mixing induced by the non-zero transverse crystal momentum
(k| > 0). As k increases away from the Brillouin zone center (T'),
the wavefunctions undergo significant hybridization. Specifically,
we observed that certain states, which exhibit weak TM oscillator
strength at T, acquire a substantial HH component at higher k),
values. This redistribution of oscillator strength provides a rigor-
ous physical explanation for the asymmetric spectral broadening
and the peak splitting observed in Sample B. As the chemical
potential shifts deeper into the valence band due to high doping or
elevated temperatures, these high-k| states become populated and
optically active. This effect, uniquely captured by our formalism,
allows for a quantitative agreement with experimental absorp-
tion profiles without the need for arbitrary empirical broadening
factors.

3.5. Predictive tuning: Mapping the ISBT across the
MIR window

We utilized the established framework to demonstrate the
spectral tunability of the HHO— HHI transition. By performing
a systematic sweep of the well thickness (L,,) from 2.5 nm to
5.5 nm, we show that the resonance peak can be precisely tuned
across the 6-15 um “fingerprint” region. Furthermore, by adjust-
ing the Si content in the Si; Ge, barriers, we can optimize
the position of the excited state relative to the continuum. This
“barrier engineering” is a critical factor for maximizing carrier
extraction and responsivity in QWIP devices, ensuring that the
design is not only theoretically sound but also electromagneti-
cally optimized for target molecular sensing (e.g., CO, or CHy
detection). The versatility of our model is further demonstrated
by its ability to accurately predict transitions in complex poten-
tial profiles, such as the parabolic quantum wells recently reported
in the work by Faverzani et al. [47]. Our framework remains
the only one capable of describing the subband spacing in non-
rectangular Ge/SiGe systems with quantitative precision, bridging
the gap between growth and device design. Some of these results
are shown in Figure 3.

The confined energy levels show an ISBT between the HHO
and the HHI hole states of 154 meV and an ISBT between the
LHO and the LH1 holes states of 106 meV that agree respectively
with the absorption in TM polarization and in TE polarization as
shown in Figure 4 and the ratio in Figure 5.
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Figure 4
Absorption coefficient versus energy for TM and TE polarization
obtained with Nextnano
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Figure 5
Ratio TM/TE
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3.6. QWIP performance: Photocurrent and
responsivity analysis

To bridge the gap between quantum simulations and practi-
cal sensing applications, we evaluated the optoelectronic response
of the designed MQW structure. Starting from the imaginary
part of the dielectric function e,(kw) extracted from Nextnano,
the spectral absorption coefficient a(kw) was computed for a

target photon energy of 0.150 eV (8.2 um). Our model, imple-
mented via a custom Python-driven workflow, estimates an IQE
of 0.11%. While the single-pass absorption geometry results in a
relatively low efficiency, the high oscillator strength of the Ge-
rich wells yields a spectral responsivity R of 0.0042 A/W. Under
a standard incident power density of 100 W/cm?, the model pre-
dicts: Photocurrent Density: 424.81 mA/ecm?; Total Generated
Photocurrent: 0.913 pA (for a device area of 0.0215 mm?).

These results demonstrate that the p-doped Ge/SiGe plat-
form is not only theoretically sound but also viable for practical
MIR PIC sensors. The calculated responsivity provides a primary
figure of merit that aligns our quantum-mechanical simulations
with the experimental requirements for real-world molecular sens-
ing. It is worth emphasizing that while preliminary estimations
of responsivity in related experimental literature were obtained
through decoupled, post-processing scripts, our model utilizes
the full-device simulation capabilities of Nextnano. This allows
for a self-consistent coupling between the quantum-mechanical
absorption and the macroscopic carrier transport. Specifically, the
photocurrent density reported here is generated within a unified
solver, surpassing the accuracy of the fragmented computational
routines used in previous material characterization studies. Please
see the Supplementary Materials for more information.

4. Final Considerations and Future Research

4.1. Summary of the theoretical framework

The theoretical model developed in this study provides a
robust first-order estimation of the photon-to-current conver-
sion efficiency within the QWIP device. By utilizing realistic
optical absorption data simulated via the Nextnano software
framework, the model successfully bridges the gap between
quantum-mechanical material properties and macroscopic mea-
surable figures of merit. Specifically, the implementation allows
for the direct computation of spectral responsivity and photocur-
rent, confirming that the device design is well-aligned with the
target photon energy. This methodology offers a solid foundation
for preliminary performance estimation, revealing the spectral
profile and validating the underlying heterostructure design.

4.2. Current limitations

Despite its predictive utility, the present approach is subject
to several simplifying assumptions that must be acknowledged.
Primarily, the model assumes ideal carrier collection, effectively
neglecting transport-related losses such as non-radiative recombi-
nation or carrier trapping. Furthermore, the external quantum
efficiency (7.,,) is treated as a constant parameter, and the cal-
culations do not currently account for optical reflection losses
at the surface or the complex electrostatic effects at the metal-
semiconductor contacts. The current model focuses on the optical
generation rate but does not solve the coupled Poisson and drift-
diffusion equations. Consequently, physical phenomena such as
the influence of the internal electric field, carrier mobility, and the
specific nature of the electrical contacts (whether Ohmic or Schot-
tky) are not explicitly treated. These simplifications imply that the
reported responsivity represents an upper theoretical limit—an
optimistic estimate of the device’s potential rather than a defini-
tive quantitative prediction of experimental performance under
bias.

05



Journal of Optics and Photonics Research Vol. 00

Iss. 00 2026

4.3. Future work and advanced modeling

To refine the accuracy of these predictions, future research
should transition from a purely optical-quantum model to a
comprehensive electronic transport simulation. Integrating the
current results with advanced computational methods would
allow for the characterization of dark current, noise behav-
ior, and bias-dependent responsivity. Two primary pathways
are envisioned for this expansion: Drift-Diffusion Modeling: By
numerically solving the continuity equations for electrons and
holes alongside Poisson’s equation, a more realistic current-
voltage (IV) characteristic can be obtained, accounting for drift,
diffusion, and recombination processes. Contact block reduc-
tion (CBR) Method: For a more rigorous quantum-mechanical
treatment, the CBR method could be employed to simulate bal-
listic transport. This is particularly relevant for the quantized
nature of the QWIP, where tunneling and quantum coherence
significantly influence carrier extraction. In conclusion, while
the current study provides a vital preliminary assessment of the
QWIP’s optical capabilities, the integration of a full electronic
transport framework—incorporating contact boundary condi-
tions and carrier dynamics—remains the necessary next step to
fully characterize the operational performance of the device.

5. Conclusions

In this study, we presented a thorough theoretical analysis
of p-doped Ge/SiGe MQWs for MIR photonics. By employing a
self-consistent 6-band & - p model that integrates Bir-Pikus strain,
graded interfaces, and many-body effects (LDA), we obtained
a predictive design roadmap for HHO— HH]I transitions in the
6-15 pm range. The high degree of agreement (> 95%) with
experimental benchmarks confirms that our approach effectively
overcomes the limitations of simplified effective mass models,
established as a reliable tool for the ab-initio optimization of
Si-based photodetectors. Future developments will extend this
framework to model out-of-equilibrium transport and to index
specific molecular resonances, such as CO, (4.26 mum) and CHy
(7.7 um), further bridging the gap between fundamental physics
and practical environmental sensing.
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