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We present a detailed study of hole-doped Ge/SiGe multiple quantum wells as a promising material platform
for mid-infrared photonics. The heterostructures were grown on SiGe virtual substrates using low-energy plasma-
enhanced chemical vapor deposition. Structural and compositional analyses via atom probe tomography and
x-ray diffraction were employed to assess the crystal quality and retrieve the compositional profiles. The optical
response of the samples, in the 4–12-µm wavelength range, was investigated as a function of the temperature and
complementary Hall-effect measurements were performed providing insights into the temperature evolution of
the electrical transport properties. In addition, a well-established tight-binding model was used to reproduce and
interpret the experimental results starting from the calculated valence band structure.
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I. INTRODUCTION

The mid-infrared (MIR) is a spectral range hosting the
so-called “fingerprint” region (wavelengths from 6 to 15 µm)
where most molecules feature vibrational resonances. In the
last decade, remarkable research efforts have been made to
develop integrated photonic devices operating in the MIR
spectral region to detect, identify, and potentially quantify
chemical and biological substances. The fields of application
are several and include detection of traces of greenhouse and
toxic gases [1], monitoring of industrial emissions [2], and
detection of molecules for medical diagnostics [3] as well as
astronomical observations [4].

Different material platforms are under consideration to
develop MIR photonic integrated circuits, including III-V
semiconductors [5], chalcogenide glasses [6], and group-IV
semiconductors. Among these, Si-based materials are deemed
very promising since they provide compact, high-density pho-
tonic platforms and can benefit from cutting-edge fabrication
tools and large wafer sizes commonly used in the micro-
electronic industry. Standard silicon-on-insulator technology
is the preferred choice for the short-range MIR (λ < 4 µm)
[7], but the strong absorption that occurs in the SiO2 cladding
layers prevents addressing longer wavelengths [8]. This chal-
lenge has been overcome using Ge-on-Si and SiGe-on-Si
material platforms, where it is possible to take advantage of
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the high MIR transparency of Ge to cover the full 3–15-µm
spectral range. Several photonics building blocks have been
already demonstrated on both platforms [9], nevertheless key
functionalities such as photodetection and high-speed mod-
ulation have seldom been investigated [10,11]. A possible
approach to tackle such challenges is to exploit intersubband
transitions (ISBTs) in hole-doped Ge/SiGe quantum wells
(QWs). The choice of a hole-based heterostructure is moti-
vated by the larger offsets, up to 300 meV, occurring in the
valence band of Ge/SiGe QWs, as required to design ISBTs
falling in the MIR spectral range, while those occurring in
the conduction band, and specifically in the L valley, are
limited to 100–150 meV, making them suitable for far-infrared
applications [12–14]. Up to now, ISBTs in hole-doped SiGe
heterostructures have been mainly investigated in Si/SiGe
QWs [15–18] grown on Si-rich SiGe virtual substrates (VSs).
This choice has been motivated by the significantly easier
epitaxial procedure required for obtaining Si-rich relaxed
SiGe VSs.

The interest in Ge/SiGe QWs [19–21] deposited on Ge-rich
SiGe VSs has increased only recently, due to the compat-
ibility with the SiGe-on-Si MIR photonic platform and to
the advancements of the epitaxial growth techniques, which
now allow for the growth of fully relaxed Ge-rich SiGe VSs
with a very high crystal quality. Here it should also be men-
tioned that Ge/SiGe QWs benefit from the lower effective
mass of heavy holes in Ge (0.33me) with respect to that in
Si (0.49me), allowing for ISBTs with a superior oscillator
strength with respect to Si/SiGe QWs. This study conducts
a detailed investigation into the structural, electrical, and op-
tical properties of p-doped Ge/SiGe multiple quantum wells
(MQWs) with the goal of establishing a robust theoretical and
experimental foundation to evaluate the potential and limita-
tions of this material platform for developing advanced MIR
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FIG. 1. Basic structure of the investigated samples. (a) Schematic of the sample showing detailed epitaxial steps. (b) Band-edge profiles,
confined energy levels, and corresponding wave functions.

photonic devices, including intersubband quantum-confined
Stark effect modulators and QW infrared photodetectors
(QWIPs).

II. DESIGN AND EPITAXIAL GROWTH
OF THE QUANTUM WELLS

The heterostructure investigated in this paper features hole-
doped 3-nm-thick Ge QWs sandwiched between 8-nm-thick
Si0.3Ge0.7 barriers coherently grown on a Si0.2Ge0.8 VS, as
schematically shown in Fig. 1(a). The Si content difference in
the MQW layers compared to the VS leads to built-in biaxially
compressive strain in the Ge wells and biaxially tensile strain
in the Si0.3Ge0.7 barriers, whose thickness has been chosen to
balance the strain in each barrier-QW period. Furthermore,
a 1-nm-wide intermixing region between the wells and the
barriers has been included in the nominal design, building
on previous works done with similar heterostructures [18].
Based on this profile, the electronic structure of the system
was analyzed using a first-neighbor sp3d5σ ∗ tight-binding
Hamiltonian model [22–24] relying on the semiempirical self-
and hopping-energy parameters proposed by Boykin et al.
[25] combined with the associated scaling exponent derived
by Jancu et al. [26] which allowed for the accurate description
of the strong nonparabolicity, band mixing, and spin-orbit
interaction occurring in the valence band. The squared moduli
of the resulting wave functions, calculated at �, are shown
in Fig. 1(b). The ground state HH1 in the Ge well belongs
to the heavy hole (HH) band and its energy has been set to
0 eV while the first excited level HH2 lies at −156 meV. The
light hole (LH) subband instead confines a single energy level
LH1 at an energy of around −48 meV. This heterostructure
is thus expected to feature a TM-polarized ISBT between

the HH1 and HH2 hole states at an energy of about 156
meV (λ � 8 µm). It is noteworthy that the HH2 state lies just
8 meV above the edge of the potential well, an intentional re-
sult of the design aimed at positioning an excited state nearly
resonant with the barrier height in order to facilitate the ex-
traction of photoexcited carriers, a desired feature for efficient
QWIPs.

The samples have been grown on a 100-mm p-Si(001) sub-
strate (resistivity 1–10 � cm) by low-energy plasma-enhanced
chemical vapor deposition (LEPECVD) [27]. The first part
of the stack consists of a forward graded buffer, in which
the Ge concentration is varied linearly from 0 to 80% with a
constant grading rate of 7%/µm, while the temperature is lin-
early decreased from 720 to 550 ◦C to mitigate strain-induced
surface roughening. To achieve full relaxation, a 2-µm-thick
Si0.2Ge0.8 layer has been grown on top of the graded buffer.
This serves as a VS for the growth of the MQWs stack as
shown in Fig. 1(a). The QWs were in situ p doped by adding a
spike of B2H6, as a precursor gas for boron, in the center of the
wells themselves, targeting a doping density of 5 × 1011 cm−2

(sample A) and 2.5 × 1012 cm−2 (sample B) in each QW. Due
to the thinness of the QWs and the high compositional differ-
ence between QWs and barriers, interdiffusion can strongly
influence the optical properties. The strategy employed to
minimize interdiffusion consists of (i) reducing the growth
temperature from 550 to 400 ◦C for the MQWs stack; (ii)
interrupting the growth for 30 s before and for 10 s after the
growth of the QWs; (iii) reducing the growth rate to around
10 nm/min by controlling the precursor gas (SiH4, GeH4)
flows. The last step assures a high control of the compositional
profile and mitigates the vacancy-assisted interdiffusion, since
the vacancy concentration increases with increasing growth
rate in the LEPECVD system [28].
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FIG. 2. Structural characterization of the investigated samples. (a) APT data. (b) Ge, and (c) Si content profile across five periods of
the MQW structure (d) (004) and (e) (224) RSMs. (f) Experimental ω-2θ scan (blue) and fitting with Darwin model (red). (g) Average
compositional profile retrieved from APT and HR-XRD.

III. STRUCTURAL CHARACTERIZATION

The samples have been structurally characterized with two
main objectives: to verify the crystal quality of the material
and to experimentally determine the actual compositional pro-
file of the MQWs. These data were then used to further refine
the band-structure calculations. Due to the small dimensions
of the quantum wells, precise structural characterization re-
quired advanced techniques such as atom probe tomography
(APT) and high-resolution x-ray diffraction (HR-XRD).

The elemental atoms’ localization is determined, together
with the layer stoichiometry, by APT [Fig. 2(a)]. Recon-
structed APT elemental maps along with the composition of a
central part with five quantum wells are provided in Figs. 2(b)
and 2(c). The SiGe barriers have a Si and Ge concentration
of 30% and 70% respectively, which is in agreement with the
designed heterostructures. The excellent epitaxial control is
demonstrated by the sharpness of the Si profile at the SiGe/Ge
interface. The Ge wells, forming the active region of the ISBT
device, have an APT determined thickness of 2.84 nm, in full
agreement with the XRD data (below).

HR-XRD measurements have been performed with a
PANanalytical X’Pert PRO MRD diffractometer. The (004)
and (224) reciprocal space maps (RSMs) of sample B are
shown in Figs. 2(d) and 2(e) respectively. Regular periodicity
of the MQWs’ structure is confirmed as well as the lattice-
matched growth of the MQWs on the VS, even though the
average Ge content in a single superlattice period is approxi-
mately 2% lower than in the VS, as indicated by the 0th order
peak not being superimposed to the VS peak. The characteri-
zation results of both APT and HR-XRD have been employed
to retrieve the real compositional profile of the QWs. First of
all, the Ge content of each well, as measured by APT, has been

extracted and fit independently with the following equation,
defined as the sum of two error functions representing the two
interfaces of the QW:

x(z) = xl erf

(
z − zl

σl

)
+ xrerfc

(
z − zr

σr

)
+ xbg, (1)

where l and r stand for the left and right interface respec-
tively, and the background term xbg takes into account the
fact that the Ge content in the barriers is around 70%. The
functional form obtained by APT was then employed to sim-
ulate the (004) ω-2θ HR-XRD scan as shown in Fig. 2(f)
using the dynamical diffraction Darwin model from xrayu-
tilities [29,30]. The maximum Ge content in the QWs has
been adjusted with respect to the value 96.5% extracted by
APT to properly fit both the low and the high order diffraction
peaks, obtaining 98.9%. The resulting compositional profile is
shown in Fig. 2(g). The thickness of each QW, defined as the
full width at half maximum (FWHM) of the fitting function
is 3.15 ± 0.18 nm, while the period (total QW and barrier
thickness) is 11.64 ± 0.52 nm. The profile is slightly asym-
metric, with σr = 0.7 ± 0.11 nm, while σl = 0.6 ± 0.16 nm.
Such asymmetry has been attributed to the differing timing of
growth interruptions before and after the Ge well growth.

IV. OPTICAL CHARACTERIZATION

The MIR optical properties of the samples were in-
vestigated by means of Fourier-transform infrared (FTIR)
spectroscopy employing a commercial spectrometer (Bruker
Invenio) equipped with a liquid-nitrogen-cooled mercury cad-
mium telluride photodetector and a closed-circuit helium
cryostat (Oxford OptistatDry BLV). In order to induce ISBT-
related absorption a normal incidence geometry cannot be
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FIG. 3. Optical characterization of the investigated samples. (a) Sketch of the prismlike waveguide geometry showing the Si substrate
(grey) the MQW stack (red and white) and the Ti/Au layer (yellow). Temperature-dependent dichroic transmission spectra of (b) sample A
and (c) sample B. The sharp features appearing at around 290 meV in the sample A spectrum acquired at 100 K are related to the asymmetric
stretching mode of the C-O bonds in CO2 molecules.

adopted because of the polarization selection rules govern-
ing such optical transitions. For this reason, the samples
were shaped in the prismlike waveguide geometry shown
in Fig. 3(a) with the entrance and exit facets forming an-
gles of 70◦ with the heterostructure planes so that the light
in the MQWs region can be either TM-polarized, i.e., the
electric field oscillates along the growth direction, or TE-
polarized; i.e., electric field oscillates perpendicular to the
growth direction, thus inducing ISBTs or not, depending on
the polarization of the impinging light. To enhance the TM
component of the electric field in the MQW region a thin
metallic layer (Ti/Au, 10/150 nm) was also evaporated on top
of the MQWs.

The transmission spectra for both TM and TE polariza-
tion were acquired, and the dichroic spectrum was eventually
calculated taking the ratio between these two: in doing so,
all contributions coming from unpolarized absorption mech-
anisms were removed highlighting TM- and TE-polarized
absorption features which appear as dips and peaks respec-
tively. The dichroic spectra of samples A and B are shown in
Figs. 3(b) and 3(c), where temperature-dependent features at
energies between 120 and 175 meV can be clearly seen.

The low temperature spectrum of sample A exhibits a clear
dip at 145 meV with a FWHM of about 25 meV which can be
attributed to the TM-polarized ISBT occurring between the
ground and the first excited state of the HH subband. As the
temperature increases, a second dip arises at gradually lower
energy, eventually reaching the same intensity of the pri-
mary peak at room temperature. Sample B clearly shows two

broader and partially overlapping dips around 150 meV even
at 10 K which increasingly splits with temperature. Moreover,
further absorption features appearing at higher energies were
observed, together with some Fabry-Perot-like interference
fringes which are indeed weakly dependent on temperature
and strongly influenced by the prism wave-guide fabrication.

The main mechanisms determining the broadening of the
absorption linewidth are the scattering events related to ion-
ized impurities, interface roughness, and alloy scattering [31].
As the structural characterization highlighted, a significant
entropic interdiffusion is present which, on one hand, pro-
motes the presence of silicon not only in the barriers but
also in the wells, thus introducing alloy scattering, while on
the other hand prevents the formation of sharp interfaces,
thus reducing the effect of interface roughness. Moreover, on
the dimensional scale explored by APT we did not observe
any modulation of the QW planes whereas on a longer-range
scale, i.e., a few microns, some slight variations are expected,
which tentatively contribute to a nonhomogeneous broadening
of the linewidth. Both these effects equally contribute to the
linewidth broadening of the two samples. On the contrary,
ionized impurities scattering is expected to be much stronger
in sample B than in sample A because of the doping levels
differing by a factor of 5.

The complex evolution of the spectra at different tem-
peratures cannot be explained by merely considering the
envelope-function energy levels corresponding to the eigenen-
ergies of the system at the � point, because the strong
nonparabolicity of the valence band plays a key role in de-
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FIG. 4. Hole densities as measured by Hall effect and as retrieved by the dichroic spectra for (a) sample A and (b) sample B. Longitudinal
resistivity ρxx (T ) of sample (c) A and (d) sample B.

termining the optical properties of the two samples. For this
reason, numerical calculations of the absorption spectra have
been performed considering the band structure dispersion in
the whole reciprocal space. Running such calculations re-
quires the knowledge of the hole density N2D in the QWs as a
function of the temperature which can be extracted from the
integral of the experimental absorption spectrum [32] with the
formula

N2D = 2m∗cε0n

πe2h̄

1

f

∫
α2D(E )dE , (2)

where m∗ is the effective mass and f is the oscillator strength,
here set to 1. Despite the nonparabolicity, the HH effective
mass at � was considered because of the moderate doping
levels. The two-dimensional absorption coefficient can be re-
trieved from the dichroic spectrum as

α2D = − ln (ITM/ITE)

CMN

cos θ

sin2θ
, (3)

where C is the field enhancement provided by the gold layer,
M = 2 is twice the number of reflections in the waveguide,
N = 50 is the number of QWs, and θ = 57◦ is the propaga-
tion angle with respect to the growth direction in the MQW
region. The wavelength-dependent enhancement factor C was

evaluated by averaging the cos2(kzz) behavior of the standing
wave intensity in the MQW region. The hole densities N2D-OPT

retrieved from the dichroic spectra are reported in Figs. 4(a)
and 4(b) for samples A and B respectively, finding values
which, at low temperature, nicely agree with the nominal
ones.

V. ELECTRICAL CHARACTERIZATION

In order to have also an additional estimation of the
hole density, temperature-dependent Hall-effect measure-
ments were run between 10 and 300 K at magnetic fields
up to 6 T in a closed-cycle cryostat on Hall bar struc-
tures with W = 100 µm and L = 340 µm [see Fig. 4(a)]
patterned by photolithography and reactive ion etching. Bond-
ing pads were formed by e-beam evaporation of a Ti(5 nm)/
Au(150 nm) metal stack. The hole densities N2D−HALL mea-
sured by Hall effect are reported in Figs. 4(a) and 4(b) for
samples A and B respectively. It was not possible to measure
the hole density at 10 K for sample A because the contacts
have a rectifying behavior at this temperature.

Quite surprisingly, the optical and electrical characteri-
zations yielded significantly different results. According to
the optical measurements, the hole density in both samples
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FIG. 5. Electronic band structure and occupation of the energy levels. (a) Valence band energy levels and corresponding wave functions
at � also including above-band-edge levels. Each energy level has also been identified by a number in progressive order starting from the
fundamental level HH1. (b) Dispersion of the energy bands in the reciprocal space and Fermi levels. (c) Fermi-Dirac occupation function at 10
and 300 K for samples A and B.

reaches the maximum value at 10 K (5.16 × 1011 cm−2 for
sample A and 2.38 × 1012 cm−2 for sample B) and then
slightly decreases as the temperature increases, reaching re-
spectively 4.08 × 1011 cm−2 and 1.68 × 1012 cm−2 at room
temperature. The Hall measurements instead show an op-
posite behavior, where the hole density is minimum at low
temperature and then increases as the temperature is in-
creased. Such discrepancy between optical and electrical
measurements has been already observed in the literature [33],
at least at low temperature, and it was attributed to carrier
trapping in localized states making them available for ISBTs
but not for band transport.

In order to gain a better understanding of the opposite
trends of the hole densities retrieved from the dichroic spec-
tra and measured by Hall effect, the longitudinal resistivity
ρxx(T ) as a function of the temperature has been measured
for both samples, and the results are reported in Figs. 4(c)
and 4(d) for samples A and B respectively. Between 5 and
60 K, the resistivity of sample A follows the relationship
ρxx(T ) ∝ exp[(T0/T )1/3], a signature of variable range hop-
ping (VRH) transport [34]. It was not possible to fit ρxx(T )
with a single characteristic temperature T0 between 5 and
60 K finding T01 = 12.5 K and T02 = 21.5 K below 10 K and
between 20 and 60 K, respectively. The characteristic tem-
perature increase suggests that holes can access more distant
or higher energy localized states with increasing temperature,
thus changing the dominant hopping paths. Above 90 K, the
resistivity sharply drops, following the relationship ρxx(T ) ∝
exp(Ea/kT ) where Ea = 35 meV represents the activation
energy, indicating the onset of band transport. The resistivity
increases with temperature above 200 K, probably because
of phonon scattering. Regarding sample B, at low tempera-

ture (up to 10 K), the transport is once again dominated by
VRH. Since T0 is inversely proportional to both the density
of states and the localization length, a lower characteristic
temperature is expected, as higher dopant concentrations in-
crease both parameters: accordingly, a value of T0 = 3.1 K
was obtained. Between 15 and 40 K the resistivity decreases
as ρxx(T ) ∝ − ln T , indicating that the transport may be con-
trolled by weak localization [35]. Above T = 50 K, band
transport starts becoming the dominant transport mechanism
with an activation energy of 15 meV, smaller than that of
sample A. Although accurately modeling impurity states is
extremely difficult, the reduction in activation energy with
increasing doping is expected as higher doping concentrations
leads to the broadening of the impurity levels resulting in the
formation of an impurity band due to dopant wave-function
overlap [36].

A more in-depth analysis of the transport properties goes
beyond the scope of this work, however, the measurements
carried out allow us to explain the discrepancy between the
Hall and optical measurements. In the VRH regime, only a
fraction of the holes present in the system actively participate
in conduction, while many of them remain localized due to
insufficient thermal energy to enable hopping, thus explaining
why N2D-OPT is higher than N2D-HALL at low temperature. On
the other hand, as the temperature increases, holes start to
populate upper bands (e.g., the LH band) following the Fermi-
Dirac distribution, but only those lying in the ground state
HH1 are available for ISBTs in the considered energy range,
thus clarifying why N2D-OPT is lower than N2D-HALL at higher
temperature. Hence, N2D-OPT is the most suitable parameter to
be considered for the numerical calculation of the absorption
spectra.
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FIG. 6. Temperature-dependent experimental (continuous line) and theoretical (dashed line) absorption coefficients for TM-polarized light
of (a) sample A and (b) sample B. The sharp features appearing at around 290 meV in the sample A spectrum acquired at 100 K are related to
the antisymmetric stretching mode of the C-O bonds in CO2 molecules.

VI. DISCUSSION

Having characterized the samples from the structural, op-
tical, and electrical points of view, it is now possible to
numerically compute the absorption spectra and understand
the evolution of their optical properties with the temperature.
As a first step, the band structure in the whole reciprocal
space has been calculated. Since no substantial modifications
are expected for the considered doping levels, the hole den-
sity was only taken into account to determine the occupancy
of each state; similarly, temperature-dependent modifications
of the electronic spectrum have been neglected. The energy
levels at � as well as the corresponding eigenstates are
shown in Fig. 5(a) while Fig. 5(b) reports the band struc-
ture dispersion along the �-to-L and �-to-X directions. It is
worth noticing that, besides the HH2 level, two further states
which are almost degenerate with the top of the barrier are
present.

The absorption coefficient can be theoretically computed
starting from the band structure applying Fermi’s “golden
rule.” A phenomenological broadening was considered using
a Lorentzian line shape with the same width for all active
ISBTs. At 10 K, the FWHM was set to approximately 20
and 32 meV for samples A and B, respectively. At higher
temperatures, the broadening parameter was slightly adjusted
by fitting the measured single peak feature. The hole den-
sity evolution with the temperature must also be explicitly

included in the calculation of the optical spectra through
Fermi-Dirac statistics since it determines the occupation of
the energy levels. At all temperatures, the experimentally
determined N2D-OPT values were used. Figure 5(c) shows the
Fermi- Dirac distribution functions at low and high tempera-
ture for both samples. The experimental effective absorption
coefficients, calculated from α2D dividing by the period of
the heterostructure, and the theoretical absorption spectra of
samples A and B are reported in Figs. 6(a) and 6(b). In
both cases, the calculated spectra well reproduce the main
experimental features both qualitatively and quantitatively,
despite that the adopted model does not account for any many-
body effects related to electron-electron interaction, which
include exchange correlation, depolarization shift, and exci-
tonic shift [32]. The depolarization shift can be estimated
based on the hole sheet density and the electronic wave
functions [15,37], typically resulting in a blueshift of a few
meV. To align the calculated spectra with the experimental
peak positions, blueshifts of 3 and 12 meV were applied in
Figs. 6(a) and 6(b), respectively. These values are consistent
with the estimated depolarization shift, which is expected to
be more pronounced in sample B due to its higher doping
density.

The low-temperature spectrum of sample A only shows
a Lorentzian peak which can be naively assigned to ISBTs
occurring between the HH1 and HH2 energy levels. When in-
creasing the temperature, secondary spectral features arise, as
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FIG. 7. Theoretical and experimental absorption coefficients of both samples at 10 and 300 K. The individual contributions to the
theoretical absorption spectra coming from different ISBTs are separated into distinct peaks labeled according to the level numbering
introduced in Fig. 5(a).

also predicted by the numerical calculations. Similar consider-
ations apply also to sample B for which, however, other ISBTs
are already active even at 10 K. To gain further insight into the
optical transitions which contribute to the observed features,
the theoretical spectra were deconvolved discerning among
ISBTs involving different initial and final states, labeled as in
Fig. 5(a). Figure 7 shows the comparison between the experi-
mental effective absorption coefficients and the corresponding
theoretical curves of both samples at 10 and 300 K where the
various contributions are highlighted. The spectra shown in
Fig. 5(a) indicate that the splitting of the main peak, either
observed by increasing the Fermi energy or the temperature,
which in turn modifies the chemical potential [38], is related
to the activation of ISBTs which involve both the |3〉 and |4〉
levels, in a region of the reciprocal space where these two sub-
band states have a larger energy separation. Indeed, |3〉 and |4〉
result from the interaction of HH2 and LH2, and the presence
of a nonvanishing k‖ momentum induces a redistribution of
the TM oscillator strength in favor of the latter state making
both these transitions observable. Furthermore, the negative
curvature of the HH2 state, which can be ascribed to the
valence-band nonparabolicity, introduces a significative re-
shaping of the single absorption peaks. It is also worth noting
that, at room temperature, ISBTs starting from the LH1 level,
labeled as |2〉 in Fig. 5(a), contribute to the absorption spectra
of both samples, as the exponential tail of the Fermi-Dirac

distribution functions of Fig. 5(c) manages to reach LH1 level,
thus suggesting that a non-negligible fraction of the carriers
occupies this state.

VII. CONCLUSIONS AND PERSPECTIVES

In this work, we investigated ISBTs in the MIR spectral
range in hole-doped Ge/SiGe QWs, featuring nanometer-sized
epilayers and significant well/barrier alloy contrasts. Strong
TM-polarized ISBT absorption features were observed, with
peak absorption coefficients exceeding 1000 cm−1 at room
temperature. By combining a thorough structural character-
ization with advanced theoretical modeling, we accurately
captured the evolution of the optical absorption spectra as a
function of both temperature and doping density, achieving
excellent agreement with experimental results.

Our findings establish a robust theoretical and exper-
imental foundation for understanding the structural and
optical properties of hole-doped Ge/SiGe QWs, paving the
way for their integration into MIR photonic integrated
devices.
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