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Mid-Infrared Intersubband Transitions in p-Type SiGe

Parabolic Quantum Wells

Marco Faverzani,* Davide Impelluso, Stefano Calcaterra, Carlo Zucchetti,
Daniel Chrastina, Camillo Tassi, Giovanni Capellini, Paolo Biagioni, Giovanni Isella,

Michele Virgilio, and Jacopo Frigerio

The design, fabrication, and comprehensive characterization of hole-doped
Ge-rich SiGe parabolic quantum wells engineered to exhibit intersubband tran-
sitions in the mid-infrared spectral range around 120 meV are reported. The
heterostructures are grown on Si substrates by low-energy plasma-enhanced
chemical vapor deposition, enabling finely controlled compositional profiles
and high crystalline quality. Thorough structural analysis confirms the forma-
tion of parabolic potential wells despite the presence of entropic interdiffusion.
Photoreflectance spectroscopy is employed to investigate interband optical
transitions in these heterostructures, whereas intersubband transitions are
studied by Fourier-transform infrared spectroscopy that revealed characteristic
constant-energy TM-polarized absorption features up to room temperature.
At higher doping levels, a more structured spectral response is observed due
to valence-band non-parabolicity. Tight-binding band structure simulations,
incorporating many-body effects, accurately reproduce the observed spectral
features. These results highlight the potential of SiGe parabolic quantum
wells as a versatile and scalable platform for the development of Si-compatible
mid-infrared optoelectronic devices based on intersubband transitions.

1. Introduction

The ability of generating, manipulating,
and detecting mid-infrared (MIR) light
(from 3 to 15 um wavelength) is es-
sential in several applications including
material identification,!!! sensing,!*?! and
imaging.*! In this context, group-IV semi-
conductors are currently being consid-
ered as a cost-effective and compact al-
ternative to available commercial devices
based on III-V semiconductors. More-
over, Si-compatible materials may also be
monolithically integrated into the Ge-rich
SiGe-on-Si material platform, which has
demonstrated its potential for the real-
ization of MIR photonic integrated cir-
cuits (PICs)®! thanks to its wide trans-
parency window ranging from 3 to 15 pm.

Semiconductor quantum wells (QWs)
are widely employed for the implemen-
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tation of infrared-active optoelectronic de-

vices as they offer the possibility of tun-

ing their optical response by suitably
engineering the lattice strain and compositional profile. In par-
ticular, intersubband (ISB) transitions, i.e., electronic transitions
that involve two confined energy levels originating from the same
band, can cover both the MIR and far-infrared (FIR), down to
the THz spectral region. Electrons in Si- and Ge-rich n-type
SiGe QWs mainly populate the A or L valleys of the conduction
band, respectively. In the latter case, the relatively small band-
offset (100 + 150 meV) only allows for ISB transitions occur-
ring in the FIR.®7] Instead, hole-doped SiGe QWs can bene-
fit from larger band-offsets that can exceed 300 meV. While p-
type Si-rich SiGe QWs have been extensively investigated,[®! p-
type Ge-rich SiGe QWs have only recently garnered attention ow-
ing to their potential application in PICs as non-linear optical
components relying on their giant non-linear susceptibility,""’
electro-optic modulators exploiting the quantum-confined Stark
effect,''l and QW infrared photodetectors (QWIPs). Moreover,
ISB transitions in semiconductor QWs provide a versatile plat-
form to reach the strong light-matter coupling regime, where the
interaction strength can be controlled through the carrier den-
sity. While this phenomenon has been extensively studied in I11-
V systems, it was only recently investigated in group-IV-based
heterostructures.l'21%]

© 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 1. a) Schematic of the sample structure showing the whole stack,
including the silicon substrate, the GB, the VS, and the QWs. b) Nominal
Ge content profile of each PQW.

Among the possible QW designs, those exhibiting a parabolic
variation of the compositional profile display the remarkable
property of featuring ISB transitions whose energy is not affected
by electron—electron interaction. Therefore, the transition ener-
gies are almost doping-independent,'*l making them ideal can-
didates for the investigation of the ISB strong coupling regime
up to room-temperature. Moreover, parabolic QWs (PQWs) have
been proposed for the realization of low-dark-current QWIPs.[*%]
However, the growth of high-quality PQWs is rather challeng-
ing, with the harmonic potential often having been approximated
by digital alloying;!'! continuously-graded PQWs, instead, were
only recently demonstrated, both in ITI-VI'7!8] and SiGel®71°]
compound semiconductors, paving the way for their exploita-
tion in strongly coupled systems working in the THz spectral
region.['*2% On the contrary, MIR-active PQWs are still missing.
In this work, we report on the design, growth, structural, and op-
tical characterization of hole-doped Ge-rich SiGe PQWs featuring
ISB transitions at energies around 120 meV (10 um wavelength).

2. Design and Growth

The samples were grown by low-energy plasma-enhanced chem-
ical vapor deposition (LEPECVD)[2!] on silicon substrates. With
the aim of reducing the impact of threading dislocations,??} an
11 pm-thick Si;_,Ge, graded buffer (GB), where the germanium
content increases at a constant grading rate of 7%/um, was first
deposited, followed by a 2 um-thick Si,,,Ge, ¢ virtual substrate
(VS), as pictorially shown in Figure 1a. The VS composition was
selected to match the average Ge content of the heterostructure
and avoid plastic relaxation during the growth of the QW stack.
The compositional profile was designed by means of an advanced
semiempirical tight-binding model with the aim of confining at
least two subband energy levels originating from the heavy-hole
(HH) band. As reported in Figure 1b, each period nominally fea-
tures an 8 nm-thick Si, ,Ge, parabolic well, with the germanium
content varying between 60 and 100 %, enclosed between 4 nm-
thick Si, ,Ge, ¢ barriers. As a consequence, the Ge-rich central re-
gion of each well experiences biaxial compressive strain, which
removes the degeneracy between the HH and light-hole (LH)
bands at I" and promotes HH as the ground state of the system.
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Conversely, biaxial tensile strain occurs in the outermost regions
and barriers.

Five samples were grown for the characterization of the struc-
tural and optical properties of the heterostructure. Sample A was
grown to investigate the structural properties of the system and it
was doped by adding a 0.1 sccm flux of B,H in the central 2 nm
of the wells. Sample B was grown for the photoreflectance (PR)
study of interband optical transitions, therefore it was not inten-
tionally doped. Samples C, D and E were grown to investigate
ISB transitions in such heterostructures and in particular their
dependence on doping: hence, sample C was doped adding a 0.1
scem flux of B,H, in the central 2 nm, sample D adding a 0.1
sccm flux of B, H, in the central 4 nm and sample E adding a 0.5
sccm flux of B,H, in the central 2 nm. The relevant parameters
of the investigated samples are listed in Table 1.

3. Structural Characterization

The structural properties of the heterostructure were investigated
at the atomic scale by secondary ion mass spectroscopy (SIMS),
scanning transmission electron microscopy (STEM), and energy-
dispersive X-ray (EDX) spectroscopy. A STEM image of sample
A is reported in Figure 2a: starting from the silicon substrate,
on the left, the GB initially presents a large number of line de-
fects, i.e., dislocations, which are progressively accommodated
as the germanium content increases; eventually a high-quality
constant-composition layer is achieved which serves as VS for
the heterostructure, which is found in the rightmost part of the
image. Figure 2b shows a detailed STEM image focusing on the
QWs region and the corresponding EDX intensity maps of Ge
and Si together with the EDX compositional profiles. With re-
spect to the nominal design, the STEM-EDX profile, shown in
Figure 2c, reveals that, on one side, the alloy composition does
not reach pure germanium at the QWs center while, on the other
side, the abrupt shape variation, nominally occurring at the in-
terfaces between barriers and wells, is smoothed out. Since sili-
con and germanium are miscible over the entire compositional
range,!?3] both these effects can be ascribed to the entropic in-
terdiffusion typical of random alloys such as silicon-germanium.
Nevertheless, a parabolic variation of the germanium content was
observed in the wells.

Table 1. Sample list including number of periods, XRD periodicity, dop-
ing protocol, and sheet hole density retrieved from low-temperature FTIR
measurements.

Sample Number of ~ XRD period Doping FTIR hole density at
periods [nm] protocol 10 K [cm™2]
A 50 12.7 0.1 sccm B,y Hg -
in2nm
20 12.3 - -
C 20 12.2 0.1 sccm B, Hg 7.3 x 10"
in2nm
D 20 12.4 0.1 sccm B, Hg 1.2x 10"
in4nm
E 20 123 0.5 sccm B, Hg 3.6 % 10"
in2nm

© 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

85U80|7 SUOWIWIOD BAIEa.D 3|t (dde aup Aq peusenob ke ss[o e VO ‘88N JO sa|ni o} Afeiq18UlUO 48] UO (SUOPUOD-PUB-SULLIBY WO A8 | 1M AlR1q Ul [UO//:SdNY) SUORIPUOD PUe SWS | 84} 885 *[9202/T0/60] Uo AriqiTauliuo A8|IM ‘ONY TIIN 1A ODINDILITOd A9 090€0520 WLOPe/Z00T 0T/I0p/W0d A8 |im Arelq1 Ut |uo peoUeApe//Sdny Wouy papeojumod ‘0 “TZ0TS6TZ


http://www.advancedsciencenews.com
http://www.advopticalmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

()

\VAVAVAVAVAV/

() (e)
7.5

7.4
73
72

q.1 [nm_l]

7.1

7

6.9 ,
01 001 48 5 52
g| [nm™'] g| [nm™]

Ge (EDX)

JAVAVAVAVAVAN

Si (EDX)

www.advopticalmat.de

(b) (©)
100

x [%]

Ax [%]

20 nm

()
10° 10° -
HR-XRD scan \A " Si
10* ,5, @ 1g¢ [ Darwin model 0" order
[¢] %]
2 =
w2
3 = 3
10 g §
s 2
=4 &
<z 3
10 & E

6.8 7 72 7.4
91 [nm_l]

Figure 2. Structural characterization of sample A. a) STEM image showing the Si substrate, the GB, the VS, and the PQWs. The beneficial effect of the
GB can be appreciated as dislocations are reduced across the graded layer, and almost entirely disappear in the VS and in the QWSs region. b) Detailed
STEM image focusing on the QWs region (bottom panel) and EDX intensity maps of Ge (blue) and Si (red) with the measured compositional profiles
(white lines). The boron profile retrieved by SIMS (green line) is also reported. c) Germanium content estimated by EDX measurements compared to the
smoothed parabolic profile (continuous red line), which accounts for interdiffusion, and to the ideal parabolic profile (dashed red line); deviations from
the smoothed profile are reported in the bottom panel. d) Reciprocal space map around the symmetrical (004) diffraction peaks. e) Reciprocal space
map around the asymmetrical (224) diffraction peaks. f) w-20 XRD scan (red) and best fitting curve obtained by dynamical Darwin model simulations

(blue).

In order to assess the crystalline quality of the heterostruc-
ture, high-resolution X-ray diffraction (HR-XRD) measurements,
coupled with reciprocal space mapping around the symmetri-
cal (004) and asymmetrical (224) reflections, were performed.
Figure 2d,e shows the reciprocal space maps referring to sample
A. The substrate and VS diffraction peaks together with a roughly
linear intensity profile connecting these two features, which
is related to the GB, are clearly distinguishable. Moreover, a
number of other satellite peaks can be seen that are ascribed to
the QWs. The small FWHM of these peaks and the regular spac-
ing confirm the excellent crystal quality of the heterostructure
and its uniformity over relatively large areas. However, the 0
order diffraction peak does not perfectly overlap with the one of
the VS, suggesting that the average germanium content in the
QWs is not exactly matched to the VS. Specifically, the VS com-
position is around 77.5% while the average composition of the
QWs is about 75.5%. The same considerations apply to the ©-26
XRD scan that is reported in Figure 2f. As HR-XRD measure-
ments are more sensitive to the average composition of the het-
erostructure than to the actual shape of the compositional pro-
file, the STEM-EDX profile was used as input for the dynam-
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ical Darwin model simulation, as implemented by the xrayu-
tilities package,*®! and optimized by varying the minimum
and maximum concentrations to fit the experimental XRD rock-
ing curve, ultimately achieving a good agreement with concen-
trations of 59% in the barriers and 93.5% at the center of the
wells.

The boron concentration in the QWs region was monitored
by SIMS. The corresponding profile is shown in Figure 2b. Even
though, according to the growth protocol, boron dopants should
exclusively be present at the center of each QW, a baseline of
around 2 X 10" cm™3 is observed. Moreover, the concentration is
periodically modulated with maxima around 2 x 10'® cm~3 whose
position, however, does not exactly correspond to the QWs cen-
ter. Nevertheless, the active dose cannot be directly inferred from
these measurements as a non-trivial evolution with temperature
might be expected: on the one hand, the effective transfer of all
the carriers inside the wells cannot be assumed a priori in semi-
conductor heterostructures!?l and, on the other hand, tempera-
ture plays a key role in dopants ionization.[?’] For these reasons,
the active carrier concentration was extracted from the optical
characterization of ISB transitions.
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Figure 3. Calculated electronic band structure of the investigated PQWs.
a) I'-point band edge profiles for the valence (HH, LH) and the conduc-
tion (cI') band and associated squared wavefunctions calculated at 300 K.
b) In-plane valence-subbands dispersion along the A and A high-
symmetry directions.

4, Band Structure Calculation

The conduction- and valence-band edge profiles at I' calculated at
300 K are shown in Figure 3a, together with the squared moduli
of the wavefunctions associated with the main electronic states.
In the conduction band, three confined energy levels exist at
I" which, however, are not equally spaced because of the finite
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height of the barrier. In the valence band, instead, the situation
is complicated by the interplay between HH and LH states. The
HH band hosts three confined energy levels, with the first and
second excited HH subbands separated by 108 and 181 meV from
the ground state HH,, respectively. The LH band confines a sin-
gle level, lying around 50 meV below HH, while a further level
(LH,), exhibiting LH character, is present above the top of the
LH barrier and is almost degenerate with an unbound level (c-
VB, ). As the energy separation between the HH, and LH, states
is larger than the thermal energy, the ground state is essentially
the only populated level, even at room temperature. The in-plane
band structure dispersion of the valence-subbands along the A
and A high-symmetry directions is reported in Figure 3b.

5. Optical Characterization

The optical response of the heterostructures was investigated
both in the MIR, i.e., between 100 and 250 meV (between 5 and
12.5 um wavelength), and in the near-infrared and visible spec-
tral ranges, i.e., between 1.1 and 1.7 eV (between 0.7 and 1.1 ym
wavelength), to probe both ISB and interband transitions involv-
ing the confined energy levels.

5.1. Interband Characterization

PR spectroscopy was employed to study interband optical transi-
tions at room temperature.!?®] Figure 4 shows the PR spectrum of
sample B and the best fitting curve as well as the individual con-
tributions. In order to satisfactorily reproduce the experimental
data, at least five different spectral features must be considered.
In infinite square QWs only interband transitions that cou-
ple initial and final states whose envelope functions share the
same parity are allowed. In finite QWs other transitions be-
come allowed but those fulfilling the parity selection rule remain
dominant.[?l Hence, the first three features can be assigned to in-
terband transitions involving the fundamental levels of the HH,
LH, SO and cI" bands, i.e., HH,-cI';, LH;-cI"; and SO, -cI';. Two
further features are present at higher energy that are attributed

1.1 12 1.3 14 15 16 17 18
E [eV]

Figure 4. Room-temperature PR spectrum of sample B and best fitting
curve. The individual contributions to the total PR spectrum are also
shown.
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Table 2. Experimental and theoretical transition energies of the main inter-
band optical transitions that can be observed in the PR spectra of Figure 5.

Optical transition Transition energy [eV]

Experiment Calculation
HH, T, 1.202 1.199
LH,-cT 1.261 1.249
SO;-cIy 1.487 1.462
HH,-cT", 1.599 1.599
LH,-cl", 1.677 1.659

to the HH,-cI', and LH,-c[, transitions. Table 2 summarizes the
resonant energy of these five features together with the corre-
sponding theoretical value, calculated as the energy separating
the levels involved in each transition. Comparing the experimen-
tal transition energies with the results of the numerical calcula-
tions, an excellent agreement is found, thereby confirming the
reliability of the theoretical description.

5.2. Intersubband Characterization

Fourier-transform infrared (FTIR) spectroscopy was employed to
study the MIR optical response of the heterostructures. The ac-
quisition of dichroic transmission spectra with two perpendicu-
lar linear polarizations, in a single-pass waveguide geometry with

(a)

www.advopticalmat.de

metal coating on the sample surface, allows for the calculation
of the experimental TM-polarized 2D absorption coefficients re-
ported in Figure 5. To investigate the temperature dependence of
ISB transitions, spectra were acquired at different temperatures,
ranging from 10 to 300 K.

Figure 5a shows the experimental absorption spectra of sample
C. At all temperatures, the dominant absorption peak is found at
energies around 120 meV, corresponding to HH,-HH, ISB tran-
sitions. At low temperature, this peak is symmetric and exhibits a
narrow absorption line with FWHM of 13 meV, i.e., around 11%
of the resonance energy. As temperature increases, the peak be-
comes weaker, slightly asymmetric and broader, with the FWHM
never exceeding 18 meV, even at room temperature. Moreover,
the peak position redshifts by a few meV with temperature. Al-
though this shift should not be present in PQWs, it could be ten-
tatively ascribed to the Coulomb potential due to the presence
of ionized acceptors in the wells, to the non-parabolic dispersion
of the valence band, to the smoothening of the parabolic profile
when approaching the barriers, or to a combination of all these
effects.

The spectra of sample D, shown in Figure 5D, are similar to
the ones of Figure 5a apart from the stronger absorption due
to the increased doping level. Similar considerations apply con-
cerning the shape and evolution with temperature of the main
absorption line. Interestingly, the low-temperature broadening
is around 14.5 meV and it increases with temperature up to
around 20 meV. Despite the different doping, these values are

(b) (©)
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Figure 5. Temperature-dependent TM-polarized 2D absorption coefficient of PQWs measured by FTIR dichroic transmission spectroscopy. Experimental
absorption spectra of a) sample C, b) sample D, and c) sample E. Theoretical absorption spectra of d) sample C, e) sample D, and f) sample E, calculated
starting from the band structure shown in Figure 3 and considering the experimental sheet hole density.
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comparable to those observed in sample C, suggesting that scat-
tering by ionized impurities is not the dominant broadening
mechanism limiting the linewidth of the resonances, as it does
not scale significantly with doping. Therefore, other broadening
mechanisms, such as alloy scattering or inhomogeneous broad-
ening, seem to prevail.l>"]

The absorption spectra of sample E are shown in Figure 5c.
With respect to samples C and D, the main absorption line
around 120 meV gets more structured and satellite features
emerge at higher energy, i.e., between 160 and 230 meV. This
complex behavior is attributed to the non-parabolic dispersion
of the electronic states in the valence band as can be seen in
Figure 3b. Indeed, the sheet hole density that can be estimated
from the spectra at 10 K is approximately 3.6 x 102 cm~2, mean-
ing that the carriers occupy, even at cryogenic temperature, a
large region around I' where the parabolic approximation no
longer holds.

To compare the experimental results with the theoretical pre-
dictions, the absorption spectra have to be calculated consider-
ing the respective sheet hole density, which can be estimated
by integrating the experimental 2D absorption coefficient.3!]
Figure 5d—f displays the calculated spectra that already include
many-body corrections such as depolarization and exchange-
correlation shifts.3!l The experimental curves of samples C and
D are well reproduced by the theoretical ones. The calculated
spectra also predict the presence of a weak feature around 160
meV, associated with HH,-LH, ISB transitions, which is barely
visible in the experimental data, possibly because of the overlap
with periodic Fabry-Pérot interference fringes. The experimental
spectra of sample E suggest a splitting of the fundamental ab-
sorption peak with increasing temperature, which is much less
pronounced in simulations that only feature a single asymmetric
peak, due to non-parabolicity and corresponding to HH;-HH,
transitions: therefore, the apparent splitting is also partially as-
cribed to the superimposed Fabry-Pérot oscillations. Moreover,
higher-energy absorption features are also predicted by the cal-
culations. At low temperature, this tail is mainly due to HH,-LH,
transitions but, with increasing temperature, ISB transitions in-
volving the ¢-VB; state gain oscillator strength becoming more
and more important.

To summarize, relatively intense and temperature-stable ISB
transitions can be achieved in the investigated p-type SiGe PQWs
up to room temperature, also at high doping levels, i.e., up to
around 102 cm™2, despite band non-parabolicity effects. This
peculiar property makes these or similar PQWs an ideal mate-
rial platform for the investigation of polaritonic effects in the
strong light-matter coupling regime. When multiple QWs are
enclosed in a microcavity, ISB transitions interact with reso-
nant photonic modes of the cavity and the degeneracy is lifted,
giving rise to quasi-particles known as ISB polaritons. Assum-
ing a perfect overlap between the photonic mode and the het-
erostructure, the coupling strength is related to the minimum
splitting AE separating the two polaritonic branches, which is
given byl32!

nyp€?
AE =hy[f —"— 1)
mrege, L,
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Figure 6. Simulated reflectivity of metal-insulator—-metal microcavities in
the strong coupling regime where two polaritonic branches can be clearly
distinguished. The polaritonic (dashed lines) and bare cavity (solid line)
dispersions are also shown in white.

where f is the oscillator strength, n,;, is the sheet hole density,
m* is the effective mass of the confined carriers, €, is the average
high-frequency permittivity of the heterostructure and L, is the
period of the QWs. Considering the heterostructure investigated
in the present work and the doping levels observed in sample D, a
splitting of around 17 meV is estimated at 10 K. To confirm this
result, finite-difference time-domain (FDTD) simulations were
used to study the interaction of the ISB electronic excitation with
the photonic modes sustained by a periodic array of 150 nm-thick
etched metal-insulator-metal microcavities featuring top metal-
lic stripes. In the simulations, the polaritonic splitting was mon-
itored through normal-incidence reflectivity while sweeping the
stripe width between 0.7 and 1.4 um, at a fixed periodicity of 2 ym,
to tune the spectral position of the microcavity mode. As shown
in Figure 6, when the cavity mode becomes resonant with the
ISB transition, two polaritonic branches, associated with mixed
light-matter states, emerge featuring the anti-crossing behaviour
typical of the strong coupling regime. Specifically, a polaritonic
splitting of approximately 16 meV is obtained, which is slightly
lower than the theoretical value, due to the non-perfect overlap
of the photonic mode with the heterostructure. Notably, this split-
ting exceeds both the ISB transition linewidth, extracted from the
dichroic spectra, and the photonic mode linewidth, thus enabling
the observation of the two polaritons.

6. Conclusion

In this work we demonstrated the design, growth, and charac-
terization of continuously-graded Ge-rich SiGe PQWs, grown by
LEPECVD on Si substrates, which exhibit ISB transitions in the
MIR spectral range near 120 meV. Through detailed structural
analysis using STEM, EDX, SIMS, and HR-XRD, we confirmed
that the parabolic shape is preserved in the well region, despite
the unavoidable entropic interdiffusion. A strong and stable TM-
polarized absorption feature was observed by FTIR spectroscopy
up to room temperature at moderate- to high-doping levels, i.e.,
up to around 102 cm~2. When the doping level is further in-
creased, however, band non-parabolicity effects prevail, and the
absorption spectrum becomes more structured. The results of ad-
vanced tight-binding calculations, including many-body effects,
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excellently agree with the experimental data, therefore confirm-
ing the reliability of these simulations as a design tool for ad-
vanced SiGe heterostructures. In conclusion, this study provides
guidelines for the design and realization of SiGe PQWs that can
be carefully optimized to develop a robust and tunable material
platform for the implementation of Si-compatible ISB-based MIR
optoelectronic devices.

7. Experimental Section

Growth: The samples were deposited by LEPECVD on 100 mm (001)-
oriented silicon wafers (resistivity 1+ 10 Q cm) using silane (SiH,), ger-
mane (GeH,), and diborane (B,Hg) as precursor gases for silicon, ger-
manium and boron, respectively. The first part of the stack was grown at
a rate of 5 nm s~! while decreasing the temperature from 720 to 550 °C
for the GB and keeping it fixed at 550 °C for the VS. To achieve fine control
over the compositional profile and minimize interdiffusion, the QWs were
grown at a growth rate of 0.15 nm s™! and a temperature of 400 °C.

Structural Characterization: STEM measurements were performed us-
ing a FEI Titan microscope operating at 200 kV equipped with aberration-
corrected magnetic lenses to obtain electron probes with a diameter in
the range of 1+ 2 A and a beam current of 200 pA. A high-angle annular
dark field detector was employed to acquire the STEM images. Samples
for STEM were prepared using the conventional method of grinding, pol-
ishing, and argon ion thinning. EDX measurements were performed using
a FEI Tecnai Osiris operated at 200 kV in scanning transmission electron
microscopy mode. Time of flight SIMS V from IONTOF was also employed
for the measurement of the compositional profiles. The depth profiles were
acquired usinga Cs™ jon beam of 0.5 + 1 keV. HR-XRD measurements were
performed with a PANanalytical X'Pert PRO MRD diffractometer at room
temperature.

Theoretical Calculations: The electronic band structure and wavefunc-
tions were calculated by a semiempirical first-neighbor sp*d°c™ tight-
binding Hamiltonian modell*3-33] that accounts for spin-orbit interaction,
thus allowing for a reliable description of the strong non-parabolicity and
band-mixing effects typical of the valence band. The self-energy and hop-
ping parameters were taken from Boykin et al.[3] The theoretical ISB ab-
sorption spectra were calculated by means of Fermi's golden rule sam-
pling the Brillouin zone and using the experimental sheet hole carrier den-
sities. Furthermore, a phenomenological Lorentzian line broadening was
used. Many-body effects were also accounted for by applying the model
proposed by Bandara et al.l}’] for the exchange-correlation shift and by
Ando et al.[8] for the depolarization shift.

Photoreflectance: The PR setup consists of a broadband halogen lamp
and a Digikrém CM110 1/8-meter monochromator which produce a
monochromatic probe beam with spectral resolution of around 10 nm;
the probe beam is then focused onto the sample at an incident angle of
45° and the reflected radiation is collected by a Si amplified photodetector.
The reflectivity is periodically modulated by a laser beam emitting 20 mW
at 485 nm and mechanically chopped at 971 Hz, which illuminates the
surface of the sample at normal incidence. The reflectivity variation AR
induced by the laser is obtained by conventional lock-in detection and the
PR signal is calculated as AR/R, with R being the unmodulated reflectiv-
ity. The standard third-derivative lineshape,[>*4%l usually employed to de-
scribe excitonic transitions in PR spectra, was used to fit the experimental
data and extract the transition energies.

FTIR Characterization: The dichroic transmission spectra were ac-
quired with a Bruker Invenio FTIR spectrometer equipped with an Oxford
OptistatDry BLV closed-circuit helium cryostat, a broadband linear polar-
izer, and a liquid-N,-cooled HgCdTe photodetector covering the spectral
region between 100 and 250 meV. After having deposited a metallic bilayer
(Ti/Au 10/150 nm) on top of the QWs, the samples were shaped in the
2 mm-long single-pass prism-like waveguide geometry with 70° facets to
favor the excitation of TM-polarized ISB transitions.[*'l The dichroic trans-
mission spectra were calculated as the ratio between the transmission
spectra acquired for light oscillating parallel (TM) and perpendicular (TE)
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to the growth direction of the heterostructures. Starting from the dichroic
transmission spectrum, the 2D absorption coefficient can be readily de-
rived as(31]

- _|” (lrm/Ite) cos @
® CMN  sin29

)

where C is the field enhancement provided by the metallic layer, M = 2
is twice the number of reflections at the heterostructure—metal interface,
N =20is the number of QWs, and § =57° is the propagation angle with re-
spect to the growth direction in the QW region. The frequency-dependent
enhancement factor C was evaluated by spatially averaging the standing-
wave electric field intensity within the heterostructure. The sheet carrier
density n,p in the wells was obtained from a,p using the relation(®']

2m*ceg e 1
e TR [ ap (E)dE @)
where m* is the carrier effective mass, e, is the average permittivity of
the heterostructure and f is the oscillator strength, here set to 1. In partic-
ular, the HH effective mass m* = 0.33 m, of bulk Ge was used, since no
major variations are anticipated when considering confinement and strain
effects. The heterostructure permittivity was calculated by linear interpo-
lation of the permittivities of Ge and Si, obtaining £, = 15.2.

FDTD Simulations: 2D FDTD simulations of etched stripe microcav-
ities were performed using Ansys Lumerical. The normal-incidence re-
flectivity was measured under plane-wave illumination using a frequency-
domain power monitor. The simulation environment includes the bottom
mirror, the QWs, the top metallic stripe, the plane-wave source, and the
field monitor. The tabulated optical constants of gold[“?] were used to de-
scribe the response of the metallic regions. The optical properties of the
QWSs were modeled by a diagonal dielectric tensor with constant permittiv-
ity along the in-plane directions and a Lorentzian term describing the ISB
transition along the growth direction, whose parameters were retrieved
from the FTIR dichroic transmission spectra. Periodic boundary condi-
tions were applied along one in-plane direction, effectively replicating the
unit cell infinitely, while the stripes extend indefinitely along the orthogo-
nal in-plane direction. Along the vertical direction, perfectly matched layer
boundary conditions were used. To couple to the microcavities, the im-
pinging electric field must oscillate perpendicularly to the stripes. There-
fore, only half of the unit cell was simulated, exploiting the anti-symmetric
nature of the electric field with respect to the vertical axis to reconstruct
the other half.
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