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INTRODUCTION

The terahertz (THz) frequency range, typically defined between 0.1 and 10 THz,
remains one of the least exploited regions of the electromagnetic spectrum. Despite its high
potential for applications in spectroscopy, imaging, security, non-destructive diagnostics, and
high-speed wireless communications, the so-called THz gap, i.e. the limited availability of
compact, efficient, and integrable sources and detectors persists [1, 2, 3]. In this context,
semiconductor quantum structures based on Intersubband transitions (ISBT) in Quantum
Wells (QWs) have proven to be excellent candidates for the realization of THz optoelectronic
devices, including quantum cascade lasers and photodetectors [4].

In recent years, the integration of intersubband systems into optical microcavities has
made it possible to explore the regimes of strong and ultra-strong light-matter coupling [5].
In these conditions, the Rabi frequency (g, which quantifies the rate of coherent energy
exchange between cavity photons and intersubband transitions, becomes comparable to or
larger than the bare intersubband transition frequency wy. As a result, hybrid quasiparticles,
the intersubband polaritons, are formed, whose dispersion relation can be engineered through
the design of the heterostructure and precise control of the doping. The normalized coupling
ratio n = %g is commonly used to identify the ultra-strong coupling (USC) regime, typically
defined for 7 2 0.1 [6]. In ISBTs, the Rabi frequency scales as Qg o /np; consequently, the
ratio 17 can be enhanced by increasing the doping level and reducing the transition energy
wy, thus favoring the THz spectral range. Access to such regimes in the THz range opens
pathways toward novel functionalities, including non-classical light generation, polaritonic
modulators, and quantum-information-oriented photonic devices.

Achieving accurate control of the transition energy, linewidth, and oscillator strength
in the THz range, however, remains challenging. In conventional square quantum wells,
many-body effects play a prominent role; in particular, the depolarization shift produces a
blue-shift of the transition energy that increases with electron density, and its magnitude
differs for each pair of subbands. Consequently, devices based on square QWs often
exhibit absorption spectra that are broad, multipeak, and highly sensitive to temperature.
Parabolic Quantum Wells (PQWs) offers a solution to these limitations. In fact, their harmonic
confinement potential leads to equally spaced subbands, and in modulation-doped structures,
the depolarization shift is canceled in accordance with Kohn's theorem [7]. As a result,

a single, well-defined intersubband resonance emerges, whose energy is largely insensitive
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to the carrier density and the occupation of higher subbands. This robustness against
temperature and doping variations makes PQWs particularly attractive for high-performance
THz devices and for the exploration of strong and ultra-strong coupling regimes [6, 8]. Indeed,
PQWs based on III-V semiconductors have enabled some of the highest values of 77 reported
in the literature, including demonstrations of room temperature operation in optoelectronic
devices.

While the majority of PQWs implementations have historically been based on III-V
materials, group-IV semiconductors, particularly Ge/SiGe heterostructures, have recently
emerged as a promising alternative. These materials can be manufactured with processes and
methods compatible with the state-of-the art Si-CMOS technology, reduced electron effective
masses, and simplified subband structure in the conduction band of n-type Ge-rich wells
[3]. In particular, Si;—,Gey PQWs with x > 0.8 provide an advantageous platform for THz
ISBT-based devices due to the possibility of achieving narrow absorption linewidths. An
additional key advantage is the absence of the Reststrahlen band: unlike III-V compounds,
whose polar nature leads to strong phonon absorption and limits operation above 5 THz,
SiGe is non-polar and therefore transparent over a much broader spectral window, enabling
devices to operate throughout the entire 1-10 THz range.

The fabrication of high-quality Ge/SiGe PQWs on Si remains technologically
challenging. The 4.2% lattice mismatch between Germanium (Ge) and Silicon (Si) can lead to
threading dislocations, crosshatch patterns, and plastic relaxation, requiring highly controlled
growth conditions and refined strain-engineering strategies [9]. Further complications arise
from Ge surface segregation, Si-Ge interdiffusion, and donor migration during epitaxy, which
makes it difficult to control the epitaxy at the sub-nanometer level, as required by the
heterostructure design. Despite these challenges, recent advances in UHV-CVD growth have
enabled the fabrication of high-quality Ge/SiGe PQWs with excellent control of composition
and doping across multiple periods.

These structures show a single, narrow ISBT resonance whose energy remains
independent of doping level and temperature, consistent with the quasi-harmonic potential
landscape [10].

A critical aspect of designing these devices is the optimization of modulation doping.
In n-type Ge/SiGe PQWs, donors placed in the barriers transfer electrons into the Ge-rich
well, where the conduction-band minimum lies in the L valleys. The efficiency of this charge
transfer depends sensitively on the alignment of the band minima between barriers and wells,
which is dictated by epitaxial strain and by temperature-dependent thermal strain.

The main objective of this PhD thesis is the design and physical characterization
of Ge/SiGe parabolic quantum wells (PQWs) grown on silicon substrates, with particular
emphasis on their application to THz intersubband photonics. The work focuses on the
epitaxial growth, structural and optical characterization, and device-level integration of
Ge/SiGe heterostructures, culminating in their incorporation into microcavities operating in
the USC regime.
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By combining HR-XRD, FTIR spectroscopy and multivalley Schrédinger-Poisson
simulations, we have illustrated how the separation between the A and L valleys in the
barriers, together with the strain field, governs charge-transfer efficiency. These analyzes
provide key guidelines for correlating doping density, well width, and strain state with the
achievable electron concentration and the resulting ISBT oscillator strength, both of which are
essential for THz device optimization and for tailoring light-matter coupling.

Furthermore, we achieved the full integration of Ge/SiGe PQWs into THz microcavities
operating in the strong and ultra-strong coupling regimes, marking a significant step toward
a fully group-IV THz photonic platform. By incorporating modulation-doped PQWs into
plasmonic patch-antenna resonators, we demonstrated the USC regime at frequencies around
3.1 THz, with a normalized coupling ratio of Qr/wp ~ 0.2 maintained from cryogenic to
room temperature. Finally, through the use of heavily doped SiGe layers as plasmonic mirrors,
we realized fully semiconductor THz microcavities compatible with silicon photonics. These
devices exhibit polaritonic quality factors exceeding unity even at room temperature, enabling
amplitude modulation and tunable absorption in the THz range and broadening the accessible
USC regime within group-IV material platforms.

The thesis is organized as follows:

¢ Chapter 1 provides a general introduction to the materials employed, the properties of
SiGe alloys, the physical fundamentals of quantum wells and intersubband transitions,

and the principles of strong and ultra-strong coupling in microcavities.

e Chapter 2 describes the theoretical model and the procedure used for the growth and
analysis of the experimental results throughout the project. Particular emphasis is placed
on UHV-CVD epitaxial growth, as well as on the structural and optical characterization
methods employed (AFM, HR-XRD, FTIR, and Schrodinger-Poisson simulations on the
theory side).

¢ Chapter 3 presents and contextualizes the first scientific publication produced during
the PhD, which is dedicated to the demonstration of high-quality Ge/SiGe PQWSs and
their FTIR optical characterization. This confirms the realization of a parabolic potential
and a single, well-defined ISBT absorption peak that is independent of temperature and

doping.

¢ Chapter 4 focuses on the content of the second publication, demonstrating the use of
PQWs to illustrate, for the first time, the formation of ISBT polaritons using group
IV semiconductor heterostructures. This chapter discusses the integration of PQWs
for THz microcavity arrays based on plasmonic ground plane/semiconductor/metal
patch antennas and the resulting observation of ultra-strong coupling in the Ge/SiGe
system. In the introductory section of the chapter, particular attention is devoted to the

optimization of the design and growth of the complete back-mirror structure, based on
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heavily doped SiGe, which plays a crucial role in enabling efficient confinement and

coupling within the microcavity.

Chapter 5 addresses the optimization of modulation doping in Ge/SiGe PQWs. The
impact of epitaxial and thermal strain on charge-transfer efficiency is analyzed, and
new approaches are proposed to enhance doping effectiveness and improve device

performance.




1
S1L.1CON GERMANIUM

HETEROSTRUCTURES AND QWS

PROPERTIES

1.1 Properties and Band Structure of Silicon Germanium

In this chapter, I will analyze the fundamental properties of Si and Ge and their
alloys. Both materials belong to group IV of the periodic table and have a diamond-like
crystal structure, with a face-centered cubic (FCC) Bravais lattice with a 2 base atoms [11], as
presented in Figure 1.1a. The lattice parameters of Si and Ge at room temperature are 5.431 A

and 5.658 A, respectively.

Energy 300K E£,=112eV
E =208V
E,=12eV

E,

<111>

A

x - o >
L] z

Wave vector ” Wave vector
En “~~—Heavy holes g
L h Heavy holes
T Light holes
Light holes

Split-off band” Split-off band

X (a) (b) (c)

Figure 1.1: Structural an electronic properties of Si and Ge. (a) FCC crystal structure of Si and Ge. Band
structure of Si (b) and Ge (c) at room Temperature (T=300K).

Figures 1.1b and ¢ show the band structures of silicon and germanium, respectively.
Both of them are characterized by an indirect bandgap, where the bottom of the conduction
(highlighted with a orange circle) and top of valence bands (blue circle) are located at distinct
points within the Brillouin zone. In both cases, the maximum of the valence band is at the
I' point, k=0. In the case of Si, the minimum of the conduction band is 6 times degenerate

and occurs at the A point along the X direction, parallel to [100] crystallographic direction
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1.1. Properties and Band Structure of Silicon Germanium

[12], as presented in Figure 1.2a. In contrast, Germanium exhibits eight equivalent half
ellipsoids located at the L point along the [111] crystallographic direction, see Figure 1.2b.
The corresponding indirect gap for this material is 0.66 eV, while the direct gap, at I’, is 0.8
eV. In this case, the energy difference between the L and I' valleys is only 0.136 €V, and the
difference between the X and I' valleys is 2.3 eV.

k.
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- ¥
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¢
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Figure 1.2: Constant energy surfaces characterizing the conduction band minima of Si (a) and Ge (b) [13].

The valence band of both materials is given by the atomic orbital p. The spin-orbit
interaction splits the states |Pj, m;) into two levels with total angular momentum j = 3/2
(degeneration 4) and j = 1/2 (degeneration 2). The states |3/2,4+3/2) are called heavy holes
(HH), while |3/2,£1/2) are called light holes (LH). The level |1/2,4+1/2), known as the
split-off band, exists throughout the Brillouin zone; at the I' point it lies at an energy A. In
Germanium, the spin-orbit split is larger (A = 0.29 eV) than in silicon (A = 0.044 eV) due to
the greater atomic number of Ge.

We now refer to the conduction band, as it is the relevant one for the analysis developed
in this work. In the calculation of electronic properties, it is essential to consider the effective
masses of the electrons in Si and Ge. These masses have a tensor form and depend on the
confinement direction. In this case, it is important to consider the (001) direction, as it is
the growth and confinement direction of the samples studied in this thesis. For silicon, the
effective mass along this direction in the band minima at A/L is mg; ~ 0.92mg, while for
germanium, in the band A/L, it is m¢, ~ 0.13mq [14].

Having established the band structure of Si and Ge, we can now extend this discussion to
the case in which both materials are combined. One of the main motivations for creating alloys
is to tune bandgaps and lattice constants, thereby obtaining intermediate bandgaps between
those of the individual materials and/or lattice parameters that enable epitaxial growth with
high crystalline quality. The properties of many alloys can be described as an interpolation
between those of the two base materials [15]. For the SiGe alloy, the lattice parameter of the

alloy, as;, _ce,, in terms of the Ge concentration, x, is described by the following relationship:
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1.2. SiGe heterostructure epitaxial growth

asi, e, (¥) = (1 — x) as; + xag, — b*° (1 — x) x, (1.1)

where ag; and ag, are the lattice parameters of Si and Ge, respectively, and b5iGe = —0.0021

nm is the bowing parameter.
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Figure 1.3: Variation of the energy gap as a function of the Ge concentration in the Sij_,Gey alloy. The
minimum of the conduction band is at A for x < 0.82 and at L for x > 0.82 [16].

The SiGe alloy is completely miscible across the entire composition range, which allows
its electronic properties to be continuously tuned. In particular, the band structure of Si;_,Gey
as a function of x changes markedly around x ~ 0.85, as shown in Figure 1.3. This is because
the conduction band minimum lies at the A point for x < 0.85, similar to Si, while for x > 0.85
the minimum shifts to the L point, as in Ge. These trends apply to a cubic alloy without strain.

The concentration dependence of the bandgap energy can be written as [17]:

Eg (x) = 1.155 - 0.430x +0.206x* eV x < 0.85 (1.2)

Eg (x) =2010 —1270x eV x> 0.85 (1.3)

This capability to tailor the bandgap and the electronic structure through composition
makes SiGe alloys particularly attractive for advanced CMOS technologies and photonic

components based on SiGe heterostructures with varying Ge content.

1.2 SiGe heterostructure epitaxial growth

In order to fully exploit the tunable properties of SiGe alloys, it is essential to understand

how they are implemented in real devices. This naturally leads us to the epitaxial growth of
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1.2. SiGe heterostructure epitaxial growth

Figure 1.4: Comparison between lattice matched (a), out-of-plane mismatched (b), and in- and out-of-plane
mismatched lattice parameters (c). (b) The film grows consistently with the same parameter in the plane but the
elementary cell is deformed with the accumulation of elastic energy. (c) The difference between the in-plane lattice

parameter mismatch is compensated by the introduction of crystallographic defects.

heterostructures, which is the focus of this section. Epitaxial growth consists of the oriented
deposition of a material on an oriented substrate. Two parameters play a central role in
determining how the film grows on the substrate: the lattice parameter mismatch and the
adhesion coefficient.

Figure 1.4 illustrates different scenarios for lattice-matched and lattice-mismatched
planar heterostructures. The lattice parameter mismatch between the substrate, 45, and the
epilayer, a,, is defined as f = ”’%“S Panel (a) shows the case f = 0, in which the lattice
parameters of the substrate and the film are equal. In this situation, the epilayer grows
coherently on the substrate without deformation of its lattice. Panels (b) and (c) present
the case f # 0, where a mismatch exists between the materials. The epilayer may still initially
grow coherently, accumulating elastic energy associated with the biaxial tetragonal strain
imposed by the substrate. However, beyond a critical thickness, the coherent configuration
becomes energetically unfavourable: the system may reduce its elastic energy by introducing
misfit dislocations, leading to incoherent growth and subsequent plastic relaxation of the
strain. These aspects will be discussed in more detail in the following section. Notice,
however, that in the presence of a significant lattice mismatch f, three-dimensional growth is
thermodynamically favored. The emergence of islands results from the competition between
accumulated elastic and surface energies, as the system always evolves toward minimizing its
total free energy.

The second important parameter affecting the growth dynamics is the adhesion
coefficient, defined as [18]:

o= e (1.4)
Vs
where 5 and 7, are the surface free energies of the substrate and the epilayer, respectively.

Under thermodynamic equilibrium, the interplay between f and ¢ leads to three distinct

growth modes, according to the Bauer classification, illustrated in Figure 1.5:
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1.3. Strain development in SiGe heterostructures
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Figure 1.5: Scheme of the three main epitaxial growth modes: (a) the layer-by-layer growth, Frank-Van der

Merwer, (b) Volmer- Weber island growth mode and (c) the mixed Stranski-Kanstanov growth mode.

e 0 > 0,small f: Growth proceeds layer-by-layer (2D), corresponding to the Frank-Van der
Merwe mode. Beyond a critical thickness, ., the growth remains planar, but dislocations

form within the film.

e ¢ < 0: The growth mode is characterized by the formation of three-dimensional
islands (Volmer-Weber). These islands subsequently expand laterally until coalescing

and covering the surface.

e 0 >0, large f (typically > 2%): Growth begins layer-by-layer until it surpasses a critical
thickness h.; at this point, the internal stress becomes too large, and three-dimensional

islands grow until they merge, a process known as Stranski-Krastanov growth.

In the specific case of Ge/Si heteroepitaxy, the favored growth mechanism is
Stranski-Krastanov. However, it has been shown [19] that low-temperature growth, discussed
in detail below, can shift to a growth mode toward planar deposition. In this thesis, we
optimized the growth conditions to achieve planar heterostructures, as discussed in the

following.

1.3 Strain development in SiGe heterostructures

Building on the discussion of epitaxial growth mechanisms, we now examine the
development of strain within SiGe heterostructures, a key aspect that governs their structural
and electronic behaviour. In order to understand the mechanical response of the material to

lattice deformation, it is necessary to formally define the stresses that arise within the system.
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1.3. Strain development in SiGe heterostructures

Figure 1.6: Schematic illustration of the deformation of a diamond-type crystal lattice from a cubic to a tetragonal

unit cell upon epitaxial growth on a substrate with a smaller lattice parameter. The in-plane lattice constant is

forced to match the substrate, resulting in out-of-plane lattice distortion.

Internal stress, defined according the Hooke’s law, can be expressed in tensor form

through the stress tensor 0;;, given by [20]:

0ij = Cijki€xl,

(1.5)

where ¢y is the strain tensor and Cjj is the stiffness tensor. This relation can be simplified

depending on the system symmetry. For materials with cubic symmetry, such as Si and Ge,

Eq. 1.5 in Voigt notation:

Oxx ‘11 €12
Oyy C12 C11
Ozz|  [C12 C12
Tyz

UZX

RE

The elastic constants of Si, Ge and SiGe alloys are reported in table 1.1.

C12
C12
11
Cqq
0
0 o0

0 O Exx
0 0 Eyy
0 O €2z
0O O €yz
cae O €zx
0 caa| |[xy)

Si Ge Si;—,Gey
Cy1 (Mbar) | 1.68 | 1.285 | (1 —y)CS + yC$e
Cy2 (Mbar) | 0.639 | 0.483 | (1 —y)C +yCSe
Cas (Mbar) | 0.796 | 0.668 | (1 —y)Cji +yCSf

Table 1.1: Elastic constants characteristic of Si and Ge.

(1.6)

When the epilayer is deposited coherently, that is with the same orientation and an

14



1.3. Strain development in SiGe heterostructures

in-plane lattice parameter matching that of the substrate, it undergoes an in-plane biaxial

strain ¢, defined as:

where 7 is the in-plane lattice parameter of the strained epilayer and ay is the relaxed lattice
parameter of the unstrained material. Under epitaxial growth conditions, as in our case,
the unit cell is deformed from cubic to tetragonal, as illustrated in Figure 1.6. Along the

out-of-plane direction, the strain is given by:

2v
SL——l_VEH, (18)
where v, the Poisson module, is defined as:
Ci2
V= —— 1.9
Ci +Cr2 (19
The elastic energy Uiy, defined as the deformation work per unit volume, can be
written as:
CZ
Ustrain = [Cll +Ci2 — 2£]€ﬁ (1.10)
Cn

Integrating over the thickness of the film yields the stored elastic energy per unit area:

C2
Estrain = [Cll +Ci2 — Zciﬁ]eﬁh = Aﬁﬁh (1.11)

where A is the biaxial modulus and # is the epilayer thickness.

1.3.1 Relaxation mechanism of SiGe heterostructures

To understand how strained layers evolve during epitaxy, it is necessary to examine the
mechanisms through which SiGe heterostructures relieve accumulated elastic energy.

The difference in lattice parameters between the substrate and the deposited material
introduces internal forces in the crystalline lattice, as the film must locally adapt its atomic
arrangement to that of the substrate. As the coherently strained layer grows thicker, the
elastic strain energy stored within it increases, as shown in equation 1.11. When this energy
exceeds the cost of forming misfit dislocations, plastic relaxation becomes thermodynamically
favorable. Consequently, beyond a critical thickness, as shown in Figure 1.7, the system
predominantly relieves strain through the nucleation and propagation of misfit dislocations.

Figure 1.7a illustrates the mechanism by which strain relaxation occurs in SiGe/Si(001)
heterostructures. This occurs through the formation of misfit dislocations (MDs) and
threading dislocations (TDs). MDs are linear defects located at the interface. These
dislocations are created through MD-TD semiloops, in which the interfacial MD segment
connects to two threading arms. The TDs, predominantly screw-type and thus ineffective
in strain relaxation, propagate upward through the epilayer and may eventually reach the

surface, where they can degrade the active region of devices grown on such heterostructures.

15



1.3. Strain development in SiGe heterostructures
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Figure 1.7: (a) Misfit dislocation (blue line) lying along the crystallographic direction (110), connected to two
threading dislocation segments (red lines) lying in the (111) plane. (b) Critical thickness as a function of the Ge
concentration, calculated according to the Matthews-Blakeslee model [21].

It is important to note that for SiGe alloys with a high Ge content (xg, > 0.8) grown
on Si(001) substrates, the critical thickness (/) reaches values of only a few nanometers. This
trend is presented in Figure 1.7b, which shows the rapid decrease of h. with increasing Ge
content. Such limited thicknesses are insufficient for the fabrication of functional device layers,
making it essential to adopt specific strategies to ensure high crystalline quality in highly
mismatched systems.

To mitigate these challenges and reduce the density of TDs in the active region, several
approaches have been developed for the growth of Ge and SiGe heterostructures on Si(001).
Among these, the use of virtual substrate (VS) and the deposition of strain-compensated active
regions play a central role, as they provide a gradually relaxed template with a controlled
lattice parameter. This concept will be discussed later in Section 2.1 in relation to the growth

of the materials studied in this thesis.

1.3.2 Influence of temperature on biaxial deformation

In addition to composition and lattice mismatch, temperature also affects the strain
state of epitaxial layers. Temperature variations modify the lattice parameter of each material

according to their temperature-dependent thermal expansion coefficients, defined as:

10a
a(T) = 20T
The temperature dependence of the lattice parameters of Si and Ge is shown in Figure

(1.12)

1.8. This figure highlights that, due to their different thermal expansion behaviors, a
temperature change impacts the relative lattice mismatch between the two materials.

As a consequence, when a Ge-rich SiGe heterostructure is deposited on a thick
Si substrate, a thermal strain develops when the temperature deviates from the growth

temperature, T, which can be expressed as [23]:
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1.3. Strain development in SiGe heterostructures

0 200 200 600 800 1000
T (K)

Figure 1.8: Thermal expansion coefficient of Si and Ge as a function of temperature (K), obtained from
experimental data reported in the literature [22].

therm Te / ! /
el (T, T) = [ “lasi, 0, (T') = asi(T)]dT (1.13)

This expression is valid for the typical case of a thin film (~ 2/3um) grown on a
much thicker substrate (~ 500um). The total in-plane strain is therefore composed of two
contributions: the thermal strain and the epitaxial strain, eenp ', The resulting total biaxial strain

can be written as:
_epi therm

1.3.3 Band structure strain effect

When a cubic cell is deformed into a tetragonal shape, the total deformation can
be decomposed into two contributions: a hydrostatic term, ¢;,, and a uniaxial term, ;.
The hydrostatic component corresponds to the isotropic fractional change in volume, while
the uniaxial component modifies the crystal symmetry along the z-axis in the tetragonally

distorted cell. Thus, the total strain can be written as:

e= ¢, +¢s, (1.15)
with:
AV
€h — 7 — (28” +8J_>, (1.16)
& =€ +eL (1.17)
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1.3. Strain development in SiGe heterostructures

Hydrostatic strain produces a rigid shift of the band energies, which affects both the
conduction band (CB) and the valence band (VB). These shifts can be written as:

AEY = acey, = aC(ZsH +e1), (1.18)
AEY = ayey, = aC(ZEH + 8J_), (1.19)

where a, and a, are the hydrostatic deformation potentials in the conduction and valence

bands, respectively.

compressive strain relaxed tensile strain
[001] [001]
[010]
100]
- A 4 2
E -
&
Al _II"-J.
|'.c A,
Fv: iﬁ
E:- A
© D). Paul 2006

Figure 1.9: Hydrostatic and uniaxial strain effects on the conduction-band valleys for (100)-oriented substrates.
Under compressive strain (left panel), both Ay and Ay valleys lie above the relaxed conduction-band minimum,
with Ay at higher energy than Ay. Under tensile strain (right panel), Ay lies above the relaxed level while Ay
shifts below it [24].

In the conduction band, the application of uniaxial strain & along the [001] direction
partially lifts the sixfold degeneracy of the A valleys for Si, as shown in Section 1.1. In the
unstrained, all six valleys are degenerate; however, tetragonal distortion splits them into two
sets: the A, valleys oriented along [001], and the A4 valleys lying along [100] and [010]. Under
tensile biaxial strain the A, valleys shift to lower energy compared to the A4 valleys, whereas
compressive strain reverses this order.

Figure 1.9 illustrates this behavior by comparing the energy of the A valleys in three
situations: (a) compressive strain, (b) the unstrained reference case, and (c) tensile strain. The
figure highlights how hydrostatic strain shifts both sub-bands together, while uniaxial strain
introduces a valley splitting between A, and A4.

The energy shifts of the two conduction sub-bands are given by:
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1.4. Band alignment in SiGe heterostructures

Eﬁ(ezz - exx), (1.20)

1_
AEM = —gaﬁ(szz —£xy), (1.21)

where E2 is the uniaxial deformation potential for the valleys.

For the L bands, which are fourfold degenerated along the [111] directions, strain along
[001] causes a slight shift of the valley energy but does not lift their degeneracy.

This strain-induced modification of the electronic structure plays a crucial role in
determining the band offsets at heterointerfaces, which we now examine in the following

section.

1.4 Band alignment in SiGe heterostructures

A fundamental aspect of modern microelectronics is the ability to engineer band
structures, band engineering, meaning the intentional control of the electronic band edges
of a material in order to obtain specific electronic or optoelectronic functionalities. This can be
achieved through the formation of heterostructures of material having different bandgaps, or
through compositional grading and strain engineering. When two SiGe alloys with different
Ge concentrations are combined, their mismatch in lattice parameter and bandgap leads
to discontinuities in both the conduction and the valence band edges. Such band offsets
define potential wells and barriers for electrons and holes. However, the engineering of
SiGe heterostructures is particularly challenging because strain significantly modifies the band
edges, as detailed in the previous subsections.

Figure 1.10 summarizes the key electronic properties of the Si;_,Ge, active layer
coherently grown on a relaxed Si;_,Ge, substrate. In particular, panels (a)-(d) show the
fundamental bandgap, valence band offsets, conduction band offsets, and the resulting
band-edge profiles as functions of both x and y. In the present work, we focus on n-type
SiGe heterostructures and, therefore, consider the conduction-band alignment. Based on the
trends presented in this figure, we designed the active region with compositional graded
parabolic Si;_,Gey wells with x > 0.82 and Sip18Gegg, barriers. This choice ensures that
the wells provide electrons in the L valley, where the effective mass is smaller, while the
conduction-band discontinuity of approximately 110 meV is sufficiently high to produce
THz-scale confinement.

In the n-type SiGe/Ge/SiGe structures studied in this thesis, the central Ge-rich layer,
with its compositionally graded parabolic profile, defines a parabolic conduction-band edge
at the L valley. Within the effective-mass approximation, this conduction-band edge profile
Vo(z) serves as the starting point for determining the electronic states in the quantum well, as
discussed in Section 1.5. The SiGe barrier layers, with Ge concentration y < 0.85, have their
conduction-band minimum in the A; valley. The energy difference between the A; edge of

the barrier and the L edge of the well constitutes the effective conduction-band discontinuity,
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1.5. Electronic states of SiGe heterostructures in the effective mass approssimation

which is essential for enabling transfer doping and suppressing intervalley L — A scattering of
electrons confined in the well. As highlighted by Figure 1.10, this intervalley L-band scattering
is strongly strain-dependent through strain vs. composition effects; making accurate control

of strain in the barriers a key requirement to achieve the desired optoelectronic properties.
[25].
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Figure 1.10: (a) Fundamental bandgap energies; (b) valence band offsets; (c) conduction band offsets and (d)
band-edge profiles of Sii_,Geyalloy as a function of the Ge concentration in the strained active material (x axis)
and y Ge concentration in the alloy substrate (y axis) which determines the a| lattice constant of the active layer.

Energies are in eV [25].

1.5 Electronic states of SiGe heterostructures in the effective mass

approssimation

To determine the electron wave function in a single QW, we start by considering the
potential profile Vj(z), where z is the growth direction, as previously discussed in Fig.1.10. In
the present case, Vp(z) represents the conduction-band edge associated with the L valley.
The electronic states can be calculated within the effective-mass approximation using the
envelope-function formalism, which is widely employed in the modeling of semiconductor

heterostructures.
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Within this approximation, the electron wave function can be expressed as:
¢ (r) = 3 cn (k) e uck, (r) = ey (1) ¥ (7). (1.22)
k:ko

where ko is the wave vector at the minimum of the conduction band; u.x, (r) is the
lattice-periodic part of the Bloch function, assumed equal in both materials of the
heterostructure, u (r) = up (r); and ¥ () is the envelope function, which varies slowly over
the scale of the lattice constant and carries the information on the confinement within the QW.

The full wave function ¢ (r) satisfies the time-independent Schrédinger equation:

/A L L
_2m*<dx2+dy2+dzz>+vo(z)

where m”* is the effective mass along the z direction. Since electrons are confined only in the z

¢(r)=Eg(r), (1.23)

direction but remain free to move in the in-plane directions x and y, the wave function can be

separated as:
p() =@ x(xy) =g, (124)

ri = (x,y) and k; = (ky, ky) represent the in-plane coordinates and wave vector, respectively.

The system behaves as a free two-dimensional electron gas, and the solution of the
2k2

Schrodinger equation yields the in-plane kinetic energy: E| = F;mi.

Along the growth direction, the envelope function, ¢ (z), satisfies:

n? d2
[—Wdzﬁv(Z)] ¢(r)=(E—EL)@(r) =Eup(r), (1.25)

where E; represents the discrete energy levels with confinement in the QW and depends on
the system geometry and the potential V (z).
Thus, the total energy in a two-dimensional system can be written as:
212
hkq
2m*

E=E,+ (1.26)

The index n labels the quantized subbands formed along z, while the in-plane wave vector
k, varies continuously. The ensemble of electrons occupying these subbands forms a
two-dimensional electron gas (2DEG) [17].

1.5.1 Infinite square well

The simplest confinement potential is the infinitely deep square well. In this model,
V(z) = 0 in the region —a/2 < z < a/2, and V (z) = oo in the barriers. Solving
the Schrodinger equation under the condition that the wave function must vanish at the
boundaries ¢ (0) = 0, the eigenfunctions take the form:

{\/gcos "2 noodd
Pn =

(1.27)

\/g sin ™%, n even
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and the corresponding eigenenergies are:

E,

- ;:; (%)2 n=123. (1.28)
The parity of the wave functions alternates with n: odd n produces even-parity states,
while even n produce odd-parity states [12].
This simple model illustrates how the subband energies can be tuned by adjusting the

QW thickness a: narrower wells yield larger energy spacings due to increased confinement.

1.5.2 Finite Square well

Let us consider the case of a QW with a finite potential barrier, V (z) = Vj in the barrier
regions. In this situation, all states with E, < V} are discrete and correspond to bound states,
whereas for E, > V), the spectrum becomes continuous. As a consequence, the number of
bound states is finite and depends on both the width 2 and the height V; of the well.

We define the QW in the region —5 < z < 5, with total width a. Inside the well, the
eigenfunctions ¢, closely resemble those of the infinite square well (Eq.1.27), especially when
the eigenenergies E, lie well below the barrier height V. However, outside the well, the wave
function no longer vanishes but instead decays exponentially into the barrier.

Imposing the continuity of ¢, and its derivative at the interfaces, the solution of the
Schrodinger equation in the barriers takes the form:

Ae%:,  z < -5
¢n=C (1.29)
De %, z > 5
¢ is the evanescent decay constant.
Solving for the allowed bound-state energies requires matching these functions to the

sinusoidal solutions inside the well. This procedure leads to the equations:

92
tanf = —g -1, even eigenfunction,
0 (1.30)
—cotf = 6—2 —1, odd eigenfunction,
where the dimensionless parameter
) m*Vpa?

encapsulates all the physical inputs of the problem, namely the particle effective mass, the
well width, and the barrier height. Because the quantization conditions depend only on 6,
the solution can be obtained graphically, as illustrated in Fig. 1.11.

The graphical construction shows that for any finite well depth Vj there always exists at
least one bound state [12, 17].

This finite-well model provides a more realistic description of semiconductor

heterostructures than the infinite-well approximation, since in real materials the
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Figure 1.11: Graphic solution of the equation 1.31.

conduction-band offset is always finite and wave functions extend into the barrier. These
considerations will be essential when discussing parabolic quantum wells (PQWs), where the

confinement potential is smooth and position dependent.

1.5.3 Parabolic quantum wells (PQWs)

A particularly interesting case is that of a parabolic confinement potential, in which the

energy levels are equidistant. The potential along the growth direction z is given by:

V(z) = %Kzz, (1.32)

as illustrated in Figure 1.12. Here, K characterizes the curvature of the parabola, which is
related to the well depth and width, where wy = |/ X is in accordance with equation 1.34. In
this type of potential, the energy levels of the quantized states are given by:

1
E, = (n — 2> hwo (1.33)
where wy is the frequency of the harmonic oscillator:
8A
C(]O — W (1.34)

In these expressions, a is the width, and A is the depth of the PQW; m* is the effective
mass of the electron [17, 26].

The energy of the intersubband transitions depends primarily on the depth A and the
width a of the well; narrower wells produce higher transition energies. In practice, the depth

A of the well can be tuned by adjusting the Ge content, x, in the Si;_,Ge, barriers. In the
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Figure 1.12: Parabolic confinement potential along the growth direction z. The figure depicts the parabolic
potential well characterized by width a and depth A, together with the wavefunctions of electrons confined in the

well, illustrating the spatial distribution of the bound states along the growth direction.

PQWs studied in this thesis, the barrier concentration was x = 0.82, resulting in a well depth
of A =112 meV.

An additional advantage of PQWs is that, for an ideal parabolic potential,
electron-electron interactions cancel out in optical transitions, as predicted by Kohn’s theorem.
This property makes PQWSs excellent candidates for room-temperature optoelectronic
applications and for devices operating in the THz range, as we will discuss in more details in

the following.

1.5.4 Intersubband transition (ISBT)

i
~+—1 2
—e— o 1 \:M‘f /

| :

Figure 1.13: Intersubband transition in a quantum well. In a lightly doped quantum well, the intersubband
absorption corresponds to a single-particle transition from the ground subband to the first excited subband,

illustrated both in real space (left) and reciprocal space (right). [27]
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The optical properties of QWs arise from the interaction between the electronic system
and an incident optical field. Depending on the photon energy, two types of transitions can

occur:

¢ Interband transition (IBT): transitions from an initial state in the valence band (VB) to a

final state in the conduction band (CB).

¢ Intersubband transitions (ISBT): transitions between different subbands within the same
band, either CB or VB.

The absorption coefficient for these transitions can be derived starting from Fermi’s
golden rule, which gives the transition rate W;s between an inital state |i) and the final state

f)-
2
Wig = == [(gi |H'| @) [* 6(Ef — Ei — o) (1.35)

where the interaction Hamiltonian is H' = (55 )(A-p + p - A) and the vector potential A(q)

can be expressed as:

_ inoe i(g-r—wt)
A= o e +c.c. (1.36)
with the corresponding electric field :
E = —0A/0dt = Epecos (q - r — wt), (1.37)

where e is the polarization vector and g is the propagation vector.

Using the dipole approximation, valid when the radiation wavelength is much larger
than the characteristic size of the electronic system, the transition rate becomes:
21 e?E3

Wit = 5t

\(ile- plf)|* 6 (Ef — Ei — hw) . (1.38)

Considering the properties of Bloch functions and the extended envelope functions, the

matrix element can be rewritten as:

{ile-plf) =e-(ulpluy) (falfy) +e- Guuluy) (fal plfy) (1.39)

where v ,v/ and n, n’ denote the band and subband indices of the initial and final states. For
ISBT within the same band (v = V'), the first term vanishes, and the dipole element reduces

to the second term, which involves only the envelope functions:

<fnkﬂ e-p |fn’k’L> = % /dsf@iikrr‘l’z (z)[expx + eypy + EZPZ]eiikl'r‘Pn’ (2). (1.40)

The in-plane components e, and e, do not contribute, so the electric field must have a
component along z to couple to establishing the polarization selection rule for ISBT: only
light polarized along the growth direction can induce these transitions. Integration over
the in-plane coordinates imposes the vertical transition condition, k’L = k. Therefore, the

one-band dipole matrix element describing the transition probability reduces to:

(nllplln') = [ 203 ) pgr (2), (1.41)
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Since all subbands exhibit the same parabolic energy dispersion in k|, as shown in Figure
1.13, all transitions between subbands n — n’ at different k| values occur at the same
energy. Therefore, a Dirac-delta-like absorption would be expected. In reality, however,
the ISBT absorption spectrum exhibits a Lorentzian lineshape due to broadening effects
associated with the finite lifetime of the excited states. This broadening is described by the
parameter I', which is determined by the scattering rates that limit the phase coherence of
the intersubband transition. The physical mechanisms responsible can be divided into two
main contributions. Intrinsic broadening is associated with the material’s own processes and
carrier density, particularly with electron-phonon interaction and electron-electron scattering.
Extrinsic broadening, on the other hand, depends on the structural quality of the sample
and is related to scattering from ionized impurities, crystal defects, and interface roughness.
These mechanisms set the population relaxation time (T7) and the dephasing time (T>), giving
rise to homogeneous line broadening. Although well-width fluctuations can introduce an
inhomogeneous component, in high-quality samples, or when collisional processes dominate,
the line shape is generally well approximated by a Lorentzian [26, 17]. By defining the

oscillator strength for the transition between subbands 1 and n’ as:

2 2 2mtw,y 2
fo = e alpel) [ = =2 || (142)
the absorption coefficient at T = 0 is
712D62h r

12
/ (Ey — E1 — hw)? 4 T2
where n;p is the sheet electron density, I is the linewidth, gy is the vacuum permittivity, c

2op (T =0) = 2epcym*

(1.43)
is the speed of light, 1 is the refractive index, and E;, E; are the energies of the subbands

involved.

1.5.5 Transfer doping and depolarization shift

To induce intersubband transitions (ISBT) in QWs, including PQWs, it is necessary
to introduce free electrons into the active region [26]. This can be achieved either through
direct doping, in which donor atoms are placed inside the well, or through modulation
doping, where donors are inserted into the surrounding barrier layers [17, 10]. As shown
in Figure 1.14, in the latter case the electrons occupying the higher-energy donor states in the
barrier transfer move to the lower energy well quantized states. Among these two strategies,
modulation doping is the approach adopted throughout this thesis.

Before discussing its advantages, it is essential to understand how electron-electron
interactions modify the ISB absorption energy through the so-called depolarization shift. When
an ISBT is driven by an external electromagnetic field, the motion of the electron gas induces
an internal restoring field that shifts the resonance energy to higher values. For a single

occupied subband, the depolarization-shifted transition energy reads [26]:

22
8712DS

EISB = E21\/ 1+a with a=
eeoEn

(1.44)
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where Ej; is the bare subband spacing, n;p is the sheet electron density, a is a
structure-dependent parameter that incorporates the overlap between the initial and final
wave functions, and S has the units of length. The shift therefore scales as |/n>p, and in
square QWs it leads to a strong dependence of the absorption energy on doping, particularly
at high carrier concentrations. This effect is explicitly included in the numerical model used
in this work and represents a crucial aspect of the design of SiGe THz absorbers.

A second collective correction originates from the Hartree potential generated by the
spatial separation between electrons and donor ions in modulation-doped structures. In
square QWs, this electrostatic contribution modifies the effective confinement, shifting and
distorting the subband energies. As a consequence, both the depolarization shift and the
Hartree term contribute to a density-dependent shift of the ISB transition energy.

Parabolic quantum wells behave differently. According to Kohn’s theorem, for an ideal
harmonic potential, the effects of electron-electron interactions, including both the Hartree
term and the depolarization shift, cancel exactly in the ISB resonance. As a result, the ISB
transition energy remains strictly independent of carrier density and equal to the energy
separation of quantized states of the bare harmonic potential. This property holds only if
the confinement potential remains purely parabolic. Direct doping inside the well breaks this
condition because the Coulomb attraction to donor ions distorts the potential and destroys
its harmonicity. In contrast, modulation doping preserves the parabolic profile, ensuring the
validity of Kohn's theorem and eliminating the density dependence of the ISB energy.

Figure 1.14 illustrates the effect of transfer doping for a square QW (left) and for a
PQW (right). In the square well, the electrostatic potential generated by the donors breaks the
symmetry of the confinement and alters the spacing between subbands. In contrast, in the
PQW, the parabolic profile is preserved, and the subband levels remain equispaced even after

electron transfer from the barrier to the well.
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Figure 1.14: Transfer doping process. Left: square QW, where the Hartree potential distorts the confinement and
breaks level equidistance. Right: PQW, where the harmonic confinement is preserved and subband levels remain

equally spaced.
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The depolarization shift in square QWs has also an impact on the broadening of ISBT
absorption spectra at high temperatures. Notice that in square QWs, the ISB absorption
spectrum broadens at high temperatures because electrons thermally populate several
subbands, and the corresponding ISBTs occur at slightly different energies. This “spectral
broadening” disappears in PQWs modulation-doped, where all intersubband spacings are
identical and all transitions contribute at the same energy [10]. Furthermore, the use of
modulation doping has the advantage of reducing the homogeneous line broadening because
the spatial separation between electrons and donors ions suppress impurity scattering.

For these reasons, modulation-doped PQWs combine a transition energy independent of
carrier density, the absence of thermal spectral broadening, and a reduced homogeneous line
broadening. This makes them particularly suitable for room-temperature THz intersubband

devices, as demonstrated in recent SiGe heterostructures [17, 10, 28].

1.6 Strong radiation-matter coupling effects in MQW

heterostructures

The implementation of optical cavities enables the confinement of electromagnetic
radiation, enhancing the interaction between light and matter in semiconductor. Under
suitable conditions, specifically, when a resonant coupling between the cavity mode and a
material excitation becomes sufficiently strong, this leads to the strong coupling (SC) regime.
SC occurs when the interaction between a resonant two-level system and a photonic mode
confined within an optical resonator exceeds the intrinsic decay rates of the individual
components (Figure 1.15a).

In this regime, energy is exchanged coherently and periodically between light and
matter, giving rise to new hybrid quasiparticles known as cavity polaritons. Polaritons
exhibit a mixed photonic-electronic character and cannot be described as separate entities.
They behave as bosons, and the most striking manifestation of SC is the splitting of the
degeneracy between the cavity mode and the quantum emitter. In the energy-wave vector
dispersion spectrum, this appears as an anticrossing between the cavity photon mode and the
quantum matter mode, producing two distinct branches: the upper polariton (UP) and the
lower polariton (LP) (Figure 1.15b).

When a two-level quantum system, such as an intersubband transition, interacts
coherently with a resonant electromagnetic field, the probability of finding the system in the
excited or ground state varies sinusoidally in time. This cyclic phenomenon of absorption and
emission is known as Rabi oscillations. The frequency of these oscillations, called the Rabi
frequency (Qrgqpi), quantifies the rate of energy exchange between light and matter inside the
cavity. The minimum energy separation between the polariton branches, referred to as the Rabi
splitting , is equal to 2Qg,;; and provides a direct measure of the light-matter coupling strength

defined as the ratio between the Qg / wo, where wy is the quantum emitter frequency. For the

28



1.6. Strong radiation-matter coupling effects in MQW heterostructures
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Figure 1.15: (a) Scheme of the strong-coupling regime between a quantum emitter and a confined photonic
cavity. When the energies hwgp and hiwcqy are resonant, the coupling g induces an energy splitting 2hQ,
generating two hybrid states (UP and LP) as coherent superpositions of |e,0) and |g,1). (b) Polariton dispersion
as a function of a tuning parameter. The blue curves (Eyp, Epp) show the anticrossing and the energy splitting
typical of the strong-coupling regime. The green and red curves (E1, Ep) represent the cavity and the quantum

emitter uncoupled energies .

SC regime to be achieved, the Rabi splitting must exceed both the linewidth of the quantum
emitter (7,;) and the cavity mode (7o), ensuring that energy is coherently exchanged between
light and matter at a frequency 2Q)g,,; higher than the system’s damping rates.

Polaritons can arise in various physical systems depending on the type of excitation
or material: exciton-polaritons in direct bandgap semiconductors, phonon-polaritons
in polar materials, plasmon-polaritons in metals or doped semiconductors, and
intersubband-polaritons in quantum heterostructures. The latter, active in the infrared and
terahertz range, emerge when infrared or THz radiation couples to an ISBT between quantized
levels in quantum wells. To describe the formation of intersubband polaritons in quantum
wells, it is necessary to introduce the theoretical framework that governs their coupling with

cavity modes. This framework is presented in the following section.

1.6.1 Intersubband polaritons theoretical principles

The interaction between a quantum emitter, modeled as a two-level system, and a cavity

photon can be described using the total Hamiltonian [29]:

Htot = chv + HISB + Hint- (145)

Here, Hep represents the photon field confined in the cavity, Hisp corresponds to the
intersubband transition, and H;,; describes the interaction between light and matter. The
two-level system, representing the ISB transition, consists of a ground state |¢) and an excited

state |e), separated by the transition energy fiwysp:

Hisp = hwispo'o, (1.46)
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where & = |g)(e| and 67 = |e)(g| are the ladder operators. The transition dipole moment is
defined as d.; = (g|gt|e), with g being the electron charge.

Quantization of the photon field leads to the Hamiltonian:

A = heay (a*ﬁ n %) (1.47)

where 4@ and 4" are the photon creation and annihilation operators, respectively. The

interaction Hamiltonian, under the electric dipole approximation, can be written as:

Hipy = —d - B(ry) (1.48)

Combining these terms, the total Hamiltonian simplifies to [29]:

Hiot = hweaod'd + hewpspo o+ hg (6 + 6ta), (1.49)

where the coupling strength is given by

| fn
= —= 1.50
§ deeom™ Viyoge ( )

To solve the system, one typically uses the Jaynes-Cummings model [30], which
expresses the total Hamiltonian in the basis of uncoupled states |g,1) for an electron in the
ground state with a single photon in the cavity and |e, 0) for the excited state with no photon

in the cavity. The total Hamiltonian is reformulated into a matrix representation on this basis:

~ h cav h
i = < v § ) (151)

The state |ip) of the newly coupled system, resulting from the interaction between light

and matter, and the resulting energies can be found using the complete Hamiltonian:

~ _ hiwegw — E hg 1\
Hiot |§) = E|¢) & ( he heoren E) <¢2> =0. (1.52)

Non-trivial solutions for the components ¢; and ¥, exist only when the determinant of

the coefficients equals zero.

fiweay — E h
@ & 1 =0e E? — (hweo + hwisg) — 72¢% = 0 (1.53)

hg thSB —E

This procedure yields the polariton eigenstates and their corresponding energies:

3 3
Eupip = hweao -; hiwisp n V (hwego + h“;ISB) + (2hg) (154)

As shown in Figure 1.15b, at resonance (E,v = Ejsp = Ep), an anticrossing behavior is
observed. Here, the upper and lower polariton energies are separated by the Rabi splitting,

which is determined by the coupling terms under the square root in the previous relation:
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Eup = Eo + AQRupi (1.55)

Erp = Eo — hQrapi (1.56)

As already pointed out, splitting provides a direct measure of the light-matter coupling
strength and marks the formation of intersubband polaritons, which are hybrid quasiparticles
resulting from the coherent interaction of cavity photons and ISB transitions in quantum wells.

One key advantage of intersubband transitions in quantum wells is that these structures
can be heavily doped, allowing a large number N of electrons to couple coherently to the
same resonant electromagnetic mode. In quantum wells, the subbands are parallel, so the
vertical transitions in k| between different subband states all occur at the same energy. This
means that all N electrons behave as quantum emitters at the same energy, resulting in a
collective enhancement of the light-matter coupling. Consequently, the Rabi frequency scales

with the square root of the carrier sheet density nop. Let us consider a typical double-metal

Figure 1.16: Sketch of a single metal-metal patch cavity with a thickness of Lea, incorporating 25 Ge/SiGe
quantum wells e P is the period of QW [31].

cavity consisting of square patches of area A, as shown in Figure 1.16. The two metal
layers encapsulate a stack of Ngw identical, doped quantum wells, each with a period P
(barrier+well). The cavity volume is therefore Vo = Loy - A = Now - P - A, and the total
number of electrons participating in the coupling is N = nyp - A - Now.

Using the expression for the single-electron coupling strength (Equation 1.50), the Rabi
splitting between the polaritonic branches is [32, 33]:

2N, 2
Eup—down = 2hOp = h\/ ¢/Nawnan _ h\/ efmp

eeom? Legy eeomiPA’
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where f is the oscillator strength of the transition. This relation shows explicitly that (O scales
with /nyp, which is a crucial factor for reaching the ultrastrong coupling regime, defined
by Qr/wy > 0.1. By optimizing charge transfer and maximizing the number of electrons
effectively coupled to the cavity mode, the performance of devices exploiting intersubband
polaritons can be significantly enhanced. The understanding and engineering of the SC and
USC regimes play a crucial role in the development of advanced optoelectronic devices,
such as low-threshold lasers based on stimulated final state diffusion, high-speed optical
modulators, and high-performance infrared detectors [34, 28]. The USC regime has also been
successfully achieved at temperatures close to room temperature, particularly using PQWs,
which overcome the intrinsic limitations of traditional square QWs, where the transition
energy wy increases with n;p due to the depolarization shift, leading to a reduction of the
ratio Qrgpi/ wo. Moreover, in square QWs the confined states are not equally spaced, causing
different intersubband transition energies for electrons occupying different subbands. As
a consequence, the coupling shows a strong dependence on the carrier distribution and,
therefore, on temperature, which is particularly limiting for THz-frequency ISB transitions.

The first experimental observation of Rabi splitting was reported by Dini et al. [35] in
2003 in planar microcavities, revealing a splitting of about 14 meV from 10 K up to room
temperature using a resonator based on total internal reflection. Later, between 2009 and
2012, Todorov and collaborators [36, 37, 31] investigated ISB polaritons in subwavelength
metal-dielectric microcavities operating in the THz range. They addressed the role of the
depolarization shift in heavily doped QWs by introducing a dipole-gauge model that explicitly
incorporates this contribution. This framework allowed accurate reproduction of experimental
results and predicted the existence of a polaritonic gap, a hallmark of the USC regime.

In 2012, Delteil et al. [38] demonstrated charge-induced coherence between
intersubband plasmons in highly doped QWs, showing that the optical absorption
concentrates into a single narrow resonance. They achieved USC up to room temperature,
with a Rabi to transition frequency ratio of 0.33. However, further enhancement of the
coupling strength was hindered by the depolarization-induced blue shift of the ISB transitions.

To overcome these limitations, Geiser et al. [39, 6] employed parabolic quantum wells, in
which all intersubband transitions share the same energy. In such systems, electron-electron
interactions, including the depolarization shift, cancel out exactly, rendering the transition
energy independent of temperature and carrier density. Their experiments demonstrated
USC in modulation-doped PQWs coupled to LC resonators, achieving a Rabi ratio of 27%
and a pronounced polaritonic gap. These results established PQWs as an ideal platform for
exploring the USC regime.

More recently, between 2020 and 2023, Deimert, Goulain and co-workers [8, 40] realized
arrays of semiconductor harmonic oscillators based on continuously graded PQWs. Their
devices exhibited robust performance around 3 THz up to room temperature, with narrow
linewidths and resonance frequencies insensitive to temperature and doping, in agreement

with Kohn’s theorem. They further demonstrated ISB polariton formation at frequencies
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as low as 1.8 THz, with Q-factors up to 17, maintaining USC up to 200 K and achieving
strong/ultra-strong coupling with as few as ~3000 electrons per sub-wavelength LC resonator.
Notably, all these achievements were obtained using III-V quantum wells.

As previously mentioned, the main objective of this PhD thesis is to demonstrate and
optimize ISB polaritons in the Ge/SiGe material system, extending these advances to group-IV

semiconductors.
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EXPERIMENTAL AND THEORETICAL

METHODS

2.1 Chemical vapor deposition (CVD) growth process

The heterostructures investigated in this thesis have been grown in a Chemical Vapor
Deposition (CVD) chamber, in an ultra-high vacuum (UHV) system with base pressures in
the order of 10719 Torr, to minimize the presence of contaminants such as carbon and oxygen.
It is very important to examine the dynamics of the mechanisms that regulate CVD growth.
In this technique, the deposited species are called reagent species and are incorporated into a
gaseous precursor, which is transported to the surface of the substrate, kept at a temperature
T. The precursor gasses used to deposit Si and Ge are, respectively, silane (SiHy) and germane
(GeHy). The growth process is thermally activated and is divided into the following phases
[41], as shown in Figure 2.1.

Considering C, as the concentration of species S in the gas mixture sent towards the
substrate; C; the concentration of S at the surface; C ¥ the concentration of S within the grown
film; he the mass transport coefficients in the gas phase and k; the reaction rate at the surface,
we can express the flow of the precursor gas reagent towards the surface, ®¢s and the flow

from the surface to the film (incorporation), ®; £, as:
Dy = ksCs (2.2)
In stationary conditions, the two flows are the same, therefore:
Dy = Oy =@ (2.3)

hg (Cg — Cs) = kG, (2.4)

The growth rate of the crystal can be determined by dividing the flow, ®, in steady

conditions by the number of atoms incorporated in a unit of film volume:

@ kh G khy Gy
_Cf_ks—l—thf_ks—l—hg Cf

(2.5)
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Figure 2.1: Sketch of gas transport and reaction process for CVD growth. The diagram highlights the main
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stages involved: gas-phase reactions, transport of the precursors to the surface, adsorption, surface diffusion,
desorption of volatile products, and nucleation.

where y represents the molar fraction of the reagent species, and C; is the total number of
molecules per cm?® in the gas. Once the molar fractions of the reagents are fixed, the process
rate v is determined by the slower process between the mass transport and the surface reaction
velocity. Chemical reactions on the surface are greatly influenced by temperature, as opposed
to mass transport. At low temperatures, the deposition process is less efficient. This is due
to the poor efficiency of the surface reactions: few molecules decompose, leaving few atoms
available for the growth of the film. We are in the case of a kinetic regime. The speed of the

process will be given:

Ci
v ~ ks <Cf> y, forks < hg (2.6)

When the temperature increases, the surface reactions become more efficient and the
process becomes limited by the transport of matter to the surface itself; this is the diffusion
regime, described by the equation:

Ct

v~ hy (Cf) y, forhy <k (2.7)

The temperature at which the transition between these two regimes takes place depends
on the type of precursor and the reagent streams used. Figure 2.2a presents the growth rate
of a silicon film in terms of temperature for different reagent, including the presence of SiHy

in some processes. Figure 2.2b shows the growth rate of germanium using the gas GeHy as
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a precursor. Both growth rates present two regimes: “A” at low temperatures and "B” at

high-temperature.
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Figure 2.2: Growth rate as a function of temperature for different gases including Silane (a) and (b) for Germane.
The minimum growth rate of silane (SiHy) occurs at a temperature of ~ 500°C, while for germane (GeHy) it

occurs at ~ 300°C.

In the ”A” region the rate of growth follows an exponential law of the type v o el~Ea/kT),

where the growth of the film can be controlled by manipulating the temperature and
managing the surface reactions. In the high-temperature "B” region, the growth rate is mainly
limited by the transport of matter and is therefore relatively independent of temperature. The

chemical reactions that outline the growth process of Si, Ge and SiGe films, through the use

of silane or germane as precursors, are:

SiH4(g) + GeH4(g) — SZ(S) =+ GE(S) +4H, (28)

Where (g) and (s) indicate the gaseous state and the solid state, respectively. As already
anticipated, the difference in the lattice mismatch between Si and Ge is 4.2%, involving a
significant challenge for the realization of heterostructures.

The heterostructures analyzed in this thesis consist of Si;_,Ge, wells with x varying
in the range of 0.82 to 1, and with Sip18Gepsy barriers on germanium substrates on Si(001).
At these concentration values, the critical thickness is extremely reduced, on the order of
a few nanometers, making epitaxial growth particularly complex without the occurrence of
dislocations.

To overcome this structural limit, a Si;,Ge, VS with a y Ge concentration equal to the
average Ge content ., in the active region must be developed to obtain strain compensation
conditions.

Figure 2.3 shows a schematic representation of the different regions of the sample: zone

A, corresponding to the barrier, and zone B, corresponding to the well. In these regions, elastic
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Figure 2.3: Strain-compensated heterostructure scheme consisting of a compressively strained Ge quantum well
(B), confined between tensile-strained SiGe barriers (A), grown on a substrate with an intermediate buffer. The
alternation of compressive (Ge) and tensile (SiGe) strain enables lattice strain compensation, reducing stress
build-up and preserving crystalline quality. The strain profile shown on the right highlights the oscillation
between compression and tension, which ensures mechanical stability.

deformation manifests as tensile strain in zone A and as compressive strain in zone B. For the
doped samples, phosphine (PH3) is utilized as the precursor gas and is introduced within the
barrier regions.

The techniques usually used to grow the VS are the Forward Graded technique and the
Reverse Graded technique. In the first case, the Ge content in the alloy is gradually increased,
starting from the Si substrate until reaching the concentration y = Xgverage. The problem is
that for high concentrations of y, very thick VS up to 15 ym would be obtained, making it
ideal for Ge contents smaller than 50%. These high thicknesses result in the formation of
a large number of dislocations, with a consequent increase in surface roughness, requiring
chemical and mechanical smoothing of the surface [42]. The second method is a reverse
graded approach, starting from the deposition of a Ge buffer on Si(001) and gradually arriving
at the desired y. This technique is ideal for VS at high concentrations of Ge, as in the case of
this thesis.

Another fundamental aspect is the growth temperature of heterostructures and the
high-quality crystalline structure at the interface. To obtain high-quality interfaces and high
crystalline quality, typical growth temperatures on the order of 500°C are used. However,
when the samples are cooled to room temperature, a tensile thermal strain is established in
the Ge rich epilayer region as a consequence of the thermal coefficient mismatch between the

Si substrate and the epilayer.
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2.1.1 Roma Tre CVD experimental set up
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Figure 2.4: On the left, CVD-UHV present at the Semiconductor Physics and Technology Laboratory of
RomaTre. On the right, image of the sample holder used for growth. Sketch of the growth set-up shown below.
The system consists of: (1) the main transfer pipe, (2) the load-lock chamber, (3) the chemical preparation hood, (4)
the preparation chamber, (5) the UHV-CVD growth chamber, and (6) the XPS chamber. Magnetic manipulators
allow sample transfer throughout the interconnected modules.

At the Laboratory of Physics and Technology of Semiconductor of Roma Tre University,
there is an Ultra-high Vacuum Chemical Vapor Deposition (UHV-CVD) system, introduced
in the previous paragraph, which is used to grow the samples of this thesis, whose sketch is

shown in Figure 2.4a. The samples are prepared inside a laminar flow hood, in a dust-free
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2.2. Atomic force microscopy (AFM)

chamber, where they are cleaned with ultrasound and isopropanol for approximately three
hours. After thorough cleaning, the sample is mounted on the sample holder shown in
Figure 2.4 right, which is inserted into the first pre-chamber (load-lock) with an internal
pressure reaching 10~7 Torr, thanks to a rotary pump and a turbomolecular pump. From
here, the sample is moved to a second pre-chamber with a pressure of 10~7 Torr, where it is
heated overnight with a current of 0.2 A to desorb impurities present on the surface. From
here, the sample is moved into the chamber through a tube with a pressure of 10~ Torr
and transfer arms controlled by a system of external magnetic manipulators. The epitaxial
growth chamber is made of a cylindrical body of low-carbon steel and nickel. This chamber
is equipped with an external water cooling system, which helps reduce the desorption of
adsorbed impurities during the process on the inner walls during the deposition phases. The
evacuation system of the chamber consists of a rotary pump and a dual-stage turbomolecular
pump, enabling the achievement of residual vacuum pressures on the order of 10~ Torr.
Achieving such extremely low pressures is essential to prevent substrate contamination and
ensure the growth of high-quality materials. The pressure inside the chamber is measured
using a thermionic head for ultra high vacuum regimes and a capacitive vacuum gauge
for low vacuum regimes. The chamber is equipped with two external accesses; the first
is intended for the introduction of samples into the transfer tube; the second, managed
by electropneumatic valves, accommodates the gas transport lines coming from the tanks,
equipped with flow meters for regulating the gas flow. A rotary pump and a turbomolecular
pump evacuate the section of the line preceding the entry of the reactive gases into the
chamber. A computerized control system equipped with control software in the graphical
language "G” (LabView) manages the input flows of the different gasses and the switching
of the electrovalves to adjust the gas mixture used for the deposition of the various layers in
a multilayer heterostructure and the pressure in the chamber, allowing the growth of those
layers. The sample holder is connected to a pin that heats the substrate via the Joule effect
by passing an electric current from the pin to the opposite end of the substrate, which is in
electrical contact with the system’s mass. The desired temperature is controlled by an optical

pyrometer through transparent windows that maintain the ultra-high vacuum.

2.2 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) is a non-destructive technique capable of providing
information about the sample’s morphology. Normally, it does not require sample preparation
processes and can be used both in air and in liquid.

In AFM, a cantilever carries a sharp tip at its free end, and this tip is moved across
the sample by a piezoelectric scanner that enables positioning with sub-nanometer precision.
When the tip interacts with the surface, it causes a deflection of the cantilever on which a laser
is pointed. The reflected beam is collected by a position sensitive photodetector, allowing the

three-dimensional morphology of the sample’s surface to be reconstructed. A feedback system
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2.3. X-ray diffraction (XRD)

acts on the piezoelectric actuators that move the tip, maintaining either a constant interaction
force with the surface in contact mode or a constant oscillation amplitude in non-contact

mode. This allows the sample’s surface morphology to be reproduced with high precision.

Energy
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Figure 2.5: a) Atomic force microscope available at the LIME laboratories of Roma Tre and at IHP
microelectronics, used in this thesis [43]. b) Force exerted between tip and sample as a function of distance
for the various modes of the AFM.

The tip-sample interactions depend on the repulsive forces between the atomic nuclei
and the attractive forces between the valence electrons of one and the nuclei of the other (Van
der Waals forces). If the distance between the tip and the sample is very small, the repulsive
force predominates. When the AFM operates in contact mode, changes in the sample height
cause variations in the cantilever deflection and the reflection angle of the laser reaching the
detector, which in turn triggers the piezoelectric actuator to restore the correct tip-sample
force condition (Figure 2.5b AFM mode).

When the tip is still at a certain distance from the surface, attractive van der Waals
forces dominate, producing a small cantilever deflection that is detected via the change in the
laser reflection angle. This operating regime corresponds to the non-contact mode (Figure
2.5b NC-AFM mode). To obtain high spatial resolution, the cantilever is driven to oscillate
at (or near) its resonance frequency, and the tip-sample interaction induces changes in the
amplitude and phase of the oscillation. If the cantilever is driven at its resonance frequency as
in non-contact mode but its oscillation amplitude is large enough for the tip to intermittently
touch the surface, the system operates in intermittent-contact (tapping) mode. In this regime,
strong adhesive and capillary forces can also contribute to the tip-sample interaction.

In this thesis, a Bruker AFM in intermittent mode is used with a high-resolution
non-contact cantilever, operating at approximately 300 kHz with different tips that have a

nominal curvature radius of between 2 and 8 nm.

2.3 X-ray diffraction (XRD)

X-ray diffraction (XRD) is an essential non-destructive analysis technique for the study

of the crystallographic structure of materials, since it allows the structural characteristics to
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be correlated with chemical-physical properties. The phenomenon of diffraction is based on
the elastic scattering of X-rays by the periodic distribution of electrons in the crystal [44]. The
condition for constructive interference is satisfied when the scattering vector Q = K — Kp,
where K and Ky represent, respectively, the wave vectors of the diffuse and the incident beam,
coincides with a vector of the reciprocal lattice Hyy;. This condition is equivalent to Bragg’s
law:

nA = 2dhkl sin 9, (29)

where 7 is the diffraction order, i, k, [ are the Miller indices of the crystalline planes, 0 is the
diffraction angle defined as the angle between the incident beam and the diffracting planes,
as shown in Fig. 2.6b-c, djy; is the interplanar distance, and A is the wavelength of the incident
radiation.

In the context of epitaxial films and heterostructures, high-resolution X-ray diffraction
(HRXRD) plays an essential role in the accurate determination of structural parameters, such
as strain, the relaxation of the lattice, and the stoichiometry of a binary alloy. Measurements
can be performed either by laboratory diffractometers equipped with a thermionic or
field-emission source, most commonly a Cu rotating anode using the CuK, emission line,
or by using synchrotron radiation, which provides greater brilliance, better coherence, and

the possibility of selecting photon energy.

Figure 2.6: (a) Rigaku smartlab present at IHP micorelectronics. (b) and (c) RSM scheme in the 2 configurations,
respectively (004) and (224) [44].

A key tool in HRXRD analysis is represented by the Reciprocal Space Maps (RSM),
which allow us to precisely characterize the strain state of the epitaxial films. An RSM
is obtained through a series of w — 26 scans performed around a Bragg reflection along
different directions of the scattering vector Q and provides a two-dimensional representation
of the diffraction intensity in reciprocal space. From this representation, it is possible to
distinguish the in-plane component (g)) and the out-of-plane component (7 ) of the vector Q.
For samples with the standard (001) surface orientation, the symmetric (004) reflection and
an asymmetric reflection, such as (224), are typically analyzed. In the case of silicon, both
reflections have q, = 4/ag; = 7.365 nm~! (with | = 4), while reflection (224) allows us to
determine q = V8/ag; = 5.208 nm~!, which being h? +k* = 8. Initially, the Si(004) peak
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from the substrate is used as a reference, from which any deviation in the incident (Aw) and
scattered (Af) angles is obtained with respect to the theoretical parameters, so as to correct
the map and, consequently, the SiGe and Ge peak positions measured.

After correcting the RSM using the substrate peak, the precise values of g and g,
for the epitaxial film can be determined. From these, the lattice parameters parallel and
perpendicular to the substrate surface are calculated as:

Vh + K2 !
a = ————, ap = —,
q| q.

where g and g, represent the components of the diffraction vector parallel and perpendicular

(2.10)

to the surface, and &, k, I are the Miller indices of the planes under consideration. In the specific

case of the (224) and (004) reflections of a film on a (001) substrate, one obtains

V8 4
_—, a, = —.
q| q.

Considering an epitaxial film subjected to tetragonal strain with zero stress along the

0= 2.11)

growth axis, the elastic relationship between 4|, a; and the relaxed lattice parameter ap(x) of

Si1—xGey can be expressed, after algebraic manipulation, as a cubic equation in x:

Ax®+Bx*4+Cx+D =0, (2.12)

where the coefficients A, B,C, D depend on the measured lattice parameters a and a4, and
on the elastic constants of the alloy. The real solution of this cubic equation, obtained using
Cardano’s formula, provides the Ge molar fraction x in the film. Once x has been determined,

the relaxed parameter ao(x) is calculated by means of Dismukes’ empirical law [45]:
ao(x) = 5.431 +0.200 x + 0.027 x* (2.13)

which takes into account the slight non-linearity of the variation of the lattice parameter with
composition.

The crystalline quality of the material is finally deduced from the shape and width at
half height, referred to as Full Width at Half Maximum (FWHM), of the diffracted peaks,
which provide indications of the density of dislocations and crystalline defects.

The HRXRD measurements presented in this work were performed at the Materials
Research department of IHP Microelectronics laboratories, using a Rigaku SmartLab
diffractometer equipped with a rotary and an area detector in linear focus geometry, equipped
with a channel-cut collimator Ge(400) x2. It is also possible to perform in-situ measurements
at temperature using an Anton Paar DHS 1100 heating stage, operating in a nitrogen
atmosphere and covering a range of 25-1100 °C, and an Anton Paar DCS 500 cooling stage,

which allows measurements between -200 and 500 °C under vacuum conditions.
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2.4 Fourier-transform infrared spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy (FTIR) is an experimental technique that
analyzes the changes experienced by infrared radiation following its interaction with a sample.
It is based on the acquisition of the interferogram, which represents the intensity of the signal

in the time domain, from which the spectrum is obtained using a Fourier transform [46].
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Figure 2.7: (a) Bruker Vertex v70 spectrometer scheme. (b) Vertex v70 spectrometer viewed from the outside.

The most commonly used experimental apparatus is the Michelson interferometer,
which exploits the phenomenon of optical interference to generate interference between two
beams of light: one reflected by a fixed mirror and the other by a movable mirror.

The incident beam is split by a beam splitter, and the two beams, after being reflected,
recombine, producing constructive or destructive interferences depending on the optical path
difference. When the difference is zero (zero path difference, ZPD), all the waves interfere
constructively, generating the maximum signal called centerburst.

The resulting interferogram I(w) can be expressed as:
I(w) = /B(s) cos(2mew) de (2.14)
and the spectrum B(e) is obtained through the inverse Fourier transform:
B(e) = / I(w) cos(2mew) dw (2.15)

When a sample is placed in the optical path, the light is absorbed at frequencies corresponding
to its specific excitations. This results in a reduction of the transmitted spectrum at the
frequencies absorbed by the sample. In a real spectrum, various peaks may appear, which
are related to the optics that the light traverses during its passage through the interferometer,
but these are independent of the sample itself. To avoid incorrect interpretations, it is common
to record a reference signal to obtain absolute transmittance spectra, which are defined
as the ratio between the signal transmitted by the sample and the reference signal, thus
providing information exclusively about the sample. FTIR spectroscopy can be conducted

in transmission or reflectance mode. In the first case, the infrared radiation passes through
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the sample and the transmittance is given by the ratio:

Ir(e)
T(e) = 2.16
In the second case, the intensity of the reflected beam is measured, and the reflectance is
obtained: e (e)
€
R(e) = -2 2.17
( ) IRO<£> ( )
In general, the relation must hold true:
R(e) + T(e) + S(e) + Afe) = 1 (2.18)

where S represents the diffuse component and A the absorbed one. The described FTIR
measurements were carried out using the Bruker Vertex v70 spectrometer, shown in Figure 2.7,
a high-performance interferometer capable of covering a wide spectral range (from 6000 cm !
to 50 cm~!) in a single acquisition. The instrument operates under vacuum conditions (<
2 mbar) to minimize absorption due to atmospheric HO and CO,, and uses a broadband
DTGS (Deuterated Triglycine Sulfate) detector, whose electrical response is proportional to the

temperature variation induced by the incident IR radiation.

2.5 Schrodinger-Poisson solver

An in-depth understanding of the transport and optical properties of Ge/SiGe
heterostructures has been obtained through simulations carried out using a self-consistent
multivalley code that solves the Schrodinger-Poisson equation in the parabolic envelope
function approximation. It is based on the multivalley k - p model and simulates the electronic
states of Si;_,Ge, alloys grown on a Si;_,Ge, substrate, and thus, with different strain
and at various temperatures [25]. The model allows obtaining the valence and conduction
band profiles of SiGe-based heterostructures. In particular, concerning the conduction band,
it enables deriving the L, A, and I' profiles. The model considers the energies of the
conduction band minima at the L, A, and I' points of the Brillouin zone, providing a complete
representation of the electronic structure. The band alignment is derived from a relation
that includes the unstrained gap energies, spin-orbit contributions, hydrostatic and uniaxial
strains, and average valence band levels, all calculated from pure Silicon and Germanium
parameters.

In the model, donor impurities can be introduced to release electrons into the
heterostructure and determine self-consistently, by solving the Schrodinger-Poisson equations,
the electronic states at L, A,, Ay, and T within the heterostructure and the electronic
distribution in different states at various temperatures. Correlation-exchange effects among
electrons confined in the L valley are also included. Figure 2.8 shows the simulation of a
square quantum well, with the empty-band profile on the left and the full band configuration

on the right. The structure consists of a 22 nm Ge well and a 22 nm Siy 138Geg g, barrier, grown
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Figure 2.8: On the left, the band structure of a square QW with 22-nm Ge well and a 22-nm Sig 18Geg gp barrier
in strain compensation condition without doping within the barriers is observed, while on the right, a simulation
of the same QW heterostructure is presented, but with the introduction of a doping of 5 - 10" cm=3 within the
barriers. This latter configuration highlights the effects of band bending caused by charge transfer.

on a strain-compensated virtual substrate: the barriers experience tensile strain, while the
well is under compressive strain. By comparing the two configurations, it is evident that in
the full band case, the conduction bands exhibit a pronounced bending and, in particular,
a lowering of the A, valley. This behavior arises from the Hartree potential generated by
the electric field established between the electrons occupying the barrier states and those
localized near the center of the quantum well. The physical mechanism underlying this effect
is discussed in detail in Chapter 5. Uniaxial deformation can remove the degeneracy of
states, such as at A, by modifying the energies of the A, and A4 states. A bending of the
L, A, and A4 bands profile is observed, attributable to transfer doping effects, as detailed in
Chapter 1.5.5. An important result derived from the model is that the confinement potential
profile at the conduction band minimum at L is directly proportional to the Ge content in
the alloy. This implies that, to achieve a parabolic quantum well, it is essential to have a
parabolic compositional profile of Ge. In summary, the model generates conduction band
profiles, electronic states, and the corresponding wave functions. It also allows for the
calculation of intersubband absorption energies, taking into account the depolarization shift
and oscillator strengths, and thus simulates absorption spectra. Therefore, it is a valuable
tool for designing heterostructures and modeling them to interpret experimental absorption
data. The concentration profile of the QW used for simulations is then converted into growth

process parameters suitable for obtaining a composition profile accurate at the sub nm level.
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2.6 Sample growth and structural characterization

The growth of our samples was achieved using the previously described chemical
vapor deposition (CVD) technique; the sketch is shown in Figure 2.4. A crucial aspect for
high crystalline quality in the active layer region is the optimization of the virtual substrate
(VS). To obtain Si;_,Ge, virtual substrates on Si(001), we used the “reverse step grading”
procedure, starting from the deposition of a relaxed Ge layer, then reducing the Ge content
in steps until reaching the desired final concentration. Initially, the substrate, whose sketch is
shown in Figure 2.9, was heated overnight to remove physisorbed impurities from the surface;
subsequently, it was transferred into a chamber, and the first phase of treatment involves a
high temperature to eliminate native oxide and any carbon and hydrogen residues present on
the surface, in a hydrogen atmosphere at a pressure of 4 mTorr. After this cleaning phase,
which lasts 10 minutes at a temperature of 1135 °C, silicon deposition is carried out to ensure
crystalline quality and surface planarity. Subsequently, the deposition of the first Ge layer is
performed. The growth of a pure Ge buffer occurs at a fixed germanium flow of 2.04 sccm.
The process starts at a low temperature (310-335 °C) and a pressure of 4 mTorr, where kinetic
effects due to thermodynamic non-equilibrium conditions and the presence of hydrogen that
saturates free bonds hinder the movement of GeH, species and prevent the formation of
islands, despite the presence of strong lattice mismatch. This allows for the deposition of

planar films, as the system relaxes through the formation of misfit dislocations.
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Figure 2.9: Schematic of the structure of the samples used in this thesis, illustrating the different stages of the
epitaxial growth process. The samples are fabricated on a Si(001) substrate, on which a Ge layer is grown that is
divided into a low-temperature section (Ge LT) and a high-temperature section (Ge HT), followed by Siy_,Gey
layers associated with the RGVS and V'S phases. The structure includes PQWs with compressively strained
Si1_xGey wells, confined by tensile Sip18Ge gy barriers.
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2.6. Sample growth and structural characterization

Once this phase is completed, during which a planar growth of a few nm begins, the
growth temperature is increased to higher values to continue with the deposition of the
germanium buffer up to a temperature of 688 °C for 30 minutes; this serves to improve the
crystalline quality of the Ge film and to increase the initial growth rate to obtain a germanium
layer about ~ 500nm thick. Immediately after this step, the first annealing is initiated at 778°C
for about 20 minutes at a pressure of 0.2 mTorr of germane gas; this helps to start facilitating
the glide of dislocations within the Ge buffer. Subsequently, the pressure is set to 4 mTorr
and the temperature to 550°C for about an hour, growing about 1 um of germanium buffer.
Again, an annealing occurs under the same conditions as the previous one for 10 minutes,
and so on, until reaching a total Ge thickness of ~ 3um. This thickness is chosen because it
allows the virtual substrate to relax the lattice mismatch effectively while maintaining a low
density of threading dislocations, providing a high-quality base for the subsequent growth
of quantum well structures [9]. The deposition process is then finished with a last annealing
before proceeding. In order to grow good quality QWs, they must be strain-compensated,
meaning that the Ge concentration in the VS should match the average Ge concentration of the
overlying Stack, as previously explained in the Section 2.1. This is to avoid plastic relaxation
within them. We achieve this through the reverse grading described above. Thus, we descend
in several steps, maintaining the same germanium flux and introducing the silane flux at each
step at a temperature of 455°C, until reaching the required concentration y for the VS. The final
concentration y depends on the design of the active region of the sample to be deposited. In
most of the studied samples, it was around 90% germanium. Once the desired concentration
is reached, we start the program “"LabView” to grow 2 um of SiGe VS and then the QWs
stack. In Figure 2.10 the AFM, XRD and Etch pit count/Scanning Electron Microscopy (SEM)
analysis of a Sig10Gepgp VS is reported. Figure 2.10a shows an AFM image of a VS. Here,
the presence of the typical cross-hatch pattern (CHP) is observed, which is mainly due to the
plastic relaxation that occurs in heteroepitaxial films with lattice mismatch in the VS [47]. The
effects of the CHP do not affect the structures, as the surface undulation on the plane is on
the order of yum, while along the z direction it is on the order of nm. This means that the QWs
grow coherently on the surface and are not influenced in their confinement properties.

The second characterization carried out is the structural characterization by X-ray
diffraction (XRD). Specifically, reciprocal lattice maps (RSM) were acquired in the (004)
and (224) directions at the Material Research IHP Microelectronics department laboratory.
These analyses allow us to assess the strain, the composition of the various layers present
in the sample, and the period of the QWs. We can compare Figure 2.10b, which shows
a RSM acquired around the asymmetric (224) reflection of the VS. In this map, the axis
coordinates represent the components of the scattering vector: the horizontal axis corresponds
to the in-plane component QH or Qy, while the vertical axis corresponds to the out-of-plane
component Q; or Q.. The most intense peak corresponds to the Si substrate, which serves
as a reference. The peak related to the Ge buffer appears shifted with respect to Si due to

its larger lattice parameter. Its position with respect to the relaxation line, which connects the
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Figure 2.10: (a) AFM image 60 pum x 60 um of a VS showing the Cross-Hatch Pattern (CHP). (b) Reciprocal
space map (RSM) along the (224) direction of a VS, with logarithmic intensity (cps) showing the diffraction peaks
corresponding to Si, Ge, Sig10Geg oo, and Sigg5Gepgs. (c) SEM image used for the estimation of the threading
dislocation density (TDD) of VS with density of about 2 - 106cm 2.

origin to the Si spot and indicates fully relaxed cubic materials, makes it possible to quantify
the residual strain state; in our case, a biaxial strain of —0.14% is observed. The peaks located
midway between Si and Ge indicate the SiGe alloy. The VS peak of Sip1Geg g is present. There
is also a weaker peak between Sip1Gepg and Ge, due to the 95% RG. In Figure 2.10c presents a
SEM image acquired after an etching process. These type of images were used to quantify the
threading dislocations (TD). This procedure made it possible to obtain a good epitaxial layer

(VS) with a TD density of about 2 - 10° cm 2. The growth process of the stack is managed
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2.6. Sample growth and structural characterization
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Figure 2.11: Linear relationship between the ratio of GeHy and SiHy fluxes used during growth and the Ge

concentration measured by XRD.

through a control file in . txt format, consisting of a series of columns that sequentially specify
the process parameters. Each column corresponds to a flow or an operational command
of the CVD reactor, such as the opening or closing of valves for phosphine, silane, or
germane flows. The control program interprets the file and sends real-time signals to the
flow meters and electropneumatic valves, thus determining the temporal activation sequence
of the different precursors and the reproduction of the established design for the structure.
Since the reactor pressure control valve is kept in a fixed position, the operating pressure
is determined by the flows of the introduced gases. Under these conditions, the process
is calibrated by appropriately adjusting the flows of each precursor, in order to achieve the
desired growth conditions. To this end, dedicated calibration samples have been created, used
to accurately determine the relationships between nominal flows and the growth rates of the
different constitutive layers of the structure. The samples were grown while keeping the GeHy
flow constant and varying the SiHy flow to control the alloy composition. At a pressure of
about 1 mTorr, the ratio between the flows ¢(GeHy)/(¢p(GeHs) — +¢(SiHy)) exhibits a linear
trend, providing the relation that links the germanium concentration to the required silane
flow. Figure 2.11 shows this relation as a function of the Ge concentration. This procedure
has allowed for the optimization and reproducibility of deposition conditions for the final
growth of the active part of the device. The precursor gas used for doping the samples is
phosphine (PH3). In Figure 2.12, an AFM image after the deposition of the MQWs is shown,
demonstrating how the CHP remains unchanged after the growth of the stack, with an RMS

roughness value of 3nm in both images.
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Figure 2.13: XRD analysis of parabolic quantum wells (PQWs). (a) RSM along the symmetric (004) direction,
showing the formation of the superlattice (SL), characterized by a zero-order peak (SLy), associated with the
average composition of the periodic structure, and by a series of satellite peaks (SL_1, SL.1, etc.) whose spacing
is inversely proportional to the superlattice period. The vertical alignment of the SL peaks with respect to the
virtual substrate (VS) peak indicates that the entire MQW stack has grown pseudomorphically, maintaining
the in-plane lattice parameter. (b) Rocking curve estract from RMS(004), compared with the simulation based
on the Darwin model, used to accurately extract the thickness of the wells and barriers. (c) RSM map along
the asymmetric (224) direction, useful for evaluating the degree of relaxation and the strain distribution in the

different layers, where the same peaks as in (004) are shown.

The XRD analysis shown in Figure 2.13 makes it possible to observe the formation
of a superlattice (SL). The diffraction spectrum is characterized by a zero-order peak (SLy),
associated with the average composition of the periodic structure, surrounded by a series
of satellite peaks (SL_1, SL;4, etc.). The spacing between these satellite peaks is inversely
proportional to the superlattice period. Furthermore, the vertical alignment of the satellite
peaks with respect to the VS peak in the RSM map shows that the entire MQW stack has
grown pseudomorphically with respect to the underlying virtual substrate, maintaining the
same in-plane lattice parameter without plastic relaxation. By means of simulations based on
the Darwin model [48], the experimental rocking curve shown in Figure 2.13b can be fitted to

accurately determine the well thickness, the barrier thickness, and the alloy composition.
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Figure 2.14: STEM images: (a) Interface between the Si(001) substrate and the Ge buffer, highlighting threading
dislocations (TD) and a misfit dislocation (MD). (b) Detail of the Ge/Siy13Geysy interface, the white line
represents the parabolic profile extrapolated from the STEM image. (c) Overview of the Ge buffer of the SiGe
virtual substrate and of the PQWs stack.

In order to delve into the structural quality of the samples and, in particular, the profile
of the QWs, a microstructural characterization was carried out using scanning transmission
electron microscopy (STEM). The measurements were conducted at the CNR in Catania.
High-resolution STEM images allow for precise assessment of the QW profile and local
chemical composition analysis of the layers through combined spectroscopic techniques, such
as EDX. These methods are particularly useful since XRD provides only averaged information
over the entire sample volume. In Figure 2.16a, a STEM image of the interface between the
Si substrate and the Ge buffer is shown. The contrast in the image arises from the difference
in atomic number between Si and Ge, which produces a Z-contrast in HAADF-STEM: the
Ge region appears clearer, while the Si region appears darker, and both the TD and MD are
manifested as white-contrast features. At the interface, the presence of misfit dislocations
(MDs) can be clearly observed as periodic distortions in the lattice fringes, while the arrows
highlight the threading dislocations (TDs) propagating toward the surface. Figure 2.16b, on
the other hand, shows the region between the Ge buffer and the PQWs, highlighting the
sequence of different layers. The magnification shown in the inset allows for a detailed
analysis of the defect-free QWs zone. From the intensity profile extracted from the image,
it is observed that the QWs exhibit a parabolic trend, confirming the ability of the growth

process to achieve the desired profile precisely.

2.7 Optical characterization

The optical characterization was carried out using FTIR measurements with the aim
of determining the energy of ISB transitions in the PQWSs. Specifically, FTIR transmission
measurements were performed on samples grown on a silicon substrate and metallized on
the top with Au/Ti to modify the boundary conditions of the interface, transforming it into

an antinode for fields directed along the z-axis, thereby ensuring maximum coupling of the
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2.7. Optical characterization

Figure 2.15: Sample scketch used for dichroic transmission measurements of the PQWs. The structure consists
of a Si(001) substrate, a Ge buffer, SiGe barriers, and parabolic quantum wells (PQWs), covered by a SiGe layer
and Au/Ti metallization. The latter modifies the boundary conditions, turning the interface into an antinode for
TM fields along the z axis and maximizing the coupling with intersubband transitions. The FTIR beam impinges
at an angle of about 75°, close to the Brewster angle of Si, and travels along a L ~ 2 mm waveguide that allows

a single reflection in the active region.

TM mode with the ISB transitions in this configuration, as shown in the sketch in Figure 2.15.
The measurements are conducted inside a cryostat at various temperatures, ranging from 10
K to 300 K, with a beam entry angle of approximately 75° very close to the Brewster angle of
Si (73.7°). The guide length of about 2 mm allows for a single reflection in the active region.
Longer guides allow for signal amplification by increasing the number of reflections.

The measurements were carried out by acquiring in two polarization configurations: the
transverse magnetic component TM (electric field along the growth direction z) and the electric
component TE (electric field along the x — y plane), shown in Figure 2.16. Shows the different
signals in the two configurations, including the acoustic and optical phonons of silicon, the LO
phonons of silicon, and the various minima of the TM and TE components, which are found to
be out of phase. The sample consists of 25 PQWs of a 61 nm thick well with a period of 76 nm
and a doping level of 3.7 - 1011 cm 2. Tt is observed that the only signal present exclusively on
the TM component is identified by the ISBT signal. To eliminate undesired contributions from
the measurement system (polarizer, optics, parasitic reflections, etc.) and isolate the signal
due exclusively to the MQWs, the ratio TTTTI;g was calculated. This procedure is justified by the
fact that most of the unwanted spectral contributions are distributed isotropically in the two
polarizations, while the response of the MQWs is anisotropic and manifests only in the TM
component, which is related to intersubband transitions.

Due to the various reflections on the interfaces of the different layers of the sample, from
the substrate to the gold layer, the experimental spectrum also shows periodic oscillations
due to interference effects, as shown in 2.17a. To extract the contribution of the MQW, it

is therefore necessary to remove this background contribution. This operation was carried
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Figure 2.16: Transmittance spectrum for TE and TM polarizations in a Ge/SiGe structure with PQWs, having
a well width, a = 61 nm. The minimum in the TM component around 12 meV highlights the ISBT.

out by modeling the background, where the Fabry-Pérot (FP) components are given by the
Airy functions associated with the transmittance of the two polarizations TM and TE and
constructing an equation for the background for the dichroic transmittance:

_ b—FP(x) — Drude(x)

y(x) = b~ FP(x — 3¢) a-+c (2.19)

where ¢ is the phase difference between the Airy functions. The Drude term is given by
Drude(x) = %ﬁ;’z/z}

vertical position and amplitude. The FP term is given:

and a; b and c are additional parameters that allow us to adjust the

L with § = 2—712711 cos 6 (2.20)

FP() = 17 Fsin?(0x) A

where 6 is the angle of incidence of the light, f is the finesse coefficient related to the quality
of the reflective surface, n is the refractive index of the material.

The function was subsequently fitted to the experimental data, allowing for the
subtraction of the background and the isolation of the minimum in transmittance associated
with absorption related to the ISBT. In Figure 2.17b, the dichroic transmittance curves for

PQWs are illustrated once the background subtraction has been performed. Once the correct
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Figure 2.17: Spectrum TM/TE of the same sample in Figure 2.16: (a) of a spectrum in blue and the corresponding
background in red; (b) spectrum after background subtraction.

spectrum was isolated, it was possible to derive the absorption coefficient, app (Figure 2.18).

In[T(E)] cos 6
Mop = ——-"———, 2.21
P T CMNysin26 (221)

where Ny, is the number of QWs comprised in the structure, M is the number of reflections,
and C is the amplifying factor of the z-component of the electric field due to the surface
metal deposition. This latter parameter is estimated to be C=1.5 for the samples investigated
in this work. From the absorption coefficient, the two-dimensional carrier density nop was

determined, considering the proportionality between the peak area and the latter:

/‘XZD(E) . rthe

P10 —
2eonem*’

2
(2.22)

The absorption peak of the PQW, shown in Figure 2.18a, derived from the dichroic
transmission measurements in Figure 2.17b, was fitted using a Lorentz function (continuous
line), from which the characteristic parameters were extracted: the peak position from which
the energy of the ISBT is derived, the peak area which is proportional to the transferred doping
(n2p), and the full width at half maximum (FWHM) of the absorption peak. From these
parameters, it was possible to experimentally determine the value of n,p for each analyzed

sample. In Figure 2.18b, the absorption spectra measured at different temperatures are
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Figure 2.18: Absorption as a function of energy after background removal of the same sample of 2.17: (a) at 50
K and (b) at different temperature.

presented. All spectra exhibit a single peak located at the same transition energy, as expected
for PQWs. In PQWs, the absorption peak does not shift with temperature thanks to Kohn's
theorem: the levels are equally spaced and the collective frequency remains unchanged even
if the subband population varies. In rectangular QWs, on the other hand, this no longer holds
and the peak can shift. As shown in Fig. 3 of M. Seta et al. (2012) [49], a redshift is indeed
observed in an MQW between 10 and 80 K. This observation indicates that both the structural
design and the epitaxial growth procedure were successfully implemented. The second type
of configuration used for FTIR measurements is the reflection configuration. This approach
was employed to observe the characteristic splitting of the ultra-strong coupling regime. To
this end, it was necessary to create a bottom mirror and proceed with the fabrication of optical
microcavity arrays (see Figure 2.19), which allow achieving photonic resonance.

The reflectivity measurements of the microcavities were carried out using the Bruker
Vertex 70v FTIR spectrometer available in the laboratories of La Sapienza University. The
spectrometer operated under vacuum conditions and was connected to a helium-flow cryostat
that allowed stable operation in the temperature range between 10 and 300 K. In order to

enable the analysis of the patch array, the system was equipped with an optical insert with
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Figure 2.19: Optical microscope view of the 1 x 2 cm epitaxial chip (top), divided into six 2 x 2 mm? fields, each
containing cavities with different widths s. On the right, a magnified view of a patch cavity array with a period
P = 3s, where the semiconductor ground plane can be distinguished from the square gold patches. On the left, a
close-up of a single patch cavity with width s = 11 ym. The fabrication was carried out by collaborators of the
IFN-CNR of Rome Tor Vergata.This figure is shown in the second article [33] reproduced in Chapter 4.

a high numerical aperture, based on a pair of ellipsoidal mirrors. As a reference, a region of
the same sample was used in which the structure had been etched down to the heavily doped
VS. For each microcavity array, a reflectivity spectrum Reay(w) was thus acquired, while the
reference RG ot (w) was measured under the same experimental conditions. The analysis
consists of normalizing the two measurements by calculating the ratio
o - 2t
Gen

This step is mandatory to eliminate almost all contributions not associated with the cavity
resonances, such as spurious reflections from the signal, slow modulations of the source
intensity, and, in general, the response of the substrate and the optics. The practical effect of
this normalization is to clearly highlight the resonant structure arising from the interaction
between the cavity and the intersubband transition of the parabolic quantum well. The
extraction of the polaritonic mode frequencies was performed using a parabolic background
with one or two Lorentzian functions. Figure 2.20, shows the dichroic transmittance (purple
curve) of a PQW sample with a 76 nm period and an ISBT at approximately 3 THz, together
with the reflectivity spectra measured on patch microcavity arrays fabricated on undoped and
doped PQW samples of the same design, whose resonance energy is matched to the ISBTs.

Once the central frequencies of the Lorentzian peaks have been extracted, denoted by
wyp and wip for the two polaritonic branches, the experimental dispersion is obtained by

repeating the entire procedure for all the geometries considered, as reported in Chapter 4.
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Figure 2.20: Dichroic trasmittance and Reflectivity as a function of enerqy for a sample with the same design of
figure 2.17. In purple, the ISBT is shown. In green, the reflectivity measurements performed on the same sample
are reported, but using the mirrors of an undoped cavity, tuned to the same energy as the ISBT. When the doped
cavity is resonant at the same energy as the undoped cavity, a splitting of the resonance peak (cavity doped) is

observed.
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Hica-QuAaLITY CMOS COMPATIBLE
N-TYPE SIGE PARABOLIC QUANTUM WELLS

FOR INTERSUBBAND PHOTONICS AT 2.5-5
THz

As we have discussed, Intersubband transitions (ISBTs) in semiconductor quantum
wells enable the realization of efficient emitters, detectors, and modulators operating in the
infrared and THz spectral regions. In this article published on Nanophotonics [32], we
have demonstrated the fabrication of high-quality n-type Ge-rich SiGe parabolic quantum
wells (PQWs) exhibiting intersubband transition energies in the range of 2-2.5 THz. Among
the different quantum well profiles, parabolic quantum wells hold a special role. Their
confinement potential along the growth direction mimics that of a harmonic oscillator,
resulting in a ladder of equally spaced quantized energy levels and, consequently, a single
well-defined resonance frequency for ISBTs. As a matter of fact, as discussed in Section 1.5.5,
in modulation-doped PQWs, electron-electron interactions are suppressed in accordance with
Kohn’s theorem, making the resonance frequency essentially independent of carrier density
and temperature. This property allows PQWs to overcome one of the key limitations of square
QWs, whose ISBT energies typically shift with thermal fluctuations and doping.

The epitaxial growth of n-type high-Ge content SiGe PQWSs on Si substrates presents
significantly greater challenges compared to their III-V counterparts. Specifically, precise
compositional grading is hindered by Ge surface segregation and Si-Ge intermixing effects
occurring during growth, while sharp doping profiles are difficult to achieve due to the
tendency of donor atoms, such as phosphorus, to float toward the growth front. These
technological hurdles have historically limited the quality of group-IV PQWs. For instance,
previous attempts by Ballabio et al., utilizing plasma-enhanced chemical vapor deposition
(PECVD), resulted in structures with strong deviations from the target parabolic profile [50].
Achieving a precise compositional grading is made difficult by the surface segregation of

Ge and by interdiffusion processes, which hinder the accurate definition of the parabolic
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potential. At the same time, the tendency of phosphorus to migrate toward the growth
front generates diffusion tails of about 3.5 nm, shifting the donor distribution with respect
to the center of the barriers. [51]. Demonstrating high-quality, coherently strained SiGe-based
PQWs, therefore, represents a significant milestone for the full exploitation of this material
system.

In this work, we report the realization of continuously graded Ge/SiGe PQWSs grown
by UHV-CVD on Si(001). A systematic study of their structural and optical properties is
presented, covering PQWs with different widths and doping levels and targeting transition
energies down to 10 meV. Structural characterization, with HR-XRD, SIMS and STEM,
demonstrates that UHV-CVD enables precise control of the parabolic confinement potential
through the precise tuning of the Ge content profile that reproduces the target profiles with
high fidelity. Another important result achieved is the control over the doping profile, with
SIMS measurements evidencing that P atoms are confined in the central part of the barriers.

Fourier-transform infrared (FTIR) spectroscopy reveals a single, well-defined absorption
peak with a remarkably small full width at half maximum (FWHM): approximately 2 meV
at low temperature and 5 meV at room temperature. The resonance energy scales with the
inverse of the well width, covering the 2.5-5 THz spectral range, and is nearly independent
of temperature and doping, in excellent agreement with theoretical expectations for an ideal
parabolic potential.

In this project, I focused on the epitaxial growth of the PQWs and the analysis of the
FTIR absorption spectra. The FTIR measurements were performed at Sapienza University in
collaboration with Dr. Venanzi and Dr. Berkmann. For these measurements, the samples
were shaped into a prism geometry, which enabled efficient coupling of the incident radiation
into the multilayer structure. TM and TE transmission spectra were acquired to isolate the
contribution of the intersubband transitions from the overall optical response of the samples.

I personally took part in the measurements and subsequently analyzed the acquired
spectra following the procedure described in Section 2.7, in order to extract the nyp associated
with the ISBTs.

This combined structural and optical investigation confirms both the high structural
quality of the fabricated wells, and their true parabolic electronic confinement, as evidenced
by the temperature-invariant intersubband resonance predicted by Kohn’s theorem.

A comparison with previous works on Ge/SiGe intersubband devices highlights the
relevance of these results. Earlier demonstrations based on square wells typically showed
larger linewidths (around 4 meV). In contrast, the continuously graded PQWs realized here
exhibits a faithful parabolic potential and a single, sharp resonance with FWHM as low
as 2 meV, substantially narrower than in earlier group-IV implementations. Moreover, the
negligible dependence of the transition energy on temperature and doping, consistent with
Kohn's theorem, marks a clear improvement relative to previously reported SiGe systems.
These results, therefore, position the present structures among the most advanced group-1V

platforms for THz intersubband optoelectronics.
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Overall, this study demonstrates the feasibility of fabricating CMOS-compatible n-type
SiGe parabolic quantum wells with excellent structural and optical properties, establishing
a solid foundation for the development of next-generation THz optoelectronic devices

integrated into silicon technology.
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by fascinating quantum optics applications leveraging on
this property, we use the technologically relevant SiGe mate-
rial system to design, grow, and characterize n-type doped
parabolic quantum wells realized by continuously grad-
ing Ge-rich Si;_,Ge, alloys, deposited on silicon wafers.
An extensive structural analysis highlights the capability
of the ultra-high-vacuum chemical vapor deposition tech-
nique here used to precisely control the quadratic confin-
ing potential and the target doping profile. The absorp-
tion spectrum, measured by means of Fourier transform
infrared spectroscopy, revealed a single peak with a full
width at half maximum at low and room temperature of
about 2 and 5 meV, respectively, associated to degenerate
intersubband transitions. The energy of the absorption reso-
nance scales with the inverse of the well width, covering the
2.5-5 THz spectral range, and is almost independent of tem-
perature and doping, as predicted for a parabolic confining
potential. On the basis of these results, we discuss the per-
spective observation of THz strong light-matter coupling
in this silicon compatible material system, leveraging on
intersubband transitions embedded in all-semiconductor
microcavities.

Keywords: heterostructures; germanium,; terahertz; strong
coupling; parabolic potential

1 Introduction

Intersubband transitions (ISBTs) in quantum wells (QWSs)
have garnered significant attention due to their relevance
across a wide spectrum of applications. These transitions
between quantized energy levels within the well have
unlocked a wealth of opportunities for designing novel
electronic and photonic devices with unprecedented per-
formance. In the realm of infrared and terahertz pho-
tonics, they enable the development of efficient detectors,
modulators, and emitters [1]-[3]. ISBTs are also at the
heart of quantum cascade lasers (QCLs), a groundbreaking
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technology that has revolutionized the generation of coher-
ent mid/far-infrared radiation [4]-[6].

Among the quantum well profiles, parabolic quantum
wells (PQWs) feature a unique harmonic oscillator-like car-
rier confinement potential along the growth direction. This
results in the formation of a ladder-like energy spectrum
within the well, with equally spaced quantized energy lev-
els. Furthermore, in modulation-doped parabolic QWs, i.e.,
QWs with dopant atoms located outside the parabolic poten-
tial region, the electron—electron interaction cancels out
and, following Kohn’s theorem, the ISB optical resonance
frequency w, becomes independent of the carrier density
and of their distribution in the different subbands [7]. Con-
sequently, the absorption spectrum of PQWs is virtually tem-
perature independent. This characteristic can be exploited
to overcome the thermal charge fluctuation limitations
of THz optoelectronic devices based on, i.e., rectangular
QWs [5].

ISBTs in a QW system represent the solid-state equiva-
lent of the ideal two-level atomic system but with the advan-
tage of the tunability of the associated quantum transition
by a suitable band engineering. In particular, the transi-
tion energy can be tuned at the resonance frequency of an
optical cavity, a platform that has been used to explore the
strong light—matter coupling regimes [8]—[11]. The coupling
strength can be further externally tuned by leveraging on
doping, field-effect [12], Stark-effect [13], magnetic field [10],
[14], or optical-field tunability [15]. Indeed, the rate of energy
exchange between light and matter excitations in the cavity,
usually expressed in terms of the Rabi frequency €, can be
varied acting on the carrier density in the QW, while the ISB
transition frequency w, can be freely selected in the mid-
infrared and terahertz ranges through the semiconductor
heterostructure design. In this way, it is possible to obtain
different regimes of the light—matter coupling in individual
subwavelength-sized microcavities, often evaluated by the
ration = % spanning from the weak regime # < 0.05 to the
(ultra)-strorolg regime for # > 0.1[16]. The intriguing possibil-
ities of controlling and manipulating these mixed light and
matter quantum states paved the way for the development
of novel devices such as polariton lasers, ultrafast modula-
tors, and quantum information processors [15], [17].

Thanks to their inherent single-valued absorption
spectrum and temperature independence, ISBTs in PQWs
enclosed in an optical cavity has led to the realization of
the ultra-strong light—matter coupling at room temperature
and at THz frequencies [18]. Notably, all reported studies
on PQWs are based on III-V compound semiconductors, in
which the parabolic potential has been achieved first by
digitally alloying GaAs and Al,;5Ga,g;As layers [11], and,

DE GRUYTER

only in the last few years, by implementing continuously
graded Al,_,Ga,As quantum wells [19].

In recent years, group-IV QWs have emerged as a
promising alternative to the III-V ones, offering a material
platform for advanced electronic, photonic, and quantum
functionalities, compatible with the well-established silicon
technology base. Various applications ranging from photon-
ics [20] to quantum computing [21] and microelectronics
[22] have been proposed. In this context, Ge-rich Si,_,Ge,
QWs (x > 0.80) formed in the conduction band of n-type
multilayers are particularly promising for the development
of photonic devices operating in the THz range thanks to
their relatively low confinement mass (~0.13 m;) and sim-
pler subband structure with respect to p-type SiGe systems
[23], [24].

These characteristics suggest that n-type Ge-rich SiGe
PQWs embedded into microcavities may also be used to
achieve the strong coupling regime at THz frequencies also
in group IV based structures, provided that high-quality
samples can be satisfactorily realized with the existing epi-
taxial techniques. As a matter of fact, the epitaxial growth
of n-type high Ge content SiGe QWs on Si substrates is more
challenging than that of their III-V counterparts, mainly
because of the large (4.2 %) mismatch existing between the
Ge and Si lattice parameter, eventually leading to the plastic
relaxation of the QW structures if not correctly managed.
Furthermore, the control over the QW compositional profile
is complicated by the tendency of Ge atoms to segregate
on top of the growing surface and by the Si-Ge intermix-
ing effect occurring during the growth. Also the realization
of a sharp doping profile is problematic, due to the well-
known tendency of donor atoms to “float” on Ge during
the growth [25]. Indeed, only the recent improvements in
the heteroepitaxial process of this material system have
allowed a high degree of control over these physical effects
[26]-[28], as witness by the observation in 2021 of ISB elec-
troluminescence in the THz range from n-type Ge/SiGe QCL
structures [29].

In view of the above observations, the demonstration of
high-quality SiGe based PQWSs represents another important
milestone toward the full exploitation of this technologically
relevant material system. A first attempt in this direction
has been made in Ref. [30] where the authors reported
on a set of Ge-rich SiGe PQWs. However, the investigated
samples were undoped and the structural data highlighted
strong deviations from the target parabolic profile. Gen-
uine parabolic confining potential in n-type SiGe multilayer
systems have been obtained only in 2021, using the same
reactor here adopted: we have presented the experimental
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evidence of conduction-band intersubband transition ener-
gies around 20 meV, resulting from compositional graded
Si;_,Ge, parabolic quantum wells [31]. To consolidate and
extend this result, here we report on a comprehensive study
of the structural and optical properties of compositional
graded Si,_, Ge, PQWs having different well width and dop-
ing levels. The experimental features have been bench-
marked against numerical ISB absorption data obtained by
a multivalley self-consistent Schrodinger—Poisson solver. To
highlight the unique properties of the harmonic confining
potential, we have here designed PQW profiles correspond-
ing to lower energy ISBTs with respect to those of Ref. [31],
thus targeting an energy range down to 10 meV where the
ISB spectral properties of square QWs are more sensible to
thermal effects.

Our results demonstrate that UHV-CVD permits the
realization of a stack of identical compositional graded
Si;_, Ge, PQWs with high reproducibility of the growth along
the stack and in different samples. The high quality of these
samples allowed the observation of narrow ISB absorp-
tion peaks and the tuning of the ISB absorption energy
in the range between 10 and 20 meV (2.5-5 THz). Due to
their parabolic confining potential, the measured absorp-
tion energy results to be temperature independent and
rescales linearly with the inverse of the well width W.

These achievements are promising for the perspective
use of compositional graded Si;,_, Ge, PQWs for the devel-
opment of CMOS compatible novel optoelectronic devices
operating in the THz range.

2 Methods

Samples were grown by means of UHV-CVD in a cold-wall reactor
employing ultrapure germane and silane without the use of carrier
gases at a pressure p ~ 1 mTorr. The parabolic compositional profile
Si,_,Ge,_, with x in the 0.8-1 range is obtained by keeping the GeH,
gas flow constant and gradually varying the SiH, flow by means of
calibrated mass flow controllers (the SiH,/GeH4 flux ratio Ry, have
been varied from Ry, = 0 during the pure Ge deposition to Rq,, = 1.24
for x = 0.82). The sample active region typically consisted of alternating
several identical PQWs and SiGe barriers. The growth temperature
for this active stack was set at 460° and the average growth rate was
6 nm/min. N-type modulation doping was achieved by codepositing
phosphine to a thickness of 3—5 nm in the center of the SiGe barriers.

The active layer stack was deposited on top of a reverse graded
(RG) virtual substrate (VS), consisting of a relaxed Ge film grown
directly on the Si substrate using a multi-temperature approach, and
a relaxed Si;_,Ge, buffer layer [32]. The final composition y of the SiGe
buffer matched the average composition of the active stack to ensure
the strain compensation condition and avoid the plastic relaxation of
the active region.

The structural characterization of the samples was conducted
using high resolution scanning transmission electron microscopy
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(STEM), X-ray diffraction (XRD), and time-of-flight secondary ion mass
spectroscopy (ToF-SIMS). STEM measurements have been realized with
a FEI Titan microscope (FEI Company, Hillsboro, Oregon, USA) oper-
ating at 200 kV. It was equipped with aberration-corrected magnetic
lenses to obtain electron probes with a diameter in the range of 1-2 A
and beam currents of 200 pA. A CEOS CESCOR corrector was used to
achieve a resolution of 0.8 A. Images were recorded using a high-angle
annular dark field (HAADF) detector (FEI Company, Hillsboro, Ore-
gon, USA). XRD measurements were performed at room temperature
using a Rigaku SmartLab instrument with a rotating anode and line-
focus geometry, featuring a Ge(400) X 2 channel-cut beam collimator.
Tof-SIMS compositional profiles were acquired in a ToF-SIMS V from
IONTOF. The depth profiles were acquired using 0.5-1keV a Cs* ion
beam.

Fourier-transform infrared (FTIR) spectroscopy was performed in
a side-illuminated single-pass waveguide configuration with a Bruker
Vertex 70v spectrometer (Bruker, Ettlingen, Germany) equipped with a
helium-flow cryostat (Janis Research company, Woburn, Massachusetts
(USA)). The lateral facets of our 2.5 mm long samples were cut at a 70°
angle relative to the growth plane, and the top surface close to the
QW stack was coated with a metal bilayer (Ti/Au 10 nm/80 nm) [25], to
align the electric field of the radiation propagating through the active
region almost parallel to the ISB dipole moment (i.e., TM polarized). The
dichroic transmission spectra T(®) = Ty (w)/T1p(w) were measured,
ensuring that polarization-independent spectral features unrelated to
ISB transitions were suppressed.

The electronic band structure, electron wave-functions, and
ISBT absorption spectra of the investigated samples have been cal-
culated self-consistently, relying on a multivalley effective mass
Schrodinger—Poisson solver. A detailed description of the model can be
found in Ref. [33].

3 Results and discussion

3.1 Sample design and structural
characterization

In biaxially strained high Ge content Si;_, Ge, alloys
(x > 0.8), L, A,, and A, conduction valley minima fea-
ture very similar energies whose precise value depends on
the Ge content x and on the strain status [34]. By using a
multivalley self-consistent code in the parabolic k-p enve-
lope function approximation, we have calculated the three
conduction band edges Ef’AZ’A“(x) as a function of the Ge
content x in the 0.8-1 range, assuming that the in-plane
lattice parameter is coherent to that of a relaxed Siy; Geyq
VS to account for the need of a strain compensation strat-
egy when growing Ge-rich multi-quantum well samples. In
Figure 1(a), the L and A point band edges as a function of
x in the Ge-rich alloys are reported showing that for x >
0.85 the conduction band minimum is at L. Consequently,
in compositional graded Ge-rich Si;_, Ge, quantum wells
where the Ge content x = x(z) is changed along the growth
direction z, the potential V(z) felt by electrons in the well is
determined by the L conduction minimum profile E-(x(z))
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Figure 1: Bandstructure calculations. (a) Conduction band energy
atthe [, A,, and A, valley edges as a function of the Ge content

x in the alloy at 10 K. The energies are referred to the Eﬁ(1) value, set to 0.
In the calculation, the in-plane lattice parameter was set equal to that of
a relaxed Siy, Geg 4 VS to account for the need of a strain compensation
strategy when growing Ge-rich multi-quantum well samples.

In this condition, the Si,_, Ge, alloy is tensile strained for x < 0.9 and
compressively strained for x > 0.9. Notice that the in-plane tensile strain
shifts upward the A, edge with respect to the A, one, while the opposite
holds for compressive strain. Conversely, the energy of L valleys, being
controlled by the hydrostatic component of the strain tensor only, keeps
their fourfold degeneracy. (b) Potential V(z) = EX(x(2)) (black line)

for a PQW having the graded compositional profile shown in panel (c);
energy levels £; and squared wavefunctions of the quantized states

(red lines) are also reported. The edge profile at A,, ECAZ(x(z)) (blue line)

is also displayed. (c) Ge content x in a PQW as a function of the position
along the growth direction z. (d) Energy spacing of subsequent levels
AE =E, —E;

[34]. The maximum achievable band-offset at L in the range
x=1[0.8,1]is 126 meV and in this range Eﬁ(x) exhibits alinear
behavior. We point out that in our modeling, E-(x) includes
nonlinear terms, quadratic contributions being for instance
related to the product of the L-point deformation potential
with the strain field, since both these two quantities depend
linearly on x. Nevertheless, Figure 1(a) indicates that those
terms are practically negligible. This is confirmed by the
inspection of Figure 1(b) where the potential V(z) = Eﬁ x(2)
calculated assuming the parabolic compositional profile of
Figure 1(c) (well width W = 72 nm and Si;3Ge, g, barrier
layers as in most of our samples) features a quadratic hehav-
ior with a depth D, = 112 meV. It follows, as highlighted
in Figure 1(d), that the calculated energy spacing of subse-
quent levels AE; = E; — E;_; is practically constant up to
Jj =17, in good agreement with the spacing expected in an
infinite parabolic potential w, = R(8Dy/W? m, )¥? where
m,” = 0.13m, is the electron effective confining mass along
the growth direction z. As a final remark, Figure 1(b) shows
that the A, edge profile features a reversed parabolic shape
with a minimum in the barrier region where the relative A,
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subband states are confined. We point out that in Ge-rich
doped QWs, the coupling of A, states in the barriers with
the populated L ones in the wells is negligible, as discussed
in Ref. [35].

To investigate the properties of SiGe parabolic quantum
wells, we have deposited a series of samples (see Table 1)
having a parabolic compositional graded Si;_,, Ge,(, pro-
file (0.82 < x < 1), with different well width W and doping
levels nyp,

The well width W has been varied in the range
76—46 nm to achieve transition energies in the range
10-20 meV (2.5-5THz). We deposited a stack of Noy =
20-25 identical wells for an overall thickness of the active
region of ~1.5-2 pm. These values have been selected envi-
sioning the embedding of the parabolic QW stacks into
microcavities to test the strong coupling limit [36]. As for
the doping, we varied the phosphorus concentration in the
central part of the barrier in order to tune the electron sheet
densities n,y, in the [1 X 10 — 5 x 101!] cm~2 range.

The complete multilayered structure deposited on the
Si(001) substrate is sketched in Figure 2(a) and the STEM
image acquired on sample 2452 is shown in Figure 2(b). A
reverse graded SiGe VS with a final Ge content y = 0.91 has
been deposited in all the samples. To reach this final Ge
content y, two 150 nm thick layers with increasing Si content
have been deposited on the Ge buffer layer, as evidenced by
the SIMS Ge content profile of the graded region of the vir-
tual substrate and of the first 4 PQWSs reported in Figure 2(c).
To fulfill the strain-compensation conditions, the thickness
of the SiGe barriers in the active region has been varied in
order to maintain the average Ge content x,, close to 0.91.
In our growth conditions, misfit and threading dislocations
resulting from plastic relaxation of the Ge buffer and of the
SiGe layers are mostly confined in the bottom part of the RG-
VS, i.e., in its graded region [27]. The threading dislocation
density in the topmost part of the sample has been quanti-
fied by Secco etching pit count measurements performed on
similar samples [27], being ~3 X 10% cm~2, a state of the art
value for high Ge content SiGe heterostructures deposited
on Si substrates.

In Figure 2(d), the P and Ge SIMS content profiles of 4
periods of the active region of a sample featuring p,,, =
60 nm and nominally doped with a concentration of phos-
phorus atoms Ny, = 1% 10® cm =3 in the central 5 nm of the
SiGe barriers are reported. The measurements demonstrate
that in our growth conditions dopants remain well confined
in the barriers with only a slight shift upwards of the P
distribution with respect to the barrier center. This is a very
important and not trivial achievement due to the P atoms
tendency to float on Ge during the growth that could have



DE GRUYTER

E. Campagna et al.: High-quality CMOS compatible n-type SiGe parabolic quantum wells == 5

Table 1: Structural and optical parameters of the investigated PQW samples. The number N, of the deposited PQWSs, the nominal values of the well
width W, the multilayer stack period p,,,,, the Ge content x,,, in the barrier, and the electron sheet density n,; as well as experimental values of the
multilayer stack period pygp and the average Ge content x,, *RP in the active region as obtained by the XRD data are reported. Experimental values of
the absorption energy fiw,,,, the FWHM of the absorption peak, and the sheet density n,," as evaluated from the FTIR data acquired at 100 K are also

stated.
Sample# Ngyw W(nm)  p, (MM) Xy, (%) Myp (€M™2)  Pypp (nm) X, *R0 (%) 7wy, (MeV)  FWHM (meV)  nyp* (cm™2)
2452 21 76 90 82 - 88 92.0
2454 21 74 92 82  25x10" 93 91.8
2456 21 74 92 82  25x10" 91 91.7
2455 21 74 92 82  25x10M 92 91.8 10.0 3.0 1.5 % 10"
2458 21 72 91 82  25x10M 90 91.7 10.7 2.1 1.2x 10"
2459 21 72 91 82 5% 10" 91 91.5 1.8 5.0 3x10"
2460 25 61 76 82  37x10M 79 91.2 13.2 5.0 2.8 x 10"
2354 20 46 62 82 8 x 10" 62 91.2 19.0 6.2 3.5x 10"
2433 25 66 77 84 2.5x 10" 78 92.7 10.7 23 1.5 x 10"
2420 25 66 77 84 5% 10" 76 92.9 1.8 5.5 3x 10"
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Figure 2: Structural characterization. (a) Sketch of the deposited multilayered structure. (b) STEM image of the 2452 PQW sample. (c) SIMS Ge content
profile showing the RG VS region and the first 4 PQWs of the stack. (d) SIMS P and Ge content profiles of 4 periods acquired on a PQW sample with
Prom = 60 NM. The central 5 nm of the SiGe barriers are doped with a nominal P concentration Ny =1 10" cm=3.

conflicted with the need of confining donor atoms in the
barriers to exploit the unique characteristic of the compen-
sation of electron correlation effects in parabolic QWs.

The structural characterization of the samples has
been performed by means of high-resolution STEM and
XRD measurements. The data acquired on sample 2452,
having a nominal period in the multi-quantum well stack
Pnom = 90 nm, are reported in Figure 3. In panel (a), the
STEM image of 5 periods of the active region of the sam-
ple is shown. The resulting intensity profile is in excellent
agreement with the parabolic fit, demonstrating the capa-
bility of our UHV-CVD reactor in controlling at the nm scale
the continuous grading of the SiGe alloy compositional pro-
file. This achievement represents a significant step forward
with respect to the previous attempt of growing graded
Si;_, Ge, PQW samples by plasma-enhanced CVD reported in

Ref. [30]. The 224 XRD reciprocal space map around asym-
metric reflections of the layers is displayed in Figure 3(b).
The positions of the VS spots associated to the Ge and the
Sij 09Gey o1 layers reveal the presence at room temperature
of a tensile strain of about +0.15 %, which can be ascribed
to the difference between the coefficients of thermal expan-
sion in Ge and Si [37], [38]. Multiple orders of superlat-
tice (SL) satellites, resulting from the PQW periodicity, that
are perfectly vertically aligned to the Si0,,,Ge, o, Spot are
present in the map, indicating that the entire PQW stack is
coherent with the in-plane lattice parameter of the underly-
ing VS. In Figure 3(c), we show the XRD 9/29 curves around
the 004 Ge and 004 Si Bragg peaks together with a simu-
lation curve calculated using the parabolic fit of the STEM
image as input for the well compositional profile. The sharp
superlattice peaks confirm the high crystalline quality and
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Figure 3: Measure of parabolic concentration profile. (a) STEM image of
sample 2452. The intensity profile and its parabolic fit are superimposed
on the image. (b) Reciprocal space map of asymmetric 224 reflections of
sample 2452. The dashed white line represents the reference values for
relaxed Si,_,Ge, alloys. (c) 004 XRD 9/29 curve of sample 2452 (blue
curve) and dynamical simulation of the curve (green line) calculated
assuming the well compositional profile resulting from the parabolic fit
of the STEM data reported in (a). (d) 004 XRD rocking curves of samples
2454 and 2456 deposited using identical conditions.

the regular periodicity of the PQWs in the stack. Moreover,
the good agreement between XRD data and simulations con-
firms the parabolic symmetry of the compositional profile
over a relatively large area of the sample (~4 mm?). Finally,
the likeness of the XRD /29 curves acquired on two nomi-
nally identical samples and reported in Figure 3(d) demon-
strates the reproducibility in our reactor of the growth of
different samples.

The MQW stack period and the average Ge content in
the stack measured by XRD on all the investigated samples
are reported in Table 1. A very good agreement with respect
to the nominal values has been found demonstrating once
more the control acquired in the deposition process.

3.2 Optical properties of doped Si,_, Ge,
PQWs

Intersubband transition absorption spectra have been mea-
sured on a subset of the doped samples of Table 1. The linear
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dichroic spectra have been acquired at different tempera-
tures in the energy range where intersubband transitions
are expected from numerical calculations. Although in this
region several absorption lines are observed in the TM and
TE spectra, the dichroic transmission signal is characterized
in all the investigated samples by a single pronounced dip,
which is due to a reduced transmission of the TM mode and
which monotonically blue-shifts upon decreasing the well
width (see Figure 4). Following the procedure reported in
Ref. [33], the dimensionless single well absorption coeffi-
cient ayp(E) has been determined and the central absorption
energy nwg,, the full width half maximum FWHM of the
absorption peak, and the electron sheet density n,,* are
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Figure 4: Terahertz spectroscopy measurements. (a) Dichroic
transmission spectra acquired at 100 K of samples 2459, 2460, and 2354
having an electron sheet density ~3 X 10" cm~2 and well width 72 nm,
61 nm, and 46 nm, respectively. (b) Experimental (full circles) and
theoretical (open circles) absorption energies as a function of W~". Black
dashed line represents the linear fit of the experimental data and the red
dashed line the parabolic bare energy behavior i, (W) = h(8Dy/m,*)
2/W. (c) Potential V(z) (continuous black line) for sample 2459 along the
growth direction; energy levels £; and squared wavefunctions of the
quantized states are also reported; the potential calculated for an
undoped PQWs with the same shape is displayed as a dashed black line.
The two potential curves have been aligned in energy at their minimum:
(d) Theoretical absorption spectra for the samples in panel (a).
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extracted by fitting the resulting a,,(E) spectrum with a
Lorentzian curve. The values estimated from the experi-
mental data acquired at 100 K on all the measured samples
are reported in Table 1.

We point out that the absolute values of both nominal
(n,p) and measured (n,,*) sheet densities are affected by a
relative error of ~30 %, due to the difficulties of a precise
calibration of the N5, phosphorus concentration confined
in very thin doped layers, and to the uncertainty in the
evaluation of the single well absorbance from the FTIR
dichroic spectra acquired in multilayered samples with the
side-illuminated single-pass waveguide configuration [1].
However, since the same doping procedure and FTIR data
analysis have been used systematically, the relative vari-
ations of both n,, and n,,* among different samples are
much more accurate. Despite these uncertainties, the fact
that n,;* values are always lower than the n,; ones may
be due to the small energy difference between donor levels
originating from the A, edge states confined in the tensile
strained SiGe barriers and the fundamental L subband state
in the well, which can limit the effectiveness of the transfer
doping mechanism [33]. Interestingly, the largest difference
between n,;, and n,,* is observed in sample 2354 which,
having the thickest barrier, features the lowest energy dif-
ference between the fundamental L subband state and the
A, donor level.

The low temperature dichroic transmission spectra of
samples 2459, 2460, and 2354 having different well width
and comparable electron sheet densities in the well ny,* ~
3 X 10" cm~2 are reported in Figure 4(a). As expected, the
transmission dip energy blue-shifts by decreasing the well
width W. As shown in Figure 4(b), the dependence of the
measured absorption energy hw,;, (full circles) on 1/W fol-
lows the typical linear behavior foreseen for electron ISBTs
in a harmonic potential. The electronic band structure and
the absorption spectra of the samples have been calculated
self-consistently. In modulation doped samples, the electro-
static (Hartree) charge effects influence the L band profile
decreasing the depth of the effective potential felt by elec-
trons as shown in Figure 4(c), where the effective potential
profile, the electron energy levels, and the square modulus
of the wavefunctions calculated for sample 2459 at 10 K are
reported. The bare potential calculated for an undoped PQW
with the same compositional profile is also reported for
comparison. The simulated absorption spectra of the three
samples are displayed in Figure 4(d). Estimated absorption
energies in Figure 4(b) (open symbol) have been calculated
correcting the subband transition energy, obtained consid-
ering the Hartree potential, to account for the depolariza-
tion shift effect, following Ref. [39]. Minor contributions
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stemming from band nonparabolicity and other many-body
effects have been neglected. The shrinking of the energy
level separation due to the Hartree potential is compensated
by the depolarization shift so that the calculated absorption
energies result in good agreement with the bare harmonic
energy hw, (red dashed line). However, the theoretical ener-
gies are slightly smaller with respect to the experimental
data suggesting that the ratio Dy/m, could be slightly under-
estimated in our simulations.

In Figure 5 the dichroic transmission spectra as a
function of temperature of samples 2433 and 2420 having
the same well profile but different doping ((a) n,p* ~ 1.5
x 10" cm2, (b) nyp* ~ 3 X 10" cm~2) are reported. The
transmission dips in these two samples are practically at
same energy, the one featuring the larger carrier density
being blueshift by 1 meV only. Remarkably, we find that
in each sample the absorption energy is almost tempera-
ture independent despite in this THz range the subband
population strongly depends on T. As already pointed out,
this is a unique “fingerprint” of parabolic quantum wells,
whose absorption energy is independent on the distribution
of electron in subbands. This contrasts with terahertz ISB
absorption in square QWs, where the lineshape and peak
absorption energy vary with temperature [40]. Consistently,
we have observed a significant variation of the ISB absorp-
tion spectrum with temperature when the PQWs is directly
doped in the well, since in this case the cancellation of
electron correlation effects does not occur [31].
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Figure 5: Dichroic transmission spectra acquired at different
temperatures for two samples with the same well profile but different
doping. (a) Sample 2433 with n,p* ~ 1.5 X 10" cm=2. (b) Sample 2420
with nyp* ~3 x 10" cm=2.
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The main difference between the spectra of the two
samples of Figure 5 is the increased linewidth observed
at higher doping: in sample 2433 (n,p* ~ 1.5 X 10" cm™2),
a narrow FWHM of about 2.3 meV has been measured at
100 K, increasing to 5 meV at 300 K. On the contrary, sam-
ple 2420 (n,p* ~ 3 X 10" cm~2) shows a FWHM ~ 5.5 meV,
almost constant with temperature. As shown in Table 1
where the FWHM at 100 K of all the investigated samples are
reported, FWHMSs ~ 2 meV and ~ 5 meV are typical values
for these doping levels, independently on the well width and
absorption energy. The observed increase of the linewidth
as a function of the electron sheet density is in good agree-
ment with previous results obtained in rectangular quan-
tum wells. Interestingly, we notice that the values here
reported at low doping are sensitively smaller with respect
to those previously measured in rectangular Ge/SiGe QWs
[41] typically featuring FWHM slightly larger than 4 meV.
This effect may be attributed to a reduction of the scattering
associated to the interface roughness occurring in systems
without sharp interfaces.

The linewidth analysis, we performed with square QWs
samples in [41] highlighted the presence of a non-negligible
contribution of about 1-2 meV to the total width, attributed
to structural crystal defects brought about by the fraction of
treading defects which, overcoming the RG-VS region, pen-
etrates in the QWs one. Although the crystalline quality of
the SiGe heteroepitaxy in our reactor has been significantly
improved in the last few years [27], the same mechanism
can affect the lineshape of the PQW spectra here investi-
gated, resulting in larger low temperature FWHM values
with respect to III-V ones [19]. Considering the superior
capability of achieving a sharp delta-like donor profile in
III-V heteroepitaxy, also the spatial broadening of the P con-
centration along the growth direction, associated to the sur-
face kinetics of donor atoms in the SiGe environment, can
contribute to the enlargement of the absorption peak. We
point out here that, in order to achieve a high filling factor
of quantum wells in the stack, barrier thicknesses <18 nm
have been deposited in our samples. We believe that the nar-
rowness of the absorption resonance of Si,_, Ge, PQW sam-
ples could be improved by depositing thicker barriers and
decreasing the growth temperature during the phosphine
codeposition step, so to increase the spacer layer thickness
between the doped region and the well [40]. Finally, we
notice that in III-V QWs, a larger temperature dependence
of the linewidth has been observed, so that the two material
systems exhibit more similar value of the FWHM/E,;; ratio
at room temperature [31].

The absorption spectra of our PQWSs represent a
promising starting point to achieve and investigate strong
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radiation-matter coupling in this technologically relevant
material system. Following Ref. [8], [42], [43], in a photon
cavity of thickness L,, with a stack of N oy PQWs doped with
an electron sheet density n,,, the intersubband polariton
energy splitting E at the matching condition w, =

1S:

up-down

e fNow,
E == 2hQy = hy [~ M,
up — down R 550m;kLcav

Therefore, using an oscillator strength value f = 1,
Leay =2 pmand Ny, =25, nyp =2 X 10" cm™2, as in our sam-

ples, we estimate an ISB polariton energy splitting E,; goun

wcav

~ 5meV and a strength ratio n = % ~ 0.2 at 2.5 THz, well
within the ultra-strong coupling roegime. This estimated
splitting value, which is larger than the measured FWHM,
make feasible the future demonstration of ISB polaritons in
Ge-rich PQWs.

Different approaches have been pursued to realize opti-
cal cavities aimed at the observation of the strong coupling
regime with ISBTs. Most of them rely on lithographic pat-
terning of metal structures directly on the epitaxial wafer,
with or without etching the surrounding material. It is
well known that the most important constraint in the com-
parison of different cavity designs is related to the dipole
orientation, which requires a radiative electric field with
polarization orthogonal to the quantum well plane. A sec-
ond important parameter is the cavity volume that must be
small, possibly subwavelength sized. To meet these require-
ments, the active region is usually placed within nondisper-
sive metal-insulator-metal (MIM) microresonators, which
are typically fabricated with the substrate-transfer tech-
nique. Among them, we mention the one-dimensional peri-
odic grating [36], the capacitor-inductor cavities of Ref. [11],
[18], [44], and the patch-antenna cavity discussed in Ref. [43],
where the extension of the cavity in the vertical direction
is accompanied by a small volume and a totally vertical
and homogeneous electric field. The implementation of the
substrate transfer technique is more complicated in SiGe
epitaxial layers with respect to III-V materials, because
of the difficulties related to the material-selective etching
processes and owing to the lattice strain (thermal and epi-
taxial) featured by SiGe heterostructures. Planar microcavi-
ties relying, e.g., on deep-etched split-ring resonators, previ-
ously realized for III-V materials [45], are not efficient in
the SiGe case due to the presence of the thick Ge virtual
substrate with high dielectric constant that traps most of
the electromagnetic energy density in an inactive layer. The
solution may come again from epitaxy: while noble metals
such as gold or aluminum have almost always been used
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for the cavity mirrors, in the THz range it is also possi-
ble to employ epitaxially grown, heavily doped degenerate
semiconductors as substitutes for the metal layers. Indeed,
the complex dielectric function of n-Ge with n > 10 cm=3,
measured in [46], indicates that a reflectivity R ~ 1 can be
achieved up to the mid-IR. For example, a plasma edge at
30 THz has been observed in epitaxial n-Ge with activated
electron densities ~2 X 10 cm~2 and used to produce all-
semiconductor nanoantennas [47]. We thus suggest that THz
ISB polariton with SiGe PQWSs can be demonstrated avoid-
ing the substrate-transfer procedure and leveraging on a
plasmonic-conductor ground plane below the quantum well
stack, realized P-doping at ~2 X 10" cm=3 the Sij 4Gejo; VS
layer.

4 Conclusions

High quality n-doped Ge-rich Si;_,Ge, graded PQW samples
have been designed, grown, and structurally and optically
characterized. The SIMS, XRD, and STEM analysis demon-
strate the high degree of control at the nanometer scale of
the employed UHV-CVD reactor over the deposited compo-
sitional profile and the high reproducibility of the growth
over the whole active region of the multilayered structure.

The intersubband absorption spectra display a sharp
single-value resonance in the 2.5-5 THz range, fairly inde-
pendent from doping and temperature, and inversely pro-
portional to the well width, as expected for an harmonic
potential. The observed absorption features are in good
agreement with numerical calculations, evidencing that
the significative shrinking of the energy levels due to the
Hartree potential is compensated mainly by the energy
blue-shift induced by the depolarization effect. A coupling
strength ratio n = % ~ 0.2 at w, = 2.5 THz, i.e., well within
the ultra-strong coui)ling regime, has been estimated. We
thus believe that SiGe parabolic quantum well, combined
with THz optical cavities, can enable the exploration of the
ultra-strong light—matter coupling limit in a silicon-based,
CMOS foundry-compatible material platform, possibly oper-
ating at room temperature, opening new routes for the
exploitation of these exotic quantum states in novel main-
stream electronic devices.
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4
ULTRASTRONG COUPLING OF S17_,GEy

PArRABOLIC QUANTUM WELLS TO

TERAHERTZ MICROCAVITIES

The control and manipulation of quantum states through their interaction with light is
an area of research of growing importance because of its potential technological applications
[5]. A central aspect of this field is the observation of the strong coupling regime between light
and matter in semiconductor devices [6]. This regime, as discussed in Section 1.6, emerges
when a quantum two-level system with transition energy hwy is placed inside an optical
cavity with a resonant photonic mode with frequency w.. From an experimental point of
view, strong coupling is identified through the observation of the dispersion of the polaritonic
bands as a function of the detuning, wy — w.. The characteristic anticrossing behavior between
light and matter resonances makes it possible to quantify the coupling strength by measuring
the frequency separation between the upper and lower polaritonic bands, which is equal to
twice the Rabi frequency (2QQr) at zero detuning.

Semiconductor microcavities fabricated by lithography are particularly advantageous
due to their reproducibility, scalability, and potential operability at room temperature.
Traditionally, strong coupling in the THz domain has been achieved using two-dimensional
electron gasses (2DEGs) embedded in metal-insulator-metal optical cavities, whose schematic
representation is shown in the Figure 1.16, based on III-V compound semiconductors [31].
The intersubband transitions (ISBTs) in 2DEGs exhibit a collectively enhanced light-matter
interaction, such that the normalized coupling ratio, Qg /wo, scales with the two-dimensional
electron density, npp. The ultrastrong coupling regime is achieved when Qg /wy > 0.1.

The goal of this research was to explore the possibility of reaching the ultrastrong
coupling regime between the states of the conduction subbands in Ge/Sij_,Gey
heterostructures coupled to cavities operating in the THz domain. For this purpose, hybrid
metal-plasmonic THz patch-antenna microcavities were used [31]. A fundamental step toward
full compatibility with silicon technology consists of replacing the bottom metal mirror with

a heavily doped semiconductor (n*"-SiGe), which acts as a plasmonic mirror [52].
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The complex dielectric function of the doped semiconductor film, e(w) = &(w) +
ieo(w), is described by the Drude-Lorentz model. However, in the case of high doping,
the behavior becomes metallic; such as that employed for the SiGe layer, the response can
be effectively approximated by the Drude model. In this approximation, the influence of
interband transitions is included, as they contribute to the background optical response of the
crystal lattice. This leads to an effective high-frequency dielectric constant, €7, [52].

The behavior of the doped semiconductor is characterized by two plasma frequencies:
the unscreened, wy, and the screened plasma, w*, frequencies. The first term, w; is defined
as:

2
7’lp€

wy = 4.1)

eom*
where 7, is the carrier density, and m* is the effective mass. Instead, the screened plasma
frequency represents the maximum frequency at which the material exhibits metallic behavior,
more precisely when Rele(w)] = 0, thus defining the material’s plasma edge. Taking into
account both the dielectric screening, €5, and the Drude scattering rate yp, w* can be
calculated more accurately as:
2

w' = :Z -3 (4.2)

This approach simplifies the fabrication process and makes it possible to integrate the
mirror directly into the material during epitaxial growth. The microcavities were then defined
by ion etching, while the top mirror was obtained by depositing a thin gold layer on the surface
of the samples. The result is an integrated system that includes microcavities fabricated
through an efficient process designed to overcome the technological challenges typical of the
materials employed.

In my thesis work, I focused on optimizing the back mirror of the THz cavity by
replacing the metallic mirror with highly doped SiGe. To this end, a series of 5i(100)/Ge/SiGe
samples was grown, as described in Section 2.1, with the last 2 ym of SiGe heavily doped to act
as a plasmonic mirror. The layout of these samples is shown in Figure 4.1a, while the different
doping values are listed in Table 4.1. Note that the 7, values given in the table represent the
activated donors, which do not necessarily coincide with the nominal concentration of donors
introduced during growth due to phosphorus segregation phenomena and other effects that
reduce their activation, especially at high doping levels. First, room-temperature reflectivity
measurements were performed on a series of virtual substrates characterized by different P
contents to determine the doping level required to obtain the desired w*, which is necessary
for the strong-coupling experiment. Figure 4.1b shows the changes in the reflectivity of
substrates with different P concentrations. For wavelength A < 750, the metallic component

increases with increasing P content; the values of w, and w* are reported in table 4.1.
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n, [em™]  w, [THz] w* [THz]

2.8-10!8 31.2 7.8
7.5-1018 72.2 18.0
1.4-10Y° 96.0 24.0

Table 4.1: Values of w* and wy, for different P concentrations in the VS.

1.0 —— 2.8:10¥cm~3
VS 7.5-10%cm™3
0.9 —— 1.4-10%cm™3

Reflectivity (R)

3 um Ge

: 10 20 30 40 50 60
Si (100) Frequency (THz)

Figure 4.1: (a) Schematic representation of the VS of heavily doped SiGe to function as a plasmonic mirror.

(b) Variation of the substrate reflectivity as a function of the doping level in the SiGe layer. As the donor
concentration increases, the plasma frequency shifts toward higher energies, allowing the layer to be used as a

metallic mirror inside the microcavity.

To demonstrate the formation of ISB polaritons, a sample consisting of parabolic
quantum wells in Si;_,Ge, was used, with well thicknesses of 61 nm and 16 nm barriers,
nominally n-type doped with a concentration n3p = 8107 cm~3 in the central part of each
barrier and characterized by an ISB transition at 3 THz. The structure was grown on a doped
layer with a concentration of Ny = 1.0 - 10!° cm ™ and a thickness of 2 yum. The cavities were
fabricated at the CNR Institute of Photonics and Nanotechnology.

The experimental results demonstrate the achievement of the ultrastrong coupling
regime. An anticrossing was observed around 3 THz, with a Qg = 0.68 + 0.05 THz and
a normalized ratio Qr/wp ~ 0.2, which confirms entry into the ultrastrong regime. The
coupling remains stable up to room temperature, with an almost constant ratio Qr /wy ~ 0.2
between 10 K and 300 K. This thermal stability is attributed to the weak electron-phonon
interaction typical of the nonpolar lattices of group-IV (SiGe) semiconductors, in sharp
contrast to III-V materials. The reduction in the Q-factor with increasing temperature is due
to the broadening of the ISBT line, caused by enhanced electron-phonon scattering, and to the

increase in losses in the doped SiGe mirror, which becomes more dissipative. Taken together,
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these effects broaden the polaritonic branches, while the energy of the ISBT remains essentially
unchanged.

These results open new perspectives for the use of the Si;_,Ge, platform, both in the
fundamental study of ultrastrong light-matter coupling and in the development of ultrafast
modulators and saturable absorbers operating in the THz range. The CMOS compeatibility of
SiGe PQWs and the size of the patch antennas suitable for modern microelectronic processes

make it realistic to integrate quantum photonic devices with silicon-based electronic circuits.
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Abstract

Control and manipulation of quantum states by light

is increasingly important for both fundamental re-

search and applications.This can be achieved through

the strong coupling between light and semiconduc-
tor devices, typically observed at THz frequencies in

2D electron gases embedded in lithographic optical

Qg =075 THz
—

cavities. Here we explore the possibility of achieving

ultrastrong coupling between conduction sub-band

Reflectance

100K 40y =3.1THz
13%
T T T
2 3 4 s f
Frequency (THz) l

states in Sij_,Ge, heterostructures and THz cavity

photons fabricated with a potentially silicon-CMOS-

compliant process. We developed Si;_,Ge, parabolic

quantum wells with transition at wy = 3.1 THz and hybrid metal-plasmonic THz patch-
antenna microcavities resonating between 2 and 5 THz depending on the antenna length.
In this first demonstration we achieved anti-crossing around 3 THz with spectroscopically
measured Rabi frequency Qg ~ 0.7 THz (QQr /wp =~ 0.2 i.e. ultrastrong coupling). The present
group-IV semiconductor material platform can be extended to the 5-12 THz range, where
these semiconductors are transparent, as opposed to the III-V compound semiconductors

plagued by strong THz optical phonon absorption. Moreover, the intersubband transition in
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parabolic quantum wells hosted by the non-polar Si;_,Ge, crystal lattice is robust against
carrier density and temperature variations, making the strength of the coupling only weakly
temperature-dependent from 10 to 300 K. These results pave the way for the employment of
the Si;_,Ge, material platform to perform fundamental research in ultrastrong light-matter
coupling, fully exploiting the plasmonic character of the cavity mirror, as well as in ultrafast

modulators and saturable absorbers for THz laser research.

Introduction

The strong coupling regime of the light-matter interaction has been recently reported in many
different physical systems [1] and electromagnetic frequency ranges from the microwaves [2,
3], to the terahertz [4, 5, 6, 7], the infrared [8, 9] and the visible [10, 11]. Strong coupling
appears when a quantum system, showing a spectrally isolated “matter” resonance, modeled
with a two-level system with transition energy fwy, is embedded into an electromagnetic cav-
ity featuring its own “light” resonance at frequency w,. Experimentally, the strong coupling
regime is detected through the spectroscopic observation of polariton band dispersion as a
function of detuning (wo — w.) controlled by the cavity length [9, 6, 7, 12], by an external
field [13, 14, 15, 4], or by temperature T [16]. Anti-crossing behavior of light and “matter”
resonances is then observed, and the light-matter coupling strength can be quantitatively as-
sessed by measuring the frequency difference between the upper and lower polariton bands
at zero detuning, corresponding to twice the Rabi frequency ()i of the ideal two-level system
[17]. Perspective applications of this phenomenon rely on the mixed light-matter nature of
polaritons, which would eventually allow the control of quantum light through degrees of
freedom that are typically employed to control quantum matter, such as electron or spin cur-
rents, and electric or magnetic fields. In this respect, lithographic semiconductor microcavities
that feature high reproducibility, scalability of the production, and possible room-T operation
[7, 6, 18, 19, 20] may be favored over more exotic materials and configurations. The use of
foundry-compatible epitaxial semiconductor layers is also a clearly desirable feature for ap-
plications. This is even more desirable if the material is silicon-based and/or compatible with
silicon foundry technology. Especially a material compatibility with the CMOS processes and

post-processing, such as in Ge and for SiGe alloys is of great advantage [21].

Indeed, semiconductor quantum wells (QWSs) supported by epitaxial semiconductor heterostruc-
tures have been consistently used in the realization of strong-coupling system due to the possi-
bility of designing two-level-like resonances with wy in the mid-IR and THz ranges and strong
transition dipole moment y1, set by the highly confined 2D (two-dimensional) electron den-
sity nyp, to be employed as the “matter” oscillator. The cyclotron resonance of a 2D electron
gas (2DEG) confined in a QW can be strongly coupled to a 2D metasurface of metallic split-
ring resonators acting as cavities [14, 4]. In general, 2DEG resonances benefit from collective

coupling enhancement because the 2DEG acts as a single quantum system [22], therefore the
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normalized coupling-strength ratio (0 /wy scales with |/n,p, as outlined in the seminal paper
from Dicke [23]. Furthermore, nyp can be increased by remote (modulation) doping without
increasing the QW volume or the energy loss. Another type of QW resonances, not requiring a
magnetic field, however with lower quality factor than cyclotron resonances, are intersubband
transitions (ISBTs) between quantum-confined states in the well (sub-bands). After the initial
demonstration in a dielectric cavity [24], the use of sub-wavelength metal-bound microcavities
and the progressive scaling of wy towards THz frequencies led to intriguing demonstrations
of ultrastrong light-matter coupling, where Qg /wy > 0.1 [17, 19]. The collective nature of IS-
BTs, effectively constituting a plasmon [22], has been theoretically described using the dipolar
gauge [25], showing interesting interplay between the strong coupling and the depolarization

shift that poses as well some limitations to the normalized coupling strength [26, 7].

Theoretically, the light-matter coupling constant () is given by the matter transition rate due
to the excitation by cavity vacuum field fluctuations. If one assumes a homogeneous average
vacuum field strength E,, in a cavity filled with a lossless medium with dielectric constant e,

one can write [1, 17, 27]:

Qg = VlZEvac _ H12 hewy . f12€2 NQWn

= 1
h h\| 2e0eVy, goem* L 2D M

where we have first written E;. in terms of the ratio of the transition energy fiw, over the
cavity modal volume €V,,, and then we have further specified pi, in the relevant case of
a 2DEG at zero temperature embedded in a planar cavity of length L using the oscillator
strength fi,, the electron effective mass m*, and the fundamental charge e. The integer number
Now > 1 comprises the stacking of many identical epitaxial layers with identical 2DEGs in the
same cavity with homogeneous field, assuming total filling of the cavity with QWs. It turns
out that ISBTs with high > due to high nyp, embedded in microcavities with nanometric L
(and therefore V;;) hence very high E;, provide light-matter coupling values Qg /wp among
the largest of all physical systems [1]. In previous work on the strong coupling of ISBTs to
cavities, the focus was mostly on the cavity design, trying to minimize V,, [18, 28, 29], or
to obtain a cavity field perfectly parallel to the dipole moment of ISBTs (orthogonal to the
epitaxial plane), which has been achieved in patch antennas with a metallic ground plane [6,
30, 31], in double-metal gratings [9] and in fully etched metal-insulator-metal (MIM) cavities
[32]. A two-level “matter” oscillator spectrum is provided by QWs with parabolic confinement
potential (PQWs) that mirrors a quantum harmonic oscillator, in which empty-band excited
states are equidistant in energy [33, 34]. Therein, the Kohn’s theorem guarantees that the
Hartree interaction term is exactly canceled out by the many-body corrections, therefore the
ISBT energy does not depend any more on the electron population. Strong coupling at THz
frequencies has been observed in III-V compound-semiconductor PQWs grown by many small

steps of digital alloying [7], and, more recently, in extremely high-quality III-V PQWs|[34]
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obtained by continuous variation of the alloy composition[19] .

In this work we further develop Si;_,Ge, PQWSs with continuously graded alloy profile [35,
36] and we embed them into suitable microcavities (fully-etched patch-antennas, or MIM
resonators) to observe the strong coupling at THz frequencies in a group-1V, silicon foundry-
compatible, material. One of the mirrors of MIM resonators is realized with a heavily doped
semiconductor layer instead of a metallic layer to allow future fabrication in silicon foundries.
Ultrastrong coupling with Qr/wy ~ 0.2 is achieved. The ultrastrong coupling condition is
observed up to room-T, with quality factor of the polariton spectral lines almost independent
on T, which is attributed to the weaker electron-phonon interaction featured by the non-polar
lattice of group IV semiconductors, if compared to the polar III-V compound semiconductors.
The coupling strength also has a very weak dependence on T, which is entirely attributed to
the variation with T of the SiGe dielectric constant and of the electron density transferred in
the wells from remote dopants, and not to intrinsic properties of the light-matter interaction.
The present understanding of the strong-coupling conditions in Si;_,Ge, quantum wells may
be exploited in the future to obtain photonic quantum state manipulation at room-T together

with microelectronics integration in silicon-based devices.

Results and discussion

In an ideal PQW, mimicking a collective quantum harmonic oscillator, the spectral weight of
ISBTs is concentrated in a single absorption peak, irrespective of the Fermi energy (doping
level) and the temperature [34]. The frequency position of this peak can be estimated from

the bare energy distance between any two subsequent levels in the undoped parabolic well

8Aq

AE=h
W2ms

(2)

where A is the energy difference between the minimum of the undoped PQW and its edge,
where the constant-composition barrier for electrons starts on both sides of the well (barrier
height, set by the maximum band offset of the heterostructure), W is the total well width of the
order of tens of nanometers, and m*, is the electron-confinement effective mass in the growth
direction z. In Figure 1 we show the schematics of the complete heterostructure, which consists
of a superlattice of 25 PQWs realized on a GeSi/Ge virtual substrate (VS) grown on silicon
substrate wafers. The PQW heterostructure has been grown epitaxially by ultra-high vacuum
chemical vapor deposition (UHV-CVD) using GeHy and SiHy gas precursors, without carrier
gas [35]. The first layer of the VS consists of a relatively thick (3 nm) Ge buffer layer grown
directly on the Si(001) wafer substrate by means of an out-of-equilibrium growth technique
[37], which allows to completely relax the heteroepitaxial strain existing with the underlying

Si substrate, while minimizing the density of extended defects generated during the plastic




Ultrastrong Coupling of Si;_,Ge, Parabolic Quantum Wells to Terahertz Microcavities

relaxation process, such as the threading dislocations [38]. A 2000-nm thick, reverse-graded
concentration Si;_,Ge, layer is then grown to achieve a lattice parameter a corresponding to
that of a relaxed Sig 10Geggp alloy. This particular composition is chosen to realize the strain
compensation conditions for the PQW active layer. The PQWSs are grown by continuously
varying the gas precursor concentration in the CVD reactor to obtain a composition profile of
ideal parabolic wells of thickness W = 61 nm, reaching a Ge content x = 1 at the center of the
wells and x = 0.82 at the inter-well barriers of thickness b = 16 nm. Modulation doping with
electrons of the PQWs is achieved by remote-impurity doping via PH3 codeposition in the
central region of the barriers. Modulation doping is possible because the ionized phosphorus
impurity states are of higher energy than the ground state of the PQW, and thus electrons
are transferred in the donor-free well region. A scanning transmission electron microscopy
(STEM) image of a typical sample is shown in Figure 1(a), where one can see the high qual-
ity of the structure and the absence of extended defects. In Figure 1(b) we display a highly
resolved STEM detail of the structure with the composition profile overlaid, as obtained by
the calibration of the STEM intensity profile with the secondary ion mass spectroscopy (SIMS)
data. The high reproducibility of the PQW epitaxial deposition process is clearly evident in
Figure 1(c), where the individual SIMS-calibrated STEM intensity profiles of 10 PQWs of the
stack are superimposed and plotted together with the nominal parabolic composition profile.
The high accuracy obtained in the profile of each PQW can be quantified by the relative com-
position profile error displayed at the bottom of panel ¢, showing that the grown composition
profile agrees with the nominal one within 1%, for all the measured PQWs. The high repro-
ducibility of the 25-PQW superlattice (SL) is also confirmed by x-ray diffraction (XRD) data in
Figure 1(d), showing sharp SL peaks and a very good agreement between the simulation of
the 004 Bragg reflection XRD scan (black curve) and the experimental data (green curve). The
XRD measurement also confirms the lattice matching of the VS and the PQWs. This thorough
characterization of the heterostructure enabled us to properly calculate the electronic states of
the PQWs. In Figure 1(e) we report the bare energy profile determined by means of a multi-
valley self-consistent code in the parabolic k - p envelope function approximation[39] using
the parabolic Ge composition x profile measured by SIMS/STEM as input. The resulting real
potential shape (black curve in panel (e)) is very close to an ideal parabola with Ay = 112 meV
and W = 61 nm. Consequently, using m; = 0.13 m, for the Ge conduction band minimum at
the L-point, the associated confined electron states exhibit equally spaced energy separation
AE = 12 meV. In Figure 1(f) we report the effective energy band profile at 10 K accounting
for the Hartree potential in the case of the doped well, at the doping level used in this work.
Note that, although the energy level spacing decreases if compared to the undoped case, the
ISBT energy hwy is still expected at the undoped value AE according to the Kohn’s theorem
[17].

The matter resonance frequency wy was then measured by performing ISBT spectroscopy

with a Fourier-transform infrared spectrometer (FTIR) adapted to work in the THz range (1-
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Figure 1: Schematics of the grown heterostructure together with (a) False color dark-field STEM image of the
entire PQW stack. Lighter green corresponds to higher Ge content. (b) STEM details of the PQWs stack overlaid
by the composition profile obtained by SIMS-calibrated STEM. (c) Top: Superposition of ten different PQW
STEM profiles (dark green) and of the nominal parabolic concentration profile (light green). Bottom: relative
composition error for all the ten PQW composition profiles. (d) XRD curve across the 004 Bragg reflection of the
heterostructure. With dark/light green arrows we identify the diffraction signals from the thick Ge buffer layer
and Siy1Gepg VS, respectively. (e) Calculated confinement energy profile at the L point of the conduction band
for an undoped PQW having the compositional parabolic profile shown in (c) (black) together with the square
modulus of the wavefunctions, that are plotted at the energy level of the corresponding quantized state, using
m} = 0.13 m, for electrons at the L-point of the conduction band of Ge. (f) Same as (e) for the doped PQW used
in this work. The dash-dotted line represents the Fermi level for the nominal doping density. The calculations

have been preformed at 10 K

30 THz) (see setup sketch 2(b)), in vacuum and at temperatures T from 10 K to 300 K, in
linear-dichroism mode, and in transmission configuration with small focal spot of the order
of the wafer thickness (0.5 mm). Samples with doped PQWs were metal-coated and cut into
side-coupled prism waveguides to probe the ISBT absorption in the volume occupied by the
PQWs, as sketched in Figure 2(c). ISBT spectra are calculated after baseline subtraction of
linear-dichroic ratios at several T and reported in Figure 2(a). A single strong transmission
dip at all T is the signature of a harmonic-oscillator absorption spectrum, better described as
a collective “bosonic matter” excitation [17]. From a global fitting of the data in Figure 2(a)
with an exponentially modified Gaussian function (see Supporting Information for the fitting
curves), we measured the center absorption frequency wp = 3.14+0.2 THz at all T. A nu-
merical estimate of n,p in the PQWSs was obtained by solving the multi-valley self-consistent
Schrodinger-Poisson equations for the actual charge transfer of electrons from remote (mod-
ulation) dopant impurities in the barriers to the wells. This calculation also allows to predict
the Fermi level position for the used doping density at 10 K, reported in Figure 1(f). Due to
the high density of states at the bottom of the conduction band of Ge, the Fermi level does
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not considerably shift above the ground state with increasing doping, even in the present case
of moderately high doping, at odds with most III-V compound semiconductor PQWs. We

estimate nop ~ 3 x 1011 em—2

, in reasonable agreement with the corresponding values esti-
mated by the ISBT absorption spectral weight measured from Figure 2(a) [39] that however
has high uncertainty levels at all Ts. The lowest linewidth is observed at 100 K, from which
we estimate an energy loss parameter of the “matter” resonance I'iggr = 1.0 THz, rising to 1.7
THz at room-T mostly due to the electron-phonon interaction. At T < 100 K, I'ispr increases
again, as already observed in modulation-doped rectangular Ge/Si;_,Ge, QWs [40], where
this effect has been attributed to the interplay between the ionized impurity density and the
electron kinetic energy both varying with T as also observed in III-V compound semiconduc-

tor PQWSsJ[41].
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Figure 2: FTIR spectroscopy characterization of the specific PQW structure used in this work. (a) Linear-dichroic
transmission spectra at various temperatures, from T = 10 K to room-temperature. (b) Sketch of the optical beam
path and (c) sketch of the sample in the prism waveguide geometry.

For the cavity design we have chosen a square patch antenna with conducting ground plane
and etched sidewalls, to improve the field confinement inside the cavity. Patch antennas have
been employed successfully in mid-IR and THz strong coupling experiments with ISBTs in
QWs [6, 32, 30, 31]. The optimal cavity length L for increasing the vacuum field and therefore
the light-matter interaction strength, given by the distance between the conducting ground
plane and the top metal patch directly evaporated on the last layer of the heterostructure, has
been determined in Ref. [42] from electromagnetic (EM) simulations to be between 1.5 and

2.0pum. Therefore, a value of L = 1.8 um was chosen after performing similar EM simulations
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with 3D finite-element commercial software (CST microwave studio, see Methods for details)
for our group-IV material system using e, = 15.5 for Sig10Gep 9o corresponding to the average
Ge concentration in the active region. In the simulations of Figure 3(c-e), the square patch side
s has been varied from 7 pm to 14 pm to span the cavity resonance frequency range w, = 2.0
to 4.5 THz encompassing the wy = 3.1 THz determined from Figure 2: the predicted crossing
is found at s = 13um for a MIM cavity (yellow curve in Figure 3(c)). A large-area periodic
array is typically required for far-field optical experiments on microcavities: here, the period
P of the square array of patch antennas was set to P = 3s to avoid dipole coupling among
neighboring patches. For example, Todorov et al.[25, 6] have studied the strong coupling
in similar THz square microcavity arrays, however in the limit where the spacing between
patches is smaller than s, P < 2s. Therein, both P and s influence the optical absorption
resonance frequency, while in this work we seek a condition where the spectral position of w,
is independent from P [28, 30, 31].

In order to make the fabrication process potentially compatible with CMOS foundries, and to
eventually exploit plasmonic effects at shorter wavelengths in the future, we adopt a cavity
configuration where the lower metallic mirror is replaced by an highly doped semiconductor
ground plane. The ground plane was realised by heavily doping the reverse-graded Si;_,Gey
virtual substrate (light green layer in Figure 1) and characterized experimentally in a separate
area of one of the samples, where the PQW heterostructure was fully etched away. The
dielectric function of the n™-SiGe alloy (average composition Sip05Gegos) acting as ground
plane was determined by measuring its absolute reflectance in the 1-100 THz range by FTIR
spectroscopy for T = 10 K and T = 300 K with a gold mirror reference (Figure 3(a)), and then
applying Kramers-Kroning transformations [43]. The results are shown in Figure 3(b): the
screened plasma frequency is found at 16 THz at both temperatures, which is not as high as
record values for pure Ge of Refs. [43, 44] but is high enough for ground-plane operation
in the range up to 12 THz (see Figure 3). One may notice the relevant value ¢ = —175 at 3
THz at 10 K. The 3D free electron density n = 6.5 x 108 cm—3 , estimated with the Drude
model of the reflectance (m* = 0.13m,), is well beyond the Mott transition to a degenerate
semiconductor, ensuring that the ground plane will have conducting behavior at low T [43].

The calculated skin depth is around 1um, half the value of the doped layer thickness of 2 ym.

The measured n*-Si;_,Ge, dielectric function at 300 K was then used to simulate the hybrid
metal-insulator-doped semiconductor cavities. From the simulation, the optical overlap com-
pared to identical MIM cavities changed by less than 5% over the considered frequency range.
The spectral results for the cavity with undoped PQW filling are shown in Figure 3(d). The
quality factors (Figure 3(g)) are now dominated by losses in the ground plane but they are
still better than the ISBT quality factor, so it is not expected that this will be the dominant loss
factor in the final device with doped PQWs. The linear dependence (Figure 3(f)) of w. vs. s1

found in MIM cavities of Figure 3(c) is confirmed, with a global redshift of ~ 1.5 THz, indicat-
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ing that a larger area of the ground plane is involved in the EM current patterns compared to
the gold ground plane [28]. The predicted crossing is now found at s = 10 um for the hybrid
cavity. The absolute value of the absorption decreases for longer s and lower w, due to increas-
ing mismatch between the wavelength and L [45]. Finally, the strong-coupling conditions were
simulated by introducing an anisotropic dielectric function for the doped PQW layer (Figure
3(h)) [46]. The dielectric function parameters are calculated from the ISBT spectra in Figure
2 and we added an optical overlap factor fqw = 0.29 that measures the cavity volume effec-
tively occupied by the 2D-confined electrons at T = 10 K as further explained below [19]. A
clear splitting of the polariton dispersion as a function of s is observed in Figure 3(e), with
the lower polariton much less intense than the upper polariton, due to the above-mentioned
mismatch between the wavelength and L[45]. Nevertheless, transfer of spectral weight from
the upper to the lower polariton is observed, as expected, when approaching the predicted
crossing. The numerical estimate of the Rabi frequency, determined from half the splitting
at 10um, is Qg = 0.55 THz, which is comparable to both the “light” and the “matter” loss
parameters around 1 THz estimated from Figure 3(d) and Figure 2(a), respectively. Knowing

what to expect, we can now proceed with the experimental demonstration.

The cavity array fabrication was performed by electron-beam lithography and reactive-ion
etching (see Methods for details). Two nominally identical samples featuring both the plas-
monic ground plane and the doped PQW stack were used, as well as a a third identical sample
with undoped PQW stack. The PQW epitaxial stack was kept identical to that of the samples
analyzed in Figures 1 and 2, with the only difference of the heavy doping of the n*-Si;_,Ge,
virtual substrate. Cavities with different s spanning the 7 —14 um range around the predicted
crossing at s = 10 pm were simultaneously fabricated on the same chip in the same nanofab-
rication process, ensuring that the cavity walls, the etching depth and the heterostructure
parameters were exactly the same for all values of s. For the first sample a pitch of P = 2s was
used while for the second and third (undoped) sample a pitch of P = 3s was used to experi-
mentally check for possible effects of interacting cavities. Two electron microscopy images of
the first sample after cavity fabrication are shown in Figure 4(c,d), also showing the experi-

2 in size, spaced by 1 mm. A 2 x 2 mm?

mental definition of s and P. Each array was 2 x 2 mm
area without cavities was etched down to the ground plane and used as the reflectance refer-
ence for the polariton spectroscopy experiment in the 1-6 THz range. These "empty arrays”

were also used for the measurements in Figure 3(a,b).

Cavity reflectance spectra R(w) can be considered as the opposite of absorption spectra
A(w) =1— R(w) due to the presence of the ground plane that prevents any transmittance [6,
19]. For the reflectance measurements we developed a custom-made optical insert based on
tightly-focusing ellipsoidal mirrors (sketched in Figure 5(c)) that could de-magnify the FTIR
spot size by 3x inside the vacuum chamber of the spectrometer. With this insert, all cavity

arrays with different s could be investigated in the same cryogenic cycle, thereby ensuring
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Figure 3: (a) Normal-incidence reflectance with Drude fit and (b) the corresponding dielectric function of the
heavily doped Sip1Gegg ground plane. (c-e) Simulated reflection spectra (S11 parameter) of microcavities with
different gold patch side s as indicated in panel (d) for different color curves. Panel (c): ideal case of a gold ground
plane; Panels (d,e): heavily doped Sip1Gepg ground plane with active layer made of (d) undoped and (e) doped
PQWs with filling fraction fow = 0.29. Two polariton branches are apparent in panel (e) with avoided crossing
of the intrinsic PQW resonance set at wy = 3.1 THz in the simulations. Note the global resonance redshift and
broadening between (c) and (d), and the smaller blueshift of the upper polariton in (e) if compared to the bare
cavity resonance in (d), entirely due to the ultrastrong light-matter coupling. (f) Geometry dependence of the
resonance position for the MIM (c) and MIS (d) cavities. (g) Q-Factor of the MIM and MIS resonances over the
inverse cavity lemgth. (h) used dialectic function for the PWQ simulation
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Figure 4: Top: optical image of the 1 x 2 cm epitaxial chip: six 2 x 2 mm? fields are visible, each of them with
cavities of different s. Right: A portion of an array of patch cavities with a unit cell dimension P = 3s; note the
semiconductor ground plane contrasted to the gold square patch. Left: detail of an individual patch cavity with
s = 11 pum, where s is the width of the metallic patch.

identical conditions for all spectra in Figure 5(a,b). The reflection spectra of the cavity arrays
filled with undoped PQW stack are reported in Figure 5(a,b) for T = 10 K (grey curves, iden-
tical in the two panels) and are consistent with the simulations in Figure 3(d). Turning to
the polariton dispersion at T = 10 K (red curves for P ~ 2s in Figure 5(a) and black curves
for P ~ 3s in Figure 5(b)), already at s = 7 pm with large detuning w. — wp ~ 1.4 THz, one
sees a clear offset in the absorption resonance frequency of the doped-PQW samples, which
is due to the upper polariton dispersion being pushed away from the bare cavity value by
ultrastrong coupling. Even at s = 7 pm the linewidth of the upper polariton is above 1 THz,
broader than that of the bare cavity resonance (I'. = 0.9 THz at w, = 4.5 THz leading to a
typical bare patch antenna Q-factor of 5, decreasing to ~ 4 for doped PQWs). This indicates
that electrons in the PQWs contribute to cavity losses. When the cavity resonance is tuned
closer to wy (s > 10pm), a splitting in the polariton dispersion is observed, with both up-
per and lower polariton clearly visible from s = 11pum to 14um. Here, the linewidths of
both polaritons are much broader than those of the bare cavity resonances (Q-factors below
3), approaching the limit value T'igpr(10K) = 1.4 THz (Q-factor ~ 2), indicating the strongly
mixed “light-matter” nature of the cavity resonance. Bi-Lorentzian fitting of each reflectance
spectrum were then performed to obtain the two experimental polariton frequencies wyp and
wrp (fitting curves reported in the Supporting Information). In Figure 5(d,e) we report ex-
perimental (symbols) and simulated (segmented curves) polariton frequencies together with

the bare cavity (undoped PQW) resonances. These two plots are not significantly different
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from each other, indicating that the absorption cross-section of single antennas is definitely
smaller than 3s x 3s and probably even smaller than 2s x 2s [47], therefore we can confirm
that we are spectroscopically studying the single-cavity properties. The minimum polariton
splitting at the avoided-crossing point was used to estimate (Qx. We calculated the average
of the minimum splittings in the two samples at s = 10pum (expected crossing point from
simulations) and it gives Qg = 0.68 £ 0.05 THz. Finally we compared our experimental and
simulated polariton dispersions with a theoretical model for the ultrastrong light-matter cou-
pling (dipolar-coupling Hamiltonian[17]). The continuous grey curves in Figure 5(d,e) are

calculated by solving the secular equation from Ref.[48, 7, 19]

(@ — wo?) (W? — W) = fowwiw? 3)

where wy = 3.1 THz is the measured ISBT from Figure 2(a), fow is the optical overlap factor

(i.e. the cavity volume fraction occupied by the QWs as detailed below), w. = 4¢ is the

simulated undoped-PQW cavity resonance from Figure 3(d) (A ~ 0.1 is a phenomenological

proportionality constant and c is the light velocity in vacuum), and w, = Sg ;{;ig)w is the
plasma frequency of the 2D-confined electron gas [48, 19]. The best agreement between the
experimental data points and the model is obtained for a plasma frequency w, = 2.6 THz.
For ideal PQWs, fi» can be taken close to 1 at all T (we use fi» = 0.97 to account for the
few transitions with non-confined final states). Considering the sub-band state population at
T = 10 K, only the ground state is significantly occupied, therefore we can write Lqw = 21 nm
from the spatial extent of the ground-state wavefunction in Figure 1(e) and fow = Low/ (W +
b) = 0.29. We can now provide a global estimate from the theoretical model fitting to all data

Qr = wyp/fow/2 = 0.75 THz, which quantifies the light-matter coupling strength in our

frze?nap
egem* (W+b)’

cm 2, which is in good agreement with the independently measured spectral weight estimate

system at 10 K. From the expression Qr = we can calculate n,p = 3.2 x 10!
in Figure 2 and with the Schrédinger-Poisson calculation of electron transfer from remote
donors. The normalized coupling-strength ratio measured at the anti-crossing point from the
theoretical polaritonic branches is %g ~ 0.24, testifying the achievement of the ultrastrong
coupling regime. Note that, in PQWs, 0z will only depend on T through nyp and wy is fairly
T-independent, therefore the coupling regime should be almost T-independent up to room-T,

as we now show.

Finally, in Figure 6 the temperature dependence of the polariton absorption spectra for one
specific cavity array (s = 12um, P = 2s) was explored. Reflection spectra in Figure 6(a) were
taken while heating, without displacing the spot from the cavity array. A first observation
(Figure 6(b)) is the presence of the upper polariton line almost unchanged between 300 and
10 K, with only a small redshift of wyp with decreasing T (blue triangles). As a matter of

fact, we observe a blueshift of the undoped cavity resonance from 300 K to 10 K (orange

12



Ultrastrong Coupling of Si;_,Ge, Parabolic Quantum Wells to Terahertz Microcavities

undoped
= doped
T T T T T T
12 um Reflection-Setup
\_-\/\— Interferometer
\v__\/- 11 um \'_\/\ Globar %
"‘-\/- 10 pum a
Q
[S]
C
g \—\,\/_\
[&]
[} m
% \/ owm ®
K C
S
\—\\/-. =
o
T10% B
\/ T w
FP4
(a)p=2s (b)P=3s (c)
T T T T T
2 4 6 2 4 6
B Meas. 2s
| ——S8im. 2s
| A Meas. Undoped
~ | = Sim. Undoped
E Theory
g B Meas. 3s
2 ——Sim. 3s
[} 4
>
o
o
[T

T T T T
0.08 0.10 0.12 0.14 0.08 0.10 0.12 0.14
1/s (um™)

Figure 5: (a) reflection spectra of the cavity arrays with P = 2s (red curves), the grey curves are the reflection
spectra of identical cavities fabricated on a sample with undoped PWQs. (b) Reflection spectra of cavities filled
with identical doped PQWs but P = 3s. (c) sketch of the custom de-magnifying reflection setup and picture of
the fabricated sample chip with all cavity arrays (2 x 2 mm?). (d, e) polariton dispersion as determined by a
bi-Lorentzian fitting of the data in panels a, b respectively. The error bar for the polariton frequencies in a single

fitting routine is smaller than the symbol size.

triangles in Figure 6(b) and dotted curves in Figure 6(a)), explained by the decrease of the
dielectric constant of Ge from ~ 16 to ~ 15 triggered by the widening of the Ge bandgap.
We attribute the observed deviation of wyp from the expected blueshift (dashed red line) to
a decrease of nyp with decreasing T < 100 K, now sensitively measured through Eq. 1 from
the measured coupling strength 2Qg(T) = wyp(T) — wrp (Where we have assumed wyp = 2.1

2 at

THz constant at all T). Starting from the estimate from Eq. 3 n;p = 3.2 x 10" em~
10 K, we get nop = 3.5 x 101! ecm~2 at 100 K. A decrease of nyp(T) with decreasing T is
theoretically explained by the T-dependence of the relative energy position of confined states

in the barriers and in the PQWSs, which limits the electron transfer from the dopant impurities
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to the PQWs at low T. The latter effect is due to the different thermal expansion coefficient
of Ge and SiGe [49], which can be precisely simulated as detailed in the Methods. A second
observation is the decrease of the upper polariton linewidth T'yp(T) from 300 K to 100 K,
highlighted in Figure 6(c). This behavior mirrors the I'igpr(T) seen in Figure 2, indicating
that the polariton linewidth is determined by the same intrinsic material mechanisms that
define the ISBT linewidth [50]. As a consequence of line broadening, the lower polariton line
goes below the detection threshold of our experiment above 200 K. Even if the lower polariton
disappears from the spectra of Figure 6(a) above 200 K, the strong-coupling condition is clearly
maintained up to 300 K, as seen from the 1 THz-offset of wyp (continuous red spectrum in
Figure 6(a)) from w, measured in the undoped PQW sample (dotted red spectrum). This is
at odds with observations in III-V material PQWs, where both polaritons merge to w, around
200 K and then disappear at room-T [19]. We can conclude that, in suitably designed and
grown Sij_,Ge, PQWs, (Og can be made almost independent on T up to 300 K. We have
further verified this occurrence by measuring all cavities with different s at room-T: the offset
of wyp from the corresponding w, is clearly observed for all cavities at room-T, decreasing

with increasing detuning (decreasing s) as expected, see Supporting Information.

To summarize, from the spectroscopy data in Figure 6(a) the coupling parameters plotted
in Figure 6(c) were retrieved, from which an experimental demonstration of the ultrastrong-
coupling condition can be obtained at all T: it can be deduced that the normalized coupling-
strength ratio Qg /wy stays around 0.2, almost T-independent from 10 K to room-T. Note that
this experimental estimate agrees very well with theory fitting to raw polartion dispersion
data at 10 K in Figure 5(d-e). Rabi oscillations are overdamped as Qg /I'yp ~ 0.5 at room-T
and Qg /T'yp ~ 0.7 at 100 K: here we take I'yp as a reasonable estimate of polariton lifetimes,
which seems to be closely related to I'isgr. The polariton quality factor is consistently lager
than unity, i.e. wyp/Typ = 2.4 at room-T and wyp/T'yp = 3.6 at 100 K, which makes the

present microcavities usable in THz photonics applications e.g. as amplitude modulators [51].

In conclusion, we have implemented the ultrastrong light-matter coupling between the intersub-
band transitions and a microcavity in electron-doped group-IV (Si;_,Gey) parabolic quantum
wells, which present small effective mass of electrons and regular Fermi surface geometry in
the conduction band, comparable to the typical ones of n-type III-V semiconductors. This
implementation provides: 1) Almost temperature-independent light-matter coupling up to
room-temperature at wp = 3.1 THz; 2) High values of the 2D electron density hence of
the coupling, as testified by Qr/wp ~ 0.2; 3) Compatibility with silicon photonics foundry
technology, and potentially with the silicon CMOS process, because we crucially show that,
in the THz range, the typical gold mirrors of microcavities can be substituted by doped-
semiconductor “plasmonic” mirrors. The present SiGe material platform will be relevant in
future mainstream applications in quantum technology, where photon quantum states and in-

tegrated electronic circuits will have to interact on-chip. Due to both the CMOS compatibility
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Figure 6: (a): temperature dependence of the reflectance of ultrastrongly coupled cavities with s = 12um and
P = 2s (solid curves) and comparison with undoped cavities (dashed curves). (b): temperature dependence of the
extracted upper polariton frequency compared to predictions based on the T-dependence of the dielectric constant
of Ge and to the undoped sample (c): temperature dependence of: uncoupled intersubband resonance linewidth

I'1sp1; upper polariton linewidth 'y p; intersubband resonance frequency wy; Rabi splitting Q.

of the PQW material and the rather large dimensions of the patch antennas in comparison
to modern foundry processes, a further integration of the proposed system into an electrical
controlled sensor or manipulator is viable. Using planarization steps all patch antennas could
be electrically connected either at the 2DEG level, to read out the electron state by electrical
transport measurements, and/or at the field-effect gate level, to populate or depopulate the
PQW. This would not be possible with purely photonic or geometrical-plasmonic resonators
[52]. In terms of progress in THz optoelectronics, the relevant outcome is that our approach
can be easily extended up to 12 THz, while III-V compound semiconductors are inefficient
above 5 THz due to optical phonon absorption in the reststrahlen band. In particularly, using
rectangular quantum wells in similar cavities and tailoring the strong coupling condition, one
should be able to develop ultrafast switches and saturable absorbers [53], to be employed in

laser science in the almost unexplored 5-12 THz range.

15



Ultrastrong Coupling of Si;_,Ge, Parabolic Quantum Wells to Terahertz Microcavities

Methods

Quantum calculations

The electronic band structure, electron wave-functions, and ISBT absorption spectra of the
investigated samples have been calculated self-consistently, relying on a multi-valley effective
mass Schrodinger-Poisson solver. A detailed description of the model can be found in Ref.
[39]. For the T-dependence of nyp, we have taken into account the presence, at energies
comparable to the PQW sub-bands, of so-called A; states (situated along the I'—-X line in k-
space ), confined in the barrier region. These levels limit the amount of charge transferred
in the PQW sub-bands originating from the L-point band edge. Moreover, to tackle the T-
dependence of the carrier density we have included in our model also the impact of the
thermal strain induced by the difference in the thermal lattice expansion coefficient of Si and
Ge. As a matter of fact, the thermal strain influences the energy separation between the A;

and L sub-bands and provides n,p monotonically decreasing with decreasing T.

Material growth

Samples were deposited by means of UHV CVD in a cold-wall reactor using ultrapure silane
and germane without carrier gases. N-type doping was achieved by co-depositing phosphine.
The active layer stack composed by 25 identical PQWs (thickness W = 61 nm) separated
by Sig18Gepgy barriers (thickness b = 16 nm) was grown on top of relaxed Sij_,Ge, virtual
substrate (VS) having low threading dislocation densities (TDD = 3 x 10° cm~2)[54]. The
VS growth on a Si(100) substrate leverages a reverse grading technique in which a Ge film
is deposited directly on the Si substrate using a multi-temperature approach, followed by a
compositional graded Si;_,Ge, buffer layer [37]. The final Ge content in the buffer y matched
the average Ge content of the active stack to ensure the strain compensation condition and
avoid the plastic relaxation of the active region. In samples used to fabricate the microcavity
arrays the last two micrometers of the VS were doped with a nominal P density Np = 1 x 10"
cm 3. The parabolic compositional profile Si;_yGe, with x in the range between 0.8 — 1 of
the wells was obtained by changing the SiH4 gas flow and maintaining the GeHy one constant
during the growth, using calibrated mass flow controllers. The deposition pressure varied
consequently, and we estimated an average growth rate of 6 nm/min. The growth temperature
for the active stack was set at 460°C. N-type modulation doping was achieved by co-depositing
phosphine to a thickness of 5 nm in the center of the SiGe barriers. The nominal P density in
the doped region of the barriers was 8 x 1017 cm~3. The structural properties of the samples
were evaluated by means STEM, XRD, and SIMS. STEM measurements have been performed
using a FEI Titan microscope (FEI Company, Hillsboro, Oregon, USA) operating at 200 kV.
It was equipped with aberration-corrected magnetic lenses to obtain electron probes with a
diameter in the range of 1 —2 A and beam currents of 200 pA. A CEOS CESCOR corrector was
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used to achieve a resolution of 0.8 A . Images were recorded using a high-angle annular dark
field (HAADF) detector (FEI Company, Hillsboro, Oregon, USA). Room-temperature XRD
measurements were achieved by using a Rigaku SmartLab instrument with a rotating anode
and line-focus geometry, featuring a Ge(400) x 2 channel-cut beam collimator. ToF-SIMS V
from IONTOF was employed for the measurement of the compositional profiles. The depth

profiles were acquired using 0.5 — 1 keV a Cs™ ion beam.

Infrared and Terahertz spectroscopy

Fourier-transform infrared (FTIR) spectroscopy was performed with a vacuum Bruker Vertex
70v spectrometer (Bruker, Ettlingen, Germany)) equipped with a helium-flow cryostat (Ja-
nis Research company, Woburn, Massachusetts (USA)), a wide-band silicon beamsplitter, a
globar source and a pyroelectric detector with integrated preamplifier. For the ISBT mea-
surements of Figure 2 performed in side-illuminated single-pass waveguide configuration,
the lateral facets of our 2.5 mm long samples were cut at a 70° angle relative to the growth
plane, and the top surface close to the QW stack was coated with a metal bilayer (Ti/Au 10
nm/80 nm), to align the electric field of the radiation propagating through the active region
almost parallel to the ISBT dipole moment (i.e., TM polarized). The dichroic transmission
spectra T(w) = Trm(w)/Tre(w) were measured with a computer-controlled wire-grid po-
larizer, ensuring that polarization-independent spectral features unrelated to ISB transitions
were suppressed. For the dielectric function determination of Figure 3, a quasi-normal in-
cidence setup was employed, with incidence angle around 10° and a gold-coated surface as
reference for determining the absolute reflectance R(w). The latter quantity was processed
via Kramers-Kronig tranformations, using a Hagen-Rubens extrapolation for w — 0 and a
Drude-Lorentz extrapolation beyond the non-transparency range above the plasma edge for
w — oo. The resulting complex dielectric function € is calculated from the complex reflectance
7 = R(w) - €@ via the standard Fresnel formulas. For the cavity measurements of Figures
5 ad 6 a high-numerical aperture reflectance setup was built using ellipsoidal mirrors with
magnification factor x 3. The baseline-corrected reflectance of the cavity arrays was mea-
sured by using the bare doped-Ge ground plane as the reference. The cryostat cold finger
was displaced vertically with a vacuum manipulator to change the spot position from a cavity
array to another and to the reference during the same cryogenic cycle. 4096 scans at 10 kHz

scanning speed and spectral resolution of 4 cm™!

were averaged for each cavity. Longer ac-
quisition times did not lead to better signal-to-noise ratio below 30 cm~! probably due to the

1/ f noise of the DTGS detector.

Electromagnetic simulations

The finite element simulations have been carried out with CST microwave studio® employing
the frequency domain solver. The highly doped mirror layer has been modeled with a user-

defined dispersion employing the measured dielectric function data reported in Figure 3(b).
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The intersubband resonance has been modeled with the dielectric function from Ref.[46] and

the metal is lossy gold from CST library.

Device fabrication

In a first step the metal patches were produced via electron beam evaporation and a lift-
off process using an electron beam lithography (EBL) (Raith VOYAGER) and PMMA (Poly
methyl methacrylate) as resist. First 10 nm Ti were evaporated functioning as an adhesion
layer directly followed by 80 nm of Au to form the top side mirror. The lift-off was performed
without an ultra sonic bath to avoid damages to the mirrors. After a second EBL step the
etching of the microcvavity was performed by an inductively coupled plasma - reactive ion
etching (ICP-IRE) SF¢-Ar step.
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CHALLENGES IN MODULATION DOPING OF
N-TYPE GE/SIGE HETEROSTRUCTURES:

THE ROLE OF EPITAXIAL AND THERMAL

STRAINS

In the previous articles, we demonstrated the feasibility of growing high-quality SiGe
parabolic quantum wells (PQWs) and highlighted their potential for THz optoelectronics. A
crucial next step toward the development of devices operating in the strong-coupling regime,
where the Rabi frequency scales as \/nop o 2Q0)g, is the optimization of the modulation

doping, which directly determines the carrier density and thus the strength of the light-matter

interaction.
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Figure 5.1: Band profile of a Ge/Sig18Geg gn heterostructure for the L (black) and Ay (purple) bands. Quantized
levels inside the well due to the L valley confinament potential are also shown.
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The purpose of this study is to investigate the influence of strain on the
modulation-doping mechanism in n-type Ge/SiGe heterostructures, with a particular focus on
parabolic quantum wells. The mechanical tensile strain significantly affects the charge-transfer
process when phosphorus donors are incorporated into Ge-rich SiGe barriers. As discussed
in Section 1.3.2, in Ge/SiGe heterostructures, strain originates from two distinct contributions:
epitaxial strain, due to the lattice mismatch between Si and Ge, and thermal strain, resulting
from the different thermal expansion coefficients of these materials. Both contributions modify
the band structure and thus critically impact the efficiency of modulation doping. This is due
to the close energy of the A and L band minima in this Ge compositional range. Furthermore,
their energy separation depends on the strain status of the structure.

The structures examined in this study consist of a strain-compensated stack of
compressively strained Ge wells embedded between tensile-strained Sip18Gegsy barriers.
Under tensile strain, the SiGe conduction-band valleys split into the A, and A4 subbands.
As discussed in Section 1.3.3 in the tensile-strained barriers, the conduction-band minimum
lies in the A; valley, while in the Ge well, the minimum lies in the L valley, as shown in the
band structure presented in Figure 5.1. This valley configuration defines the energy separation
between the well and barrier states, which governs the transfer of electrons from the ionized
donors in the barrier to the bound L states in the well. This energy spacing is further modified
by quantum confinement in both the well and the barrier, which depends strongly on the alloy
composition, effective masses, and band bending. In addition to the limited energy separation
Ay — L, the effective electron density ny;p can be reduced due to compensation effects from
residual acceptors in Ge/SiGe. However, at the concentrations used in this work, dopant
deactivation is negligible.

The results presented in this article, published in APL Materials [53], combine
experimental characterization with theoretical modeling to elucidate how the total strain
(epitaxial + thermal) impacts the process of modulation doping in Ge/SiGe PQWs. 1
contributed to the preparation of the manuscript and played a central role in both
the experimental and modeling efforts. The manuscript won 3rd place in the ”"APL
Materials Excellence in Research Award”. In particular, through intersubband absorption
measurements, we quantified the value of nyp at different temperatures in a specific sample.
Through XRD measurements, we experimentally quantified the thermal and epitaxial strain
at different temperatures. Moreover, using the theoretical model described in Chapter 2.5, we
calculated the value of nyp as a function of T, verifying that the model is in good agreement
with the experimental data. Once the theoretical model was validated, we studied the doping
efficiency and the behavior of nyp as a function of well thickness and barrier doping at
different temperatures.

High-quality samples were grown by ultra-high vacuum chemical vapor deposition
(UHV-CVD). I acquired FTIR absorption spectra in the 4-6 THz range at Sapienza University
with Dr. Fritz Berkmann using transmission geometry to extract the intersubband response

of PQWs with different thicknesses and doping levels. The structural analysis was carried out
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in collaboration with IHP Microelectronics within the framework of the IHP-RM3 Joint Lab,
where, with the help of Dr. Marvin Zollner, we performed HR-XRD measurements using a
DCS500 cooling stage and a DHS1100 heating stage, covering temperatures from -180 °C to 480
°C in steps of 50 °C. I developed a dedicated Python code for data processing and performed
numerical simulations using a multi-valley Schrodinger-Poisson solver provided by Prof.
Michele Virgilio. These simulations were fundamental for interpreting the experiments
and quantifying the contributions of band bending, confinement energies, and strain to the
charge-transfer mechanism. An important outcome of this analysis is that we demonstrated
the possibility of increasing the modulation-doping efficiency through strain engineering. In
particular, it is possible to reduce the tensile strain in the quantum well and consequently raise
the energy of the A valleys in the barrier by introducing a compressive strain via the tuning
of the Ge content, y, in the virtual substrate (as discussed in Section 2.1). This mechanism
enhances the energy detuning between the well L-valley states and the barrier A, states,
thereby improving the charge-transfer efficiency. The tuning of y must, however, remain
within appropriate limits, since excessive compressive strain would induce plastic relaxation,
compromising both the structural quality and the intended band-structure engineering. Our
combined experimental-theoretical analysis demonstrates that modulation doping efficiency
is strongly influenced by the interplay of confinement, band bending, and both epitaxial
and thermal strain, which together determine the energy difference between the L-valley
states in the well and the Aj-valley states in the barrier. The simulations predict transfer
efficiencies approaching 100% at low temperatures for carrier densities of approximately
1 x 10'em?. These results provide key guidelines for the optimal design of SiGe PQWs,
enabling precise tuning of the electronic population and, consequently, of the light-matter
coupling strength. Such behavior is consistent with trends reported in earlier studies on donor
activation and valley engineering in strained SiGe heterostructures, which similarly highlight
the sensitivity of charge transfer to the A-L energy splitting and strain state of the barriers.[54,
55, 56] However, previously reported structures typically achieved transfer efficiencies limited
to partial activation at low temperatures, especially in Ge-rich or tensile-strained barriers.
In contrast, our combined experimental-theoretical analysis demonstrates that by jointly
controlling epitaxial and thermal strain, it is possible to reach nearly complete transfer,
with efficiencies approaching 100% for carrier densities of order 10''cm~2. This comparison
underscores how strain engineering provides a more effective route to modulation-doping
optimization than approaches based solely on barrier composition or doping concentration
reported so far. Overall, this work represents an important step toward the realization of
CMOS-compatible quantum photonic devices operating in the THz range, demonstrating how
strain engineering, doping design, and quantum confinement must be jointly optimized to

achieve efficient modulation doping in Ge/SiGe heterostructures.
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ABSTRACT

N-type Ge-rich Ge/SiGe multi-quantum-wells on Si(001) substrates are a novel material system with great potential due to their compatibility
with the CMOS standard. This class of strained quantum heterostructures exhibits different band edge minima in a narrow energy range.
Thus, lattice deformation, quantum confinement, and band bending effects can affect the energy ordering of the associated subband states,
resulting in a radical variation of their optical and transport properties. This study investigates how these factors influence the 2D subband
carrier density in modulation-doped heterostructures. To this end, we focus on the recently demonstrated parabolic quantum well system
because of its technological relevance. Using Fourier transform infrared and high-resolution x-ray diffraction spectroscopy in combination
with numerical modeling, our results highlight the importance of the temperature dependence of the strain field in determining the efficiency
of the charge transfer process. Furthermore, optimal design parameters are identified to achieve either the highest transfer efficiency or the
absolute value of the carrier density as a function of the intersubband transition energy in the 3-8 THz range.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0259848

N-type Ge-rich SiGe multilayer heterostructures have great typically addressed by using a Si;—,Ge, virtual substrate (VS) whose
potential due to their compatibility with CMOS technology.' * How- lattice parameter, controlled by the y Ge molar fraction, is chosen to
ever, the realization of frontier optoelectronic devices based on this reciprocally compensate the tensile and compressive biaxial lattice
material system has been demonstrated only recently, due to pecu- defor'rr.latlon of the different layers composing Fhe het'erostructu.re, a
liar challenges that have hindered the development of Ge-rich group condition that promotes the mechanical stability during the epitax-
IV epitaxy. " Indeed, sharp or continuously graded heteroint- ial growth of thick multilayers. As an example, for a heterostructure
erfaces with highly reproducible chemical profiles extending over comprising thfz periodic repetition of a Si1_xGex barr}er and a Ge

. . . well layer having equal thicknesses, the y concentration of a fully
several microns have been demonstrated on Si substrates in the last

few years only.*” The achieved high crystal quality® of these com- relaxed VS has to be set exactly half way between x and 1 to com-
) - . - . ensate for the tensile deformation occurring in the barrier layers
plex planar heterostructures requires mastering the epitaxial strain p & Y

epi i ) ] ) = with the compressive one featured by the Ge wells.
field g associated with the large lattice mismatch existing between In addition to the presence of this epitaxial strain, it must be

silicon (as; = 5431 A) and germanium (age = 5.658 A). This is considered that, upon cooling the heterostructures from the growth
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temperature (typically in the 650-800 K range), the strain field
in each layer is also affected by the thermal strain in the plane
s‘t‘hm” arising from the mismatch of the thermal expansion coeffi-

cient a(T) existing between the Si substrate and the Ge-rich active
region. Therefore, the total in-plane strain experienced by each layer
can be expressed as g = ei‘m + s‘t‘hem’.

The strain field has a direct impact on the electronic structure.
As such, it has been used to engineer transport and optical proper-
ties, for example, in transistors’ or in light emitters.'’ Furthermore,
by modifying the band offsets at the heterointerfaces, the lattice
strain can have an impact on vertical tunneling transport”'" and
influence the charge transfer mechanism in modulation-doped het-
erostructures.'” Accurate strain management is, therefore, critical,
especially at low temperatures where the total strain is significantly

enhanced by the increased contribution of the in-plane thermal

strain component eih"m (see Ref. 8). This is essential for optimizing

the design and performance of SiGe-based quantum devices, includ-
ing quantum cascade lasers, resonant tunneling diodes, and optical
detectors and modulators that exploit light-matter interaction in
the strong coupling regime. In this latter case, the achievement
of the strong coupling condition requires carrier sheet densities
exceeding 2 x 10" cm™2, underscoring the need for efficient and
well-controlled transfer doping strategies.”

We recall here that Ge-rich Sii—Gey alloys feature different
band edges in a narrow energy interval above the absolute con-
duction minimum. In Ge, this minimum is located at the fourfold
degenerate L point of the BZ, while for Ge content x < 0.82, it lies at
the bottom of the sixfold degenerate A valleys. The strain field influ-
ences the energy separation of the L and A states since both react to
the hydrostatic component of the lattice distortion; furthermore, the
uniaxial part splits the energy of the Ag states into A4 and A, separate
levels, pushing toward lower (higher) energies the A, valleys with
respect to the A4 ones when an in-plane tensile (compressive) biax-
ial deformation is applied. In light of the above considerations and
due to the modest values of the conduction band offset at L featured
by the Ge-rich SiGe/Ge heterointerface, a barrier Ge concentration
x around 0.80 represents a typical trade-off to guarantee an effec-
tive confinement potential AE;_y, for the L carriers (of the order of
130 meV) and enough energy separation AEs_ between the abso-
lute conduction band minima in the SiGe barrier (at A,) and in the
Ge well (at L)."”

The relative energy separation of the A; and L subband states,
respectively confined in the barrier and well regions, is key in deter-
mining both the transport and the optical properties of a given
heterostructure. Such energy difference strongly depends on the
chemical profile, lattice strain, confinement masses, and band bend-
ing effects, and a modification of its value significantly affects the
efficiency of the well charging mechanisms, as in modulation-doped
heterostructures the donor states are associated with the barrier A,
levels.

To shed light on this last point, in this work we investigate
the impact of epitaxial and thermal strain, confinement energy, and
band bending effects on the transfer charge process in modulation-
doped n-type Ge/SiGe quantum structures. To this aim, we focus
on the recently demonstrated Ge/SiGe parabolic quantum wells
(PQWs) because of their relevance for photonic applications in the
THz range,””"” ' which is associated with the stability of their

ARTICLE pubs.aip.org/aip/apm

optical properties against temperature variations. As a matter of fact,
modulation-doped PQWs feature a single intersubband transition
(ISBT) absorption resonance, whose energy is largely independent
of the carrier density and distribution in the subbands.!” This char-
acteristic makes PQWs an ideal quantum system for assessing the
amount of transferred charge in the well by measuring the ISBT
spectral weight.'*"”

We combined high-resolution x-ray diffraction (HR-XRD) and
Fourier transform infrared (FTIR) spectroscopy measurements on
state-of-the-art n-type compositional graded Ge/SiGe PQW's grown
by ultrahigh-vacuum chemical vapor deposition (UHV-CVD) on
silicon substrates,””"” together with electronic states modeling based
on a multi-valley Schroedinger—Poisson solver,'” to provide valuable
insight for design optimization, with a focus on precisely control-
ling the quantum well charging process, as required for various
applications.”'

The investigated samples consist of a periodic stack of Ge-
rich PQWs separated by Sip.1sGeggz barriers having a thickness
b = 15 nm. The multilayer structures, sketched in Fig. 1(a), have
been grown on Si after the deposition of a reverse graded almost
fully relaxed Si;—,Ge, VS, whose final y value was varied in the range
y = 0.85-0.91 to strain-balance the QW region and prevent its plas-
tic relaxation.” The growth temperature of both the VS and the
multilayer stack was T¢ = 753 K. The parabolic confining poten-
tial was realized by continuously varying the Ge content in the
region between two Sig13Gegsz barrier layers up to 100%, which
corresponds to the bottom of the PQWs. The compositional Ge con-
tent profile, measured by means of scanning transmission electron
microscopy (STEM) and secondary ion mass spectrometry (SIMS),
is shown in Fig. 1(b) for one of the investigated samples (S1), indi-
cating a highly reproducible match with the nominal compositional
profile. To shed light on the corresponding confining potential, we
show in the inset of Fig. 1(a) the band-edge values at a Sig.18Geg.s2/Ge
heterojunction, lattice matched to a cubic VS with y = 0.9, which
represents the discontinuities occurring between the barrier and the
bottom of the PQW.

Doping was achieved by phosphorus co-deposition in the
d = 8-10 nm thick central region of the barrier. The donor con-
centration Np has been tuned around 10'® cm™ to obtain a total
2D carrier density per period, available for the transfer doping pro-
cess, of nyp = Np x d in the [1-15] x 10'"" cm™ range, as typically
used in quantum devices. The SIMS profiles for the donor atoms
in PQW samples are in good agreement with the nominal profiles,
demonstrating that the P ions remain well confined in the barrier
region (see Ref. 19). The comparison of the donor density measured
by SIMS on thick test samples with the activated electron density
obtained by optical reflectivity and Hall effect measurements indi-
cates a donor activation ratio of ~100%, suggesting the absence of
dopant segregation effects for impurity density at the 10'® cm™
scale. Finally, the SIMS analysis highlights the presence of an expo-
nential dopant diffusion tail with a characteristic length scale of only
3.5nm.

Figure 1(a) evidences that the conduction band minimum
occurs at L in the Ge compressive strained well and at A, in the ten-
sile strained Sig 138 Geg g, barrier. In this condition, we calculate a band
offset AEL 1 at the L point of about 112 meV. The energy difference
AE_y is relatively small, around 50 meV. A reversed A, alignment
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FIG. 1. (a) Sketch of the deposited multilayer structure. The periodic stack composed of PQWs and the Sig 1Gey g2 barriers is deposited on top of the reverse graded relaxed
Si1_yGey VS. The inset shows the calculated energy positions of L, Ay, and A4 band edges at a Sig 18Geg 2/Ge heterointerface for y = 0.9. (b) Nominal Ge compositional
profile for the PQW S1 sample along the growth direction (orange), compared with the ones measured by means of STEM (blue) and by SIMS (green). (c) (224) XRD maps
of a reverse graded VS with final Ge content y = 0.9, acquired at 93 and 753 K. The dashed white line represents the calculated component of the transferred momentum for
arelaxed cubic SiGe alloy. (d) In-plane strain & (T) of the Ge and Sio.1Geqg layers of the VS as a function of the temperature resulting from the XRD measurements. The
data relative to a Sig5Geg g5 VS are also shown for comparison. () Calculated energy differences between the A,—L and L-L edges at the Sig 15Geq s2/Ge heterointerface
at low T as a function of the VS Ge content y. (f) Calculated AE,_, as a function of T, including (continuous line) and neglecting (dashed line) the thermal strain for the

same interface of (d) with y = 0.9.

is observed, leading to A, subband confinement within the SiGe bar-
rier layers. It is important to note that the strain-dependent values of
AE;_1 and AE_1, play a critical role in determining carrier confine-
ment within the Ge well and the effectiveness of the transfer doping
mechanism, respectively.

To disentangle the thermal and epitaxial contribution to the lat-
tice strain field, we have first experimentally quantified ¢ (T') in two
SiGe reversed graded VS samples featuring a final Ge concentration
y=0.9and y = 0.95, using high resolution (224) XRD maps acquired
in the temperature range spanning between 93 K and the growth
temperature Tg = 753 K.

In Fig. 1(c), we display the XRD reciprocal space maps acquired
on the Sip1Gepo VS at T = 93 K (left) and T = 753 K (right). The
white dashed line represents the so-called “relaxation line” that evi-
dences the relationship between the in-plane component Q, and
the out-of-plane component Q, of the momentum transfer vec-
tor for a relaxed (cubic) lattice cell. We can clearly distinguish at
Q,~52 nm~! the (224) peak of the Si reciprocal lattice point
(RLP) corresponding to the substrate lattice, which moves along the
relaxation line as the temperature changes, maintaining its cubic

symmetry. At a lower value of Q, ~ 5.0 nm™, we observe the RLPs
corresponding to the virtual substrate, with the two most intense
peaks associated with the constant composition Ge and Sip.1Geo.o
layer. It is evident that upon lowering T, the RLPs of Ge and
Sio.1Gego layers move above the relaxation line, pointing to an
accumulation of in-plane tensile strain in the VS.%’

From XRD maps, the temperature dependence of ¢| in the SiGe
and Ge layers can be quantitatively assessed in the whole temper-
ature range of interest, following Ref. 20. As shown in Fig. 1(d),
the Sip.1Geoo and Ge lattices are practically fully relaxed around the
growth temperature, while the lowering of T induces a monotonic
increase in the tensile biaxial strain, whose value at 73 K is of the
order of 0.2%. The T-independent offset that appears between the
Sig.1Geoy and Ge ¢)(T) values in Fig. 1(d) is to be attributed to

the residual epitaxial tensile strain sﬁp "(y = 0.9, T¢) of the SiGe layer,

present at the growth temperature, of the order of 10™*, arising from
its aforementioned incomplete plastic relaxation on the fully relaxed
underlying Ge buffer region.”’ It is evident how the less mismatched
Sio.05Geoos VS, also shown in Fig. 1(d) for comparison, features a
lower value of ¢;.
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The increase in the in-plane lattice strain value observed for a
decreasing measurement temperature is fully accounted for by the
following relationship, as discussed in Ref. 20:

ey (nT) = " (1 T) + €' (3 To) O]
with
therm Ts ! ! /
{0 T) = [ lasi e (T) ~as(THT, @)

where Tg is the growth temperature and asiy_,Ge, and as; are the
temperature dependent thermal expansion constants of the VS and
Si wafer lattices whose functional dependence on T controls the
negative slope observed in Fig. 1(d), respectively.

We now focus on the electronic band offsets at the
Sio.18Geo.g2/Ge heterojunction, addressing first the role of the epitax-
ial strain. We show in Fig. 1(e) AEa_1, and AE;, calculated at low
T as a function of the y concentration in the relaxed VS. While the
well depth AE;_y is affected only weakly by the strain field, AEx-1,
significantly decreases upon increasing y, since the larger values of
the tensile deformation shift downward the A, valleys in the bar-
rier. Consequently, we expect that AEx_1, also varies with T, since
the thermal strain ¢|(T) is itself temperature-dependent. To shed
light on this point, in Fig. 1(f) we show AEx_1 as a function of T,
calculated for y = 0.9, both neglecting (dashed line) and including
(continuous line) the thermal strain. In the first case, the energy dif-
ference is quite stable against temperature variations. Conversely,
when thermal strain is taken into account, the room temperature
(RT) value for AEx_1 of 43 meV decreases down to about 32 meV
at low T. This energy reduction significantly impacts the amount
of carriers that can be transferred from the doped barrier into
the well.

To observe and quantify this effect in realistic n-type Ge/SiGe
multi-quantum-well systems, we have deposited on a Sig1Gepo VS
a strain compensated structure made of 25 identical PQWs having
well width W =61 nm (sample S1). Its flatband potential profile
associated with the L and A, edges and the related wavefunctions,
calculated at 10 K, neglecting and considering the thermal strain,
are shown in panels (a) and (b) of Fig. 2, respectively. The ther-
mal strain has also been considered for RT calculations, reported
in Fig. 2(c). In line with the above considerations, the lowest
AE_1, value is obtained at low T, taking into account the thermal
strain. Notice also that the amount of the energy effectively avail-
able to trigger the transfer doping may be further reduced by not
equal confinement energies of A, and L subbands, related to dif-
ferent barrier and well layer thicknesses and confinement masses
(ma, ~ 0.9 my and mp = 0.13 my).

Our simulations indicate that the PQW:s host several confined
states, with a constant energy separation fiwy = 12 meV (2.9 THz).
The central 8 nm of the barrier layers have been doped with a donor
concentration Np of 8 x 10" cm_3, corresponding to a 2D car-
rier density per period of n5}) = 6.4 x 10" ¢cm™ to activate the
ISBTs. The resulting electronic structures, obtained through the self-
consistent solution of the Poisson equation and the multi-valley
Schrodinger equation, are shown in panels (d) (T = 10 K, neglecting
the thermal strain), (e) (T = 10 K, including thermal strain), and (f)
(T =300 K, including thermal strain) of Fig. 2. Note that, although
the energy level spacing decreases for the Hartree contribution to the
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FIG. 2. Conduction band edge profiles at L (black line) and A (purple line) along
the growth direction z of sample S1. The well width W and barrier thickness b are
61 and 15 nm, respectively. The square modulus of the wavefunctions, plotted at
the energy level of the corresponding quantized state, is also shown. Panels (a)
and (b) show the flatband profiles calculated at 10 K, neglecting and including the
thermal strain, respectively; and panel (c) shows the flatband profiles calculated at
300 K considering the thermal strain. Panels (d)—(f) are the same as panels (a)-(c)

for the same structure doped in the central 8 nm of the barriers (gray region) with
Np =8 x 107 cm=2.

effective potential, the ISBT energy is still expected at the flatband
value hwo, according to Kohn’s theorem.?” The role of the thermal
strain in affecting the self-consistent potential profile is evident: the
reduction of AEs_1, predicted at low T when the effect of a‘tlh””’ is
taken into account limits the amount of transferred charge, resulting
in a weaker Hartree potential and a consequently deeper well.

The 2D carrier density in the L subbands calculated as a func-
tion of T, both including (red curve) and neglecting (blue curve) the
thermal strain, is shown in Fig. 3(a). At RT, we obtain comparable
values around n5, = 3.5 x 10" cm™, corresponding to a transfer
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FIG. 3. (a) Calculated néD for sample S1 as a function of temperature, neglecting
(blue curve) and taking into account (red curve) the thermal strain. Black symbols
are the experimental values of néD obtained from the ISBT absorption spectra
shown in panel (b).

efficiency 5 = "0t

"p

= 50%. Lowering T, this ratio remains stable

only if the siherm contribution to the strain field is neglected. Con-

versely, including this term, the transfer efficiency decreases to 30%
at 10 K.

To validate these predictions, we have acquired by FTIR spec-
troscopy the dichroic transmission spectrum of the sample at differ-
ent temperatures to isolate the ISBT contribution to the absorption
spectrum and estimate the transferred charge density nip.'2 The
ISBT absorption spectra reported in Fig. 3(b) feature a single peak
at 12.8 meV (3.1 THz), in good agreement with the subband spac-
ing estimated in the flatband condition Awy. Moreover, this peak
energy remains extremely stable in the 10-300 K range, further con-
firming the achievement of a parabolic confinement potential in our
compositionally graded PQWs. From the spectral weight of the 2D
absorbance, we have estimated the sheet carrier density in the well,
following the procedure reported in Ref. 12. The obtained experi-
mental n5;, densities at different temperatures, reported in Fig. 3(a)
as black squares, follow the monotonic behavior predicted by the
model with the inclusion of efhg"", while they seem to be incom-
patible with the almost dispersionless blue curve. Remarkably, the
observed reduction between RT and low T of nk, values by a fac-
tor of 1.7 is also in agreement with the 5, lowering estimated from
the temperature dependence of the Rabi energy, measured in the
ultrastrong-coupling regime in Ref. 5.

These findings highlight the critical role of thermal strain
in controlling the transfer doping mechanism in n-type Ge/SiGe
quantum structures and validate the predictability of the adopted
theoretical model. Using this theoretical framework, we numerically
investigated the transfer doping efficiency in PQWs having different
widths W, i.e., designed to operate at different transition frequen-
cies, and different dopings 5y in the [1-15] x 10" cm™ range. Our
goal is to identify the configuration that maximizes carrier density in
the well and/or transfer efficiency.

First, we performed simulations varying the PQW well width,
keeping constant both the barrier thickness (15 nm) and the dop-

ing concentration (n5h = 1.5 x 102 cm™?). To preserve the strain
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compensation condition, the Ge concentration y in the VS was fine-
tuned within the range [0.89-0.916]. The relative amount of trans-
ferred charge # as a function of T is shown in Fig. 4(a) for PQWs
having ISBT at 3, 6, and 8 THz, corresponding to a well width of
58, 28, and 22 nm, respectively. We obtain a decrease in n3y, at low
T for all the curves shown in Fig. 4(a).

Somewhat counterintuitively, the highest transfer efficiencies
are achieved with the 8 THz PQWs, despite the higher confinement
energy of the L subbands, which tends to lower AEA_, (note that the
A; subbands are always found very close in energy to the A; band
edge because of their large confinement mass). To understand this
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FIG. 4. (a) Calculated transfer efficiency # as a function of the temperature of
PQWs having ISBT energy 3 (blue curve), 6 (purple curve), and 8 (orange curve)
THz for %} 1.5x10"2 cm=2. (b) Calculated transfer efficiency # and (c) transferred
charge in the well n%,, as a function of temperature in 6 THz PQWs, for donor con-
centrations Ny = 1 x 107 cm=3, 7 x 10" cm=2, 1.5 x 10" cm~2, corresponding
to sheet densities %) = 1 x 10" cm=2) (squares), 7 x 10" cm~2 (triangles), and
1.5 x 10'2 cm~2 (circles), respectively.
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effect, we observe that the transfer doping mechanism generates an
electric field & in a region of width Az between the center of the
quantum well, where the electrons populate the L subbands, and the

ionized donor region. This electric field is roughly equal to % and
produces a Hartree potential difference of about AV = & - Az, which
reduces the energy separation of A, levels and L subbands. AV, for
a fixed transferred charge, increases with Az. Therefore, since the
carrier flow toward the well stops when the energy of the lowest
L subband states approaches the A, level in the barrier, lower values
of Az, featured just by thinner PQWss, allow larger amounts of #5p. In
the explored parameter range, upon decreasing the PQW width, this
effect overcomes the adverse action related to higher confinement
energies, thus resulting in larger n5;, densities.”’

To investigate the charge transfer mechanism as a function of
the doping density at different temperatures, we focus on the 6 THz
PQW structure and plot the transfer efficiency # and the transferred
charge density nbp, as a function of T, calculated for n%% = 1 x 10"},
7 x 10", and 1.5 x 10" ecm™ [Figs. 4(b) and 4(c)].

We observe that for 2, = 1 x 10! cm™ and low T, the charge
is fully transferred in the well due to the modest value of the Hartree
potential difference AV. In this doping regime, the increase in
AE-1, at higher temperatures caused by a decrease in eﬂhem plays
a minor role since the observed trend is dominated by the ther-
mal excitation of carriers in the A, subbands, which controls the
monotonic decrease in the transfer efficiency.

In the highest doping condition, we observe an opposite behav-
ior since the transfer process is not complete at low T, # being of
the order of 30% only. In fact, despite the reduced transfer effi-
ciency, nbp is large enough to equalize the energy of the lowest
L subband states and the A; level in the barrier through the action of
AV, stopping the transfer. In this condition, the increase in AEx_1 at
higher temperatures related to the lower et‘h”m values enhances the
amount of transferable carriers. The carrier transfer is also favored
by the thermally induced population of excited L subbands. At the
intermediate doping ny) = 7 x 10'' cm™, the carrier transfer is
incomplete at low T with # ~ 50%, has a maximum at ~200 K, and
then decreases at higher temperatures when the thermal excitation of
A; levels becomes the dominant effect. In summary, from Figs. 4(b)
and 4(c), we conclude that the optimal transfer efficiency is present
atlow T for 1 x 10'! cm™2, while the largest absolute value of nkp
is obtained, in the investigated doping range, at RT for the highest
doping density of 1.5x 10" cm™.

To further increase the transferred charge density in heavily
doped samples, one can act on the tensile strain in the barrier, which
can be reduced by depositing the PQW stack on a VS with a Ge
content closer to the barrier. In this case, the strain-compensation
condition is not satisfied, and the total thickness of the multilayered
structure must not exceed the critical value for plastic relaxation.®
To test this approach, we deposited two samples, S2 and S3, with
the same multilayer structure, consisting of 15 modules of the
6 THz PQWs with doping np = 1.5 x 10> cm™ but deposited
on VS substrates with different Ge compositions, i.e., y =0.89
for the strain-compensated sample S2 and y =0.85 for the not
strain-compensated S3.

The analysis of XRD measurements, whose results are reported
in the table included in Fig. 5, confirms the reproducibility of the
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FIG. 5. (a) ISBT absorption spectra of samples S2 (purple symbols) and S3
(orange symbols). (b) and (c) Band edge profiles and square modulus of the
wavefunctions calculated for samples S2 and S3, respectively. In the table, the
Ge content y in the VS, the period of the MPQW stack, and the average in-plane
strain in the PQW stack, as determined from XRD data at 300 K, are reported.

nominally identical compositional profile in the PQW stacks of
the two samples and the different strain fields, in agreement with the
design values (see also the supplementary material). ISBT absorption
spectra of the two samples are reported in Fig. 5(a). Both spectra con-
sist of a single peak centered at 23 meV (5.5 THz), but the spectral
weight of sample S3 is greater by a factor of 1.3, indicating that the
transferred charge density in sample S3 is 30% higher with respect
to the strain compensated one. This result is in line with the self-
consistent band structures at 100 K reported in panels (b) and (c)
for samples S2 and S3, respectively. The reduced tensile strain in the
barrier featured by sample S3 has enabled a higher n%, density, as
testified also by the larger shrinking of the QW depth induced by the
Hartree potential. Remarkably, we numerically find an increase in
the transfer efficiency from 35% to 50%, perfectly matching the ratio
of 1.3 for the carrier density estimated by comparing the two spectral
weights of Fig. 5(a).

In conclusion, we have combined XRD measurements and
FTIR ISBT spectroscopy performed on n-type Ge/SiGe PQWs with
their numerical modeling to shed light on the different physical
effects controlling the charge transfer process in modulation-doped,
Ge-rich Ge/SiGe quantum heterostructures. Our analysis shows how
the efficiency of the charge transfer is critically affected by the
epitaxial and thermal strain through their impact on the energy
separation between the conduction band minima in the well and
in the barrier material. In addition, we have numerically studied
the transfer efficiency as a function of the donor concentration in
the barrier and the well width in order to optimize the design to
achieve either the highest carrier density in the well or the maxi-
mum transfer efficiency. Indeed, an efficiency of 100% is predicted
at low T and for a carrier density of about 1x 10'* cm™2, while
the largest absolute value of nbp is obtained at RT for the highest
investigated doping density of 1.5 x 10'> cm™, with an efficiency
of about 50%. We believe that the improved degree of control over
the transfer doping process, achieved in this work, represents an
important step forward toward the realization of novel quantum
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optoelectronic devices based on this CMOS-compatible material
system.

In the supplementary material, we report and discuss the 224
reciprocal space maps from the strain-compensated S2 sample and
the strain unbalanced S3 sample.
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CONCLUSIONS

In this thesis, we demonstrate the growth and optimization of CMOS-compatible
Ge/SiGe parabolic quantum wells, and their successful implementation in THz microcavities,
leading to the observation of the ultrastrong light-matter coupling regime in a group-IV
system.  The work combines advances in epitaxial growth, structural and optical
characterization, carrier-transfer engineering, and cavity integration, establishing Ge/SiGe
PQWs as a competitive alternative to III-V heterostructures for THz photonic technologies.

The first part of the thesis showed that ultra-high-vacuum chemical vapor deposition
is an excellent technique for realizing high-quality Ge/Si;—yGey PQWs on Si(100) substrates.
By employing a reverse-graded buffer in combination with a step-graded virtual substrate, it
was possible to obtain stacks of strain-compensated heterostructures with a low dislocation
density. High-resolution X-ray diffraction and scanning transmission electron microscopy
demonstrated the capability of the deposition technique used at Roma Tre to control, at
the nanometer scale, the continuously graded Si;_,Gey composition required to form the
parabolic potential. The experimentally extracted Ge profile reproduced the ideal parabolic
design, with a relative deviation below 1%. The presence of sharp superlattice peaks in XRD
and the excellent agreement between data and simulations confirm the crystalline quality,
reproducibility, and structural periodicity of the PQW stack. STEM and SIMS analyzes further
verified the high cristalline quality and the control achieved on the compositional profile to
preserve the parabolic confinement at the electronic level.

Fourier-transform infrared spectroscopy revealed a single, sharp ISBT absorption
resonance in all PQWs, with remarkably narrow linewidths, approximately 2 meV at low
temperature and 5 meV at room temperature, and energies scaling as the inverse of the well
width over the 2.5-5 THz range, as expected by the theory. The resonance energy exhibited
minimal dependence on temperature and doping, in agreement with theoretical predictions
for an ideal parabolic potential and with Kohn’s theorem. These results provide clear evidence
of harmonic confinement and the effective cancelation of electron-electron interaction effects
in modulation-doped PQWs. Overall, the combination of structural and optical measurements
demonstrates that Ge/SiGe PQWs are excellent candidates for THz intersubband devices
operating across a wide spectral and temperature range.

The integration of PQWs into THz microcavities enabled the experimental observation,

for the first time, of the ultrastrong-coupling regime in a group-IV material platform.
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By embedding n-doped PQWSs into metal-insulator-doped semiconductor resonators, a
pronounced anticrossing was observed in the transmission spectra, with Rabi splittings
corresponding to normalized coupling strengths 7 = Qr/wy = 0.2. This result confirms
the formation of ISB polaritons and the onset of ultrastrong coupling.

A crucial aspect of maximizing the light-matter interaction is controlling the
two-dimensional electron density, n%D , in the Ge wells. This thesis clarified that the efficiency
of modulation doping is inherently determined by the energy separation AEs_; between the L
valleys in the Ge well and the A; valleys in the barrier, which, in turn, depends on epitaxial and
thermal strain, and that it can be optimized by strain engineering. Temperature-dependent
HR-XRD revealed that cooling induces tensile-strain buildup in the barriers, lowering the
A; minimum and thus reducing AEy_;. This limits charge transfer and decreases n2P,
as confirmed by FTIR spectroscopy and Schrédinger-Poisson simulations. Optimal transfer
efficiency was found at low doping and low temperatures, where values approaching 100%
can be reached. Furthermore, it was demonstrated that intentionally reducing the barrier
tensile strain, e.g., by growing the structure on a virtual substrate with lower Ge content,
leads to larger AE5_; and a 30% increase in transferred charge (efficiency rising from 35% to
50%) compared to strain-compensated samples. This highlights the necessity of co-designing
strain and doping to optimize the performance of THz intersubband devices.

The results obtained in this thesis demonstrate the potential of Ge/SiGe parabolic
quantum wells for the controlled engineering of intersubband transitions in the THz domain
and for integration with compact, strongly confining cavities. However, several aspects still
need to be further investigated.

From the point of view of epitaxial growth, improved stability of the parabolic profile, in
particular through finer control of dopant interdiffusion, is a necessary step to further reduce
the observed broadening. Further optimization of the doping transfer would also be required
by varying the barrier thickness.

From the optical point of view, it will be important to enhance the interaction between
the PQWs and the confined fields in the patch cavities, by optimizing both the material quality
and the cavity geometry, in order to reduce ohmic losses and increase the electromagnetic
overlap. In this direction, the optimization of SiGe mirrors highly doped with phosphorus
enables a reduction of the optical resistance and an improved field confinement. The
implementation of cavities with higher quality factors or with more selective confinement
could ultimately enable even more robust coupling regimes and greater spectral stability.

Finally, the native compatibility of the Ge/SiGe system with CMOS technology opens
up prospects for integration on silicon photonics platforms, where future developments will
have to address the implementation of active devices based on ISB transitions, such as fast

modulators or on-chip polaritonic elements for truly scalable THz architectures.
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