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Chapter 1

Introduction

At the beginning of the semiconductor age, germanium (Ge) had a very important role. In
fact, also thanks to its application in devices, mainly semiconductor diodes, Ge was a very
diffusely studied semiconductor: papers concerning the Ge band structure and the Ge
electrical and optical properties were published already in the forties of the last century. In the
same years many efforts were devoted to the development of growth techniques aimed at
obtaining high quality Ge single crystals. The first demonstration of a transistor was obtained
by Bardeen, Brattain, and Shockley in 1950 using a Ge-based device. Anyway, in the
following decades the interest for Ge strongly reduced, due to the main characteristics of
another semiconducting material, the silicon (Si), and to the development of the Si-based
MOS technology. In fact, the intrinsic carrier concentration in Si is much lower than in Ge,
and thus in Si the room temperature (RT) conductivity can be determined by the doping
concentration only. Furthermore, its oxide (SiO;) is stable, tough and it is exceptionally
plentiful in nature. In recent years a renewed interest in Ge has risen for its potentialities in
electronics, where Ge is now mainly used to gain higher mobility (see, e.g., Refs. [1, 2]), and
in photonics, where Ge is considered by different authors a good candidate to reach the

challenging aim of integrating efficient optical properties on the Si-platform.!® *!

Indeed, recently many efforts are developed aimed at obtaining materials that are both
integrable on the CMOS technology and characterized by good optical properties. The direct
gap heterostructures based on I1I-V and 1I-VI semiconductors cannot satisfy both these
requirements at the same time: direct gap I11-V and I1-VI semiconductors are characterized by
efficient optical properties, but cannot be easily integrated on the CMOS technology. On the
contrary, Ge not only is compatible with the Si platform, but it is also characterized by the so-
called quasi direct optical behavior; this means that its optical properties are strongly

influenced by transitions at the centre of the Brillouin zone due to the small energy distance



between the direct gap and the fundamental indirect gap (about 140 meV at RT). Prototype
components for optical interconnection such as thin Ge-based photodetectors® " and optical
modulators based on the Franz-Keldysh effect!® have already been realized thank to these
peculiar optical properties. Furthermore, optically pumped laser emission at RT has been
reported in n-doped Ge-on-Si structures,’® thanks to the degrees of freedom provided by the
control of the strain, which allows some tailoring of the energy distance between the
conduction L and I minima, and by the n-type doping, which favors the population of the I"

minimum.[% 14

In the last twenty years, the advance of epitaxial growth techniques, such as MOCVD (Metal
Organic Chemical Vapor Deposition) and MBE (Molecular Beam Epitaxy),!*? has allowed to
grow innovative semiconductor heterostructures, with high control of interfaces and good
structural quality. The possibility to grow heterostructures whose band aligment allows to
spatially confine the carriers is very promising from the point of view of optical properties. As
a matter of fact, if the extent of the spatial confinement is comparable with carrier De Broglie
wavelength, quantum mechanical effects occur, such as the discretization of energy levels,
whose spacing is determined by the dimension of the heterostructure and by the band offsets.
A heterostructure in which electrons and holes are confined in one dimension, while act as
free carriers in the other two directions, is called quantum well (QW). In a QW the
confinement modifies the bandstructure and the density of states (DOS) respect to bulk
semiconductors. Moreover, if electrons and holes are confined in the same spatial region
(type-1 QWs), the increase of the superposition between electron and hole wavefunctions,
yields an enhancement of the absorption coefficient and of the recombination efficiency.
Furthermore, the dependence of confinement energies on QW thickness, composition and
strain level adds further degrees of freedom in the tailoring of the so-called optical gap, i.e.
the energy distance between the first confined valence level and the first confined conduction
level.

Indeed, very efficient and widely diffused devices are based on direct gap, IlI-V

semiconductor QWs, such as QW lasers.!*®!

Due to their compatibility to the CMOS platform, SiGe-based QWSs have attracted great
interest in the recent years. The attention was first devoted to Si-rich QWSs, thanks to their
easier integration on the Si-platform. Nevertheless, Si-rich heterostructures are characterized

by a low optical efficiency due to the indirect nature of the bandgap and to the type-Il band
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alignment (i.e. electrons and holes are confined in different spatial regions of the
heterostructure). Consequently, despite the integration limits due to a huge lattice mismatch,
the interest has moved to Ge-rich QWSs, which are characterized by a type-I band aligment
and by a quasi-direct optical gap, because, like Ge, their optical properties are strongly
influenced by direct type transitions.

In particular, Ge QWSs with Ge-rich barriers present a type-l band alignment for both the I'-
and the L-type states, as theoretically predicted in Ref. [14] and experimentally confirmed in
Ref. [15]. Their quasi direct optical behavior has been confirmed by photocurrent!® 2% and
linear absorption (ABS)!*”! measurements. The observation of RT Quantum Confined Stark
Effect (QCSE)™ ¥ indicates that Ge/SiGe QWSs can be applied in optical modulators; indeed
designs for modulators based on these system have been proposed in Refs. [20 - 22].
Moreover, a huge dynamical Stark shift has been recently measured.’?® On the other hand, RT
direct emission,'*"! optical gain on the fs scale,’®® and RT electroluminescencel?® make these
systems potential candidates also for efficient light emitters on Si.

Thus, Ge QWs have attracted great interest as proved by many recent papers on their optical
properties (see, e.g., Refs. [15 - 17, 19, 22, 24, 27 - 33]), carrier dynamics (See, e.g., Refs. [23,
25, 34 - 36]), and spin properties (Ref. [37]).

These literature works clearly show that Ge/SiGe QWSs with Ge-rich barriers are interesting
from both a fundamental and an applicative point of view, and thus deserve a detailed
understanding of their excitation, relaxation and recombination processes. The fundamental
interest for these systems lies in the fact that Ge QWs can be considered a model quasi-direct
system; we will show that Ge/SiGe QWs with Ge-rich barriers are characterized by a rich
carrier dynamics and by features in the PL spectra different from those commonly observed in
direct gap QWs based on I11-V semiconductors. On the other hand, the understanding of
recombination processes and carrier dynamics in these systems could also be useful in view of
the potential applications of Ge/SiGe QWs in optoelectronics and, in particular, in light

emitting devices.

Consequently, the aim of this thesis is a detailed study of the recombination processes and of
the carrier dynamics in Ge/SiGe QWSs with Ge-rich barriers. The recombination paths and the
carrier dynamics of Ge/Sip15Geoss MQWS have been analyzed through optical spectroscopy
techniques: time-resolved photoluminescence (TR-PL), continuous wave photoluminescence
(CW-PL), optical ABS and ultra-fast pump-probe spectroscopy have all been employed. The
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samples studied in this work were grown by Low-Energy Plasma-Enhanced Chemical Vapor
Deposition (LEPECVD)®®, a state-of-the-art technique which allows to grow Ge-rich
heterostructures of high quality on Si substrates at fast grow rates, about one order of
magnitude faster than conventional epitaxial growth techniques. The good structural and
optical quality of these Ge/SiGe MQWs is further guaranteed by the introduction of a graded
virtual substrate between the Si substrate and the active layers and by the strain balancement

in the active part of the heterostructure.

This thesis is organised as follows. In Chapter 2 a summary of the structural properties of
Ge/SiGe QWs is presented, followed by a review of the literature results concerning their
optical properties; these results are at the same time the framework in which our experimental
work has been inserted and the reference for the discussion of the experimental results.

Chapter 3 is devoted to a detailed study of the indirect cL1-HH1 recombination between the
first L-type conduction confined state (cL1) and the first valence confined heavy hole state
(HH1) through CW-PL and decay time measurements. The Chapter opens with a discussion
on the origin of the zero-phonon line and on the attribution of phonon replicas, based on
literature results and on original experimental data; then, the results of the first detailed study
of the decay time of the indirect emission in Ge/SiGe QWs are reported, with particular
attention to the dependence of the decay time on QW thickness and lattice temperature.

A thorough study of the direct cI'l-HH1 emission between the first T'-type conduction
confined state (c['1) and the first valence confined heavy hole state (HH1) is presented in
Chapter 4. First, the main features of the direct emission are presented through the results of
CW-PL measurements: in particular the Stokes shift (SS) values, self-absorption and
recombination involving high energy excited states are described and discussed. Then, the
dependence of PL spectra on lattice temperature is analyzed in detail and the evidence of the
direct gap related recombination at RT is discussed with attention to the different
recombination paths carriers follow when the sample is excited resonantly and non resonantly
to QW confined states. Finally, the results of TR-PL, of PL as a function of the excitation
wavelength and of ultrafast TR pump-probe ABS measurements, are presented. These
measurements, performed at the Physics department of the Philipps Universitat-Marburg, in
Marburg (Germany), under the supervision of Priv. Doz. Sangam Chatterjee, provide
evidence of the new and rich carrier dynamics in Ge/SiGe QWs and provide the basic

information for the discussion of the relaxation processes of photoexcited carriers.
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In Chapter 5 an overall picture of the peculiar carrier dynamics of Ge/SiGe QWs is drawn on
the basis of the experimental results obtained in this work: relaxation, thermalization and
recombination processes are summarized and their typical time scales are indicated.

Finally, in Appendix A the general properties of QWs are briefly summarized, while the
details of the growth technique, the characteristics of the samples and the description of the

experimental setups are reported in Appendix B.
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Chapter 2

Structural and optical properties of

Ge/SiGe quantum wells

This Chapter is aimed at providing the framework in which our experimental work has been
developed and the basis for the discussion of the original experimental results on Ge/SiGe
QWs obtained in this thesis work that will be described in Chapters 3 and 4. Indeed, in the last
few years a number of literature works has been devoted to the study of the fundamental
optical properties of Ge/SiGe QWSs through theoretical calculations and experimental
results.l'>*®1" Furthermore, very recent papers have also opened new directions, such as
electrolumnescence® or spin polarization®".

In the first part of the Chapter the structural and electronic properties of SiGe bulk alloys are
described. Particular attention is devoted to the effect of the strain on the band structure. In
the second part the discussion is focused on compressively strained Ge/SiGe QWSs with Ge-
rich barriers. First the band alignment, the band offsets and the confined levels of this system
are described, then an overview of the fundamental optical properties of these systems is

presented, based on recent literature data.

2.1 SiGe alloys

In this Section the main structural and electronic characteristics of bulk SiGe alloys are
summarized in order to introduce the discussion of Ge/SiGe QW properties that will be
presented in the second part of the Chapter. The effect of the strain due to the lattice mismatch
typical of SiGe epitaxial structures on the electronic properties of these systems is also shortly
presented.

A detailed discussion of the lattice characteristics, band structure and strain of SiGe alloys and

SiGe-based systems can be found in different books and papers, such as Refs. [3, 39 - 44].
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2.1.1 Structural properties

Si and Ge are fully miscible, forming Si;.«Gey solid solutions with the Ge fraction x ranging
from 0 to 1. Si, Ge and SiGe alloys crystallize in the diamond structure. The corresponding
Bravais lattice is the face-centered-cubic (FCC), with the two atoms of the basis occupying
respectively the (0,0,0) and (a/4,a/4,a/4) positions, where a is the edge of the cubic cell. The
cubic unit cell contains eight atoms and each atom is coordinated to four nearest neighbours

arranged at the vertices of a regular tetrahedron (Fig. 2.1).

Figure 2.1: Diamond crystal structure. Each atom has four nearest neighbours arranged at
the vertices of a tetrahedron.

The dependence of the lattice constant of Si;.xGey alloys on the composition is described in
first approximation by the Vegard’s law L46].

ax = asj (1-X) + aceX . (2.1)
In Eq. 2.1, that predicts a linear dependence of the alloy lattice constant on the composition,
asi iIs Si lattice constant (asi = 0.5431 nm at RT) while age is Ge lattice constant (age = 0.5658
nm at RT)"). Slight deviations from the Vegard’s law have actually been reported in different
theoretical and experimental papers (e.g. Refs. [48 - 50]). A critical summary of this topic can
be found e.g. in Ref. [51].
When a Si1xGey layer is epitaxially grown on a Siy.,Gey substrate with different composition,
it adapts its lattice constant to that of the substrate (pseudomorphic growth). As a
consequence, the layer experiments a structural strain which is compressive if x >y or tensile
if x <y. The structural strain is proportional to the lattice mismatch, i.e. to the difference
between the lattice constant of the epilayer and that of the substrate. As the thickness of the
strained epilayer increases, the elastic energy stored rises, with a linear dependence between
the energy stored and the thickness.'*? The system may relieve the strain lowering its total
free energy by means of the nucleation of dislocations. These extended defects relieve the
strain, reducing the whole energy of the system, and their nucleation requires a minimum
energy. Thus there is a film thickness, called critical thickness, over which the introduction of

dislocations in the epilayer becomes favorable.®?
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The thermal expansion coefficients of bulk Si and Ge are reported in Fig. 2.2 as a function of
the lattice temperature in the 0 - 1000 K range. The expansion coefficient of Ge is higher than
that of Si in the whole temperature range, and this implies that the same temperature reduction
causes a higher lattice contraction in Ge than in Si. Extending the discussion to SiGe alloys,
the dependence of their expansion coefficient on T is expected to be intermediate between
those of Ge and Si, depending on the composition. Let us consider the case of a Si;.xGey layer
epitaxially grown on a Si;.yGey substrate. At the growth temperature the epilayer adapts its
lattice constant to that of the substrate, as previously described. Cooling the heterostructure to
RT, the epilayer and the substrate lattices contract at a different rate. As a consequence, a
thermal strain appears in the epilayer which adds to the structural one. The amount of thermal
strain depends on the temperature variation and on the composition of the epilayer and of the
substrate.
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Figure 2.2: Thermal expansion coefficients of bulk Si and Ge between 0 and 1000 K.[53 -5

2.1.2 Electronic properties

The band structure of bulk Si and Ge at RT is reported in Fig. 2.3(a). The fundamental band
gap is indirect for Si as well as for Ge. In both cases, the top of the valence band (VB) is
located at the centre of the Brillouin zone (I" point). It consist of three degenerate bands, the
heavy hole (HH), the light hole (LH) and the split-off (SO). The degeneracy is partially
removed by the spin-orbit interaction that shifts the SO band towards lower energies. For k =
0 VB states transform with the same symmetry of atomic p orbitals. In Si the minimum of the
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conduction band (CB) is along the A (<100>) direction of the Brillouin zone, 15 % away from
the X point. Thus in Si there are six equivalent conduction valleys (Fig. 2.3(b)). The
fundamental indirect gap energy in Si is Eging = 1.12 eV at RT. The Si CB presents also a
local minimum at I, about 4.06 ¢V above the VB maximum at RT. In Ge the minimum of the
CB is at the L (111) point, at the edge of the Brillouin zone. Thus in Ge there are eight
equivalent half-valleys (Fig 2.3(b)). The indirect gap energy in Ge is Eging = 0.66 eV at RT. A
local minimum at I' is also present. The local minimum at I" is Eqqr = 0.80 eV above the VB
maximum at RT. As a consequence, the energy difference between the direct and the indirect
gap in Ge at RT is 140 meV only. CB states at I" are s-like for both Si and Ge.

The direct and indirect Eg values for bulk Si and Ge at RT and at 0 K are summarized in Table
2.1.

Energy 00K E=112eY Energy 300K E=0868Y

5 E=128V

E=12eV Ge £ =086y
£,700ey Erine
T2
Eymd4ev 4E=0.85 8V
E=42eV / E 0oV

E E,
E
<111 <00 | * |4 Ey E PILEES

Wave vector Wave vector

E, Heavy holes E

=

| Light holes Heavy holes
Light holes
Split-off band

Split-off band

@)

(b)

Figure 2.3: (a) Band structure of bulk Si and Ge at RT. Energy gap values and split-off

energy are reported. (b) Many valley structure of Si and Ge €.
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Si Ge
0K 4.18 eV 0.89 eV
Eg|dir
300 K 4.06 eV 0.80 eV
0K 1.17eV 0.74 eV
Eg,ind
300 K 1.12eV 0.66 eV

Table 2.1: Egqir and Egng values of bulk Si and Ge at 0 K and 300 K. The values of Eg g of
Si have been taken from Ref. [57]; all the others are reported in Ref. [47].

In Fig. 2.4 the indirect and direct band gap values of SiGe alloys are reported as a function of
the the Ge content x at LT. A monotonic decrease from the Si to the Ge bulk value (Table 2.1)
is found for both the indirect and direct band gap. The direct band gap energy presents a very
steep linear dependence on the Ge content x described by °®

Eg.dir = 4.185 — 3.296x eV. (2.2)
The indirect gap is Si-like, with the CB minimum along the A direction for x < 0.85, while it

becomes Ge-like, with the CB minimum at the L point for x > 0.85. The dependence of the

excitonic indirect gap EJ¢, on x is parabolic in the former range and linear in the latter, as

described by the following relationships obtained by Weber and Alonso form LT PL

measurementst™e:
Eqig =1.155-0.43x +0.206x* eV for x <0.85 (2.33)
Egine=2.010-1.270x eV  for x> 0.85. (2.3b)

The Si, Ge and SiGe alloy band structure is described in detail e.g. in Ref. [56].

12 45
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Figure 2.4: Indirect (left) and direct (right) band gap of Si;.,Ge, alloys as a function of the
Ge content at LT. Data have been taken respectively from Refs. [58 - 60].
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In bulk semiconductors the dependence of Eg on the temperature is described by the empirical

Varshni law:

£, (1)=E,0)- @2)

where a and B are parameters typical of each semiconductor and Eg(0) is the energy gap value
at 0 K.® The values of o and B for bulk Si and Ge are reported in Table 2.2.

Si Ge
o (direct gap) 6.5:10" eV/K
B (direct gap) 410K
o (indirect gap) 4.73:10* eVIK 4.77-10* eVIK
B (indirect gap) 636 K 235 K

Table 2.2: a and B Varshni’s parameters of bulk Si and Ge.”® *1 To the best of our
knowledge, no values are available in the literature for the Si direct gap.

At the end of this Section the effects of the strain on the band structure of SiGe alloys are
analyzed. As a matter of fact, the strain modifies the energy and the curvature of the bands
and breaks the degeneracies, causing relevant changes in the electronic and optical properties
of the alloys.

If a Si1.«Gey layer is grown on a Siy.,Gey substrate, it experiments a biaxial strain, which is
compressive in the plane and tensile in the growth direction if x >y, and tensile in the plane
and compressive in the growth direction if y > x.

A biaxial deformation can be decoupled into two components: hydrostatic and uniaxial. The
isotropic hydrostatic component induces a shift of the conduction and valence levels, yielding
a variation of the energy gaps. As an example, in the case of bulk Ge both the direct and the
indirect band gaps decrease if a tensile strain is applied, and increase in the opposite case.™™”
The anisotropic uniaxial component is responsible for the splitting of degenerate levels, e.g.
HH and LH states at the top of the VB, or conduction minima at A in Si-rich alloys. L and I"
conduction minima are not affected by the uniaxial component.’®? The effects of the two
components are schematically shown in Fig. 2.5 for a Si;«Gex alloy with x > 0.85 (CB

absolute minimum at L).
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Figure 2.5 Scheme of the effects of tensile and compressive strain on a Si;Ge, alloy with
x > 0.85. The effects of the hydrostatic and uniaxial strain components are shown

separately.

The effect of compressive and tensile strain on the direct gap of bulk Ge is shown in Fig. 2.6.

The role of the two components

is clearly visible: under compressive strain the energy gap

increases and the top of the VB present an HH character; under tensile strain a decrease of the

energy gap is observed and the LH state characterizes the top of the VB.
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Figure 2.6: Eggqir of bulk Ge as a function of tensile and compressive strain. The splitting of
HH and LH levels is also considered. (%
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As far as the indirect gap is concerned, the nature of the CB absolute minimum depends not
only on the composition, but also on the strain (see, e.g., Fig. 2.7(a) in Section 2.2). Three
regions can be identified: for high Ge concentration the CB absolute minimum is at the L
point of the Brillouin zone. For Si-richer compositions under tensile strain a Ay minimum is
found (i.e. the A points along direction perpendicular to the interface plane are characterized
by the lower energy); on the other hand, if a compressive strain is applied the CB is

characterized by a Ay minimum.[* 4!

2.2 Band alignment and band structure of Ge/SiGe

guantum wells

The fundamental energy gap, the band offsets and the band alignment of a Si;.«Gey active
material on a Si;.yGey substrate have been calculated in Ref. [14] for the whole composition
range (0 < x,y < 1) and are reported in Fig. 2.7. In this calculation, based on the tight-
binding method, it is assumed that the substrate is relaxed while the active material layer is
pseudomorphically grown on the substrate, and consequently strained. This thesis work is
devoted to the study of Ge/SiGe QWs with Ge-rich barriers (y = 0.85), and thus the present
discussion will summarize the results related to this system only. In particular we will
associate the substrate with the barrier layer and the active material with the well layer.

As shown in Fig. 2.7(a), the character of the fundamental energy gap of the active layer
depends on x and y; in the case of strained Ge QWSs embedded in barriers with Ge content
higher than 0.4, the fundamental energy gap in the well layer involves the conduction
minimum at L. In Fig. 2.7(b) and 2.7(c) the band offset values are plotted for the CB and the
VB respectively. The positive value reported in Fig. 2.7(b) for the compositions of interest
indicates that the L minimum of the CB in the Ge well is lower in energy respect to that of the
Sip15Geg g5 barriers. On the contrary, the negative value of Fig. 2.7(c) allows to conclude that
the VB maximum in the Ge well is higher in energy respect to that of the Sig15Geogs barriers.
These offset values give the type-I band alignment sketched in Fig 2.7(d) for the indirect gap
of Ge/Sip15Geogs QWS: both electrons and holes are confined in the same spatial region (see
Section A.1), i.e. in the Ge well. The type | band alignment has been experimentally proved in
Ref. [15], as it will be discussed in Section 2.3.4.

Finally, it should be specified that in the Ge/SiGe QW samples analyzed in this work, both
well and barrier layers are actually strained because they adapt their lattice constant to that of

the final layer of the GVS (see Section B.1.2), while in the calculations summarized in Fig.
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2.7 the barriers are assumed to be relaxed. Anyway, since the composition of the barriers
(Sip.15Gep gs) and that of the final layer of the VGS (Sig10Geog0) are close, the tensile strain in
the barriers is such that, for the band offset calculation, barriers can be reasonably assumed, to

a first approximation, as relaxed.
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Figure 2.7: Fundamental energy gap (a), CB offset (b), VB offset (c) and resulting band
alignment (d) for a strained Si;.,Ge, QW between relaxed Sil_yGe]y barriers as a function of
x and y in the whole range of compositions. Energies are in eV.

The complete LT band structure of Ge/Sip15Geggs QWS on a Sip10Gepgo VS has been
calculated via the tight-binding method by M. Virgilio and G. Grosso: their results are
reported in Ref. [15]. As an example, the results for a 10 nm thick QW with 23 nm thick
barriers are reported in Fig. 2.8, where VB and CB offsets are also shown. A type-I band
alignment is predicted not only for the indirect band gap, as previously discussed, but also for
the direct band gap involving the conduction band minimum at I'. The large band offset for
the T conduction minimum (about 400 meV) is due to the steep rise of the direct energy gap
as the Si content of the SiGe alloy increases (see Section 2.1, Fig. 2.4). The L minimum band
offset is about 150 meV. Since the composition of the substrate is intermediate between those

of the barriers and of the wells (see Section B.1.2), Ge well layers experiment a compressive

22



strain, while Sig15Geggs barriers are slightly tensile strained. As a consequence, HH and LH
levels are not degenerate in both the well and the barrier layers (see Section 2.1), but with
different valence top characters (see Fig 2.9). A band offset of about 80 meV for the HH band
(red line in Fig. 2.8) and of about 20 meV for the LH band (green line in Fig. 2.8) results. The
type-1 band alignment is anyway found in both the cases.
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Figure 2.8: Calculated band offsets and square modulus of the wavefunctions of electron
and hole confined states for a Ge/Sig 15G€g.g5s 10 nm thick QW. 1*°!
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Figure 2.9: Sketch of the band structure of compressively-strained Ge well and tensile-
strained Ge-rich SiGe barrier layers. %
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In Fig. 2.8 the square modulus of the wavefunctions of electron and hole confined states is
also reported. For the first confined states (HH1, cL1, cI'1), the wavefunction is nearly fully
confined inside the well region. As the levels approach the top of the potential barrier, the
wavefunction penetration into the barriers increases, as expected.

Finally, an example of the extended dispersion curves calculated via tight-binding for
Ge/Siy.15Geg.ss QWs is reported in Fig. 2.10. 2%

Energy [meV]
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o

-50

-100

-150

L

Figure 2.10: Dispersion relations calculated via tight-binding for Ge/Sij 15Geg g5 QWS. QW
conduction subbands close to the L (green) and T" (violet) points are reported. Subbands in
the VB are shown in red (HH) and blue (LH). The bulk band edge profiles are sketched
together with the energies of the states at the L and I" points. %

The band structure of Ge/Sig15Gepss QWS has been calculated also in Ref. [16] via six-band
k-p method and in Ref. [22] via a combined 6x6 k-p and one-band effective mass modelling

tool, with results analogous to those shown in Figs. 2.8 and 2.10.
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2.3 Optical properties of Ge/SiGe quantum wells

2.3.1 Absorption
In the recent years different literature works have been devoted to the optical ABS of Ge/SiGe
QWs, such as Refs. [15 - 17, 29, 30, 32, 33], with analogous results. In the first part of this

Section, we will refer mainly to Ref. [15].
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Figure 2.11: Experimental ABS spectra of 200 Ge/Sig15Gepgs QWS with L, = 9.9 nm at
300 K (red line) and 5 K (blue line). The calculated LT ABS spectra including excitonic
effects (dotted black line) and the transition energies deduced from the band structure
(black arrows) are also shown. ™! The direct energy gap value for bulk relaxed Ge at 5 K is
reported as a reference (grey arrow).

Typical RT and LT ABS spectra of Ge/Sig15Gepgs MQWSs are reported in Fig. 2.11 (L, = 10
nm, 200 QWs).® The spectra reproduce the staircase shape of the DOS typical of direct gap
semiconductor QWs with type-1 band alignment (see Section A.2). (%% Sharp peaks due to
confined excitons are visible at the edge of each step even at RT. Let us consider the LT
spectrum first. The absorption edge is blue shifted respect to the direct energy gap of bulk Ge
(grey arrow), due to the confinement (see Section A.2) and the compressive strain in Ge well
layers (see Section 2.2). The theoretical spectrum, that includes excitonic effects, calculated
from the band structure reported in Fig 2.8, is also shown by the dotted line. The comparison
between the experimental and the calculated spectrum allows to attribute the ABS peaks to

dipole allowed HHn-cI'n, LHNn-cI'n and SOn-cI'n transition between confined states at I" with

25



the same subband index n (see labels in Fig. 2.11). The optical coupling between subbands
with different indices is indeed suppressed by parity selection rules.!*”

Since the fraction of light absorbed per well does not depend on QW thickness, optical
absorption normal to the plane of MQW structures is usually expressed as (number of wells)™
and not as absorption coefficient in cm . [ ©7: 8]

Rising the temperature from 5 to 300 K the spectrum is red shifted accordingly to Varshni’s
law (see Section 2.3.2) and the FWHM of the HH1-cI'l peak broadens following the relation
reported in Ref. [29].

The first evidence of indirect gap related ABS between confined valence states at I' and
confined conduction states at L in Ge/SiGe QWs has been recently reported in Ref. [32],
where an absorption coefficient about 3 orders of magnitude lower than that for the direct
transitions is evaluated, in agreement with typical results for bulk Ge."*”! Direct gap related
transitions dominate the ABS spectra, and thus Ge QWSs are commonly told to show a pseudo-
direct optical behavior.

ABS selection rules in QW systems for light propagating along and perpendicularly to the
QW plane and for different linear polarizations have been calculated in literature works, e.g.
in Refs. [69] and [70]. In table 2.3 the dipole matrix elements for direct gap related transitions
involving respectively HH and LH valence states are reported for all the possible
combinations of light propagation and linear polarization direction.

Ex &y & Transition
Propagation parallel to z " 5 impossible HHn-c'n
Propagation parallel to x impossible 5 forbidden HHn-cI'n
Propagation parallel to y "l impossible forbidden HHn-cI'n
Propagation parallel to z T T impossible LHn-cI'n
Propagation parallel tox |  impossible * x LHn-cI'n
Propagation parallel to y % impossible z LHn-cI'n

Table 2.3: Selection rules for interband transitions at I' involving HH and LH valence
states, obtained from the absolute value of transition matrix elements as calculated in Ref.
[69]. The direction z is perpendicular to the QW plane, while the directions x and y are
parallel to it. g, &, and g, indicate linear polarization along the Xx, y, z directions,

respectively.




When light propagates along the z direction, i.e. perpendicular to the QW plane, equal ABS is
obtained for polarization along the x and y direction. On the other hand, light propagating
parallel to the QW plane, e.g. in the x direction, can have two possible polarizations: parallel
to the QW plane, i.e. along y (TE mode), and perpendicular to the QW plane, i.e. along z (TM
mode). The selection rules reported in Tab. 2.3 show that no HHn-cI'n transitions can be
observed in the TM mode, while LHn-cI'n transitions occur for both the possible
polarizations, although the matrix element is twice larger for the TM mode than for the TE
mode.

These selection rules have been verified on Ge/SiGe MQWs through ABS measurement as a
function of the polarization and through the comparison with theoretically predicted spectra in
Refs. [30] and [68]. The experimental configuration is schematically shown at the top of Fig.
2.12.

The experimental and calculated spectra for TE and TM polarised light are reported at the
bottom of Fig. 2.12. The HH-related transitions are markedly suppressed in the TM mode,
while ABS peaks due to LHn-cI'n transitions are not affected by the polarization of the
incoming light, as suggested by the selection rules. Moreover, the O.D. values of the HH1-
c['l and LH1-cI'1 transitions are compatible with those expected from the matrix element
reported in Tab. 2.3, taking into account also the geometry of the experimental system, as
discussed in detail in Refs. [30] and [68].

In conclusion, TE/TM absorption measurements have provided an experimental confirmation
of the ABS selection rules; this further proves the attribution of ABS features to HHn-cI'n and
LHn-cI'n transitions. Moreover, the fact that selection rules for type-1 direct gap
semiconductors have also been confirmed for Ge QWs, further indicates the quasi direct

behavior of these systems.
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Figure 2.12: Top: experimental configuration for ABS measurements in polarized light: the
arrows show the optical path of the transmitted light. Bottom: calculated (dashed lines) and
experimental (full lines) ABS spectra for TE and TM polarized light at the lattice
temperature of 5 K.E¥

2.3.2 Temperature dependence of absorption spectra

The dependence of the HH1-cI'1 excitonic peak energy of Ge QWSs on the lattice temperature
is reported in Fig. 2.13(a) (squares).?¥ As the temperature rises the peak follows the red shift
of the direct gap of bulk Ge described by Varshni’s law. This proves that the temperature
dependence of the optical gap of Ge QWs is not affected by strain and confinement effects in

the 5 - 300 K range within the experimental error.
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Figure 2.13: (a) Dependence of the HH1-cI'l ABS peak energy on the lattice temperature
for Ge/Sig15Gepgs MQWs (squares). Varsnhi’s law for the direct gap of bulk Ge (Eq. 2.2
with parameters of Tab. 2.1) is also reported as a full line. (b) Dependence of the energy
distance between the LH1-cI'l and the HHI1-cI'ltransition as a function of lattice
temperature.?

In Fig. 2.13(b) the energy distance between LH1-cI'l and HHI-cI'l excitonic peaks is
reported as a function of temperature. Reducing the temperature from 300 to 5 K, the energy
distance slightly reduces, by about 5 meV. This is caused by an increase of the tensile thermal
strain in Ge QW as the temperature gets lower, due to the mismatch between the expansion
coefficients of the Si substrate and the Ge/SiGe QWs (see Section 2.1). The tensile thermal
strain partially compensates the compressive structural strain, giving rise to a reduction of the

energy spacing between HH1 and LH1 confined states.

2.3.3 Quantum Confined Stark Effect

The QCSE is defined as the change of the ABS edge of a QW system in response to an
electric field applied along the growth direction. As schematically sketched in Fig. 2.14, the
applied electric field causes a band bending, resulting in a tilted QW. This has two main
consequences: a reduction of the optical gap and a decrease of the superposition between
electron and hole wavefunctions. As a final effect, the ABS edge is reduced, broadened and
red-shifted.®]
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Figure 2.14: Schematic sketch of the effect on the QW band structure of an electric field E
applied along the growth direction. In presence of the electric field, the optical gap is
reduced and the electron and hole wavefuntions are pulled towards opposite directions,
yielding a decrease of their superposition.

As previously discussed, the QCSE enables QW systems to be used as high-performance
modulators, characterized by low dimensions and low power dissipation. A strong QCSE on
QWs made of I11-V semiconductors like GaAs and InP is reported in different literature
works, ™~ and indeed these systems are already used in devices.

An efficient QCSE in strain balanced Ge/SiGe QWs at RT has been demonstrated for the first
time in Ref. [18] through photocurrent measurements (see Fig. 2.15). At a 0 V bias the
spectrum reproduces the features of interband ABS described in Section 2.3.1. Rising the
potential from 0 to 4 V both the HH1-cI'1 and the LH1-cI"1 peaks undergo a red-shift of about
30 meV. The effective absorption coefficient at the HH1-cI'1 excitonic peak reduces from
6:10 to 3-10° cm™. This values are comparable with those obtained for 111-V QWs (see, e.g.,
Ref. [74] for InGaAsP/InP QWs and Refs. [71, 75] for GaAs/AlGaAs QWSs). Moreover, they
demonstrate that an efficient QCSE may be obtained in a spectral region close to the C band
used in telecommunications (about 0.8 eV = 1550 nm) in a system which is compatible with
the CMOS technology.

The results presented in Ref. [18] have been confirmed by different theoretical® ®* ! and
experimental™® 2! literature works. A clear QCSE has been reported also for Ge/SiGe MQWSs
analogous to those analyzed in this work through photocurrent™® and optical ABSM™

measurements.

30



Wavelength (nm)
1,460 1,420 1,380 1,340
8.000 . T T L T T T

6,000 -

4,000 -

2,000 A

Effective absorption coefficient (cm™)

O T T T T

0.84 0.86 0.88 0.9 0.92 0.94
Energy (eV)

Figure 2.15: RT ABS spectra deduced from photocurrent measurement on Ge/SiGe MQWs
(10 periods). A strong QCSE is observed: applying a bias from 0 to 4 V, the absorption
peaks red shift, broad and reduce.!®

2.3.4 Continuous wave photoluminescence

In this Section a short presentation of the main features of the CW-PL spectra of Ge/SiGe
MQWs at LT is provided. A detailed discussion of the direct and indirect emission will be
carried out in the first Section of Chapters 3 and 4 respectively.

A typical LT PL spectrum of Ge/SiGe QWs is reported in Fig. 2.16. Three regions can be
identified. A comparison between ABS and PL spectra allows to attribute the emission peak
at about 0.97 eV to the direct gap related transition cI'l-HH1 from the first confined
conduction state at I to the first heavy hole confined valence state. The peak at about 0.78 eV
is attributed to the zero-phonon line of the indirect cL1-HH1 transition between the first
confined CB state at L and the HH1 level. The peak and shoulders between 0.74 and 0.77 eV
are attributed to phonon replicas of the cL1-HH1 transition*® (for a detailed discussion, see
Section 3.1). At lower energies (0.6 - 0.7 eV), emission related to defects (mainly
dislocations) is visible, as confirmed by the comparison with PL results obtained on bulk

SiGe alloys. %8 771
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Figure 2.16: Typical LT PL spectrum of Ge/SiGe MQWs (sample 7864-E10: 200 QWs,
L, = 9.9 nm). The LT ABS spectrum is also reported (dotted line).!*®!

The fact that both direct and indirect transition are visible in the same PL spectrum is due to
the proximity between Egqir and Eging in Ge (see Section 2.1) and also to the higher
recombination rate for the direct transition that allows to observe the cI'1-HHL1 transition even
if carrier dynamics favors the population of L- type states (see Section 2.3.5).

In Fig. 2.17 the energy peak of the cL1-HH1 zero-phonon line and of its phonon replica is
reported as a function of the energy of the cI"'1-HH1 emission. A linear dependence is shown.
As the QW thickness decreases, the energy distance between the two transition increases,
since L states are less sensitive to changes in the QW width than the I" ones. Moreover, the
good agreement between experimental and calculated data (full and open symbols
respectively) not only confirms the attribution of the PL peaks to the cL1-HH1 indirect
transition between confined states but also proves the type-1 band alignment of both the L and
the ' conduction minima."* In the inset of Fig. 2.17, the dependence of the energy of the

cL1-HH1 zero-phonon emission on the QW thickness is also shown.
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Figure 2.17: Energy of the indirect cL1-HH1 zero-phonon transition and of its phonon
replica as a function of the energy of the direct cI'l-HH1transition. Full symbols are
experimental data obtained via LT PL measurements on wafers 7873 (triangles), 7864
(squares), and 7909 (dots). The open symbols show the values calculated via tight-binding
method (excitonic effects have not been included). In the inset the experimental and the
calcul[zilgad values of the energy of the indirect cL1-HH1 transition are reported as a function
of L,.

2.3.5 Carrier dynamics

Different literature works are devoted to the study of the dynamics of photoexcited carriers in
Ge/SiGe QWs through experimental analysis, mainly pump-probe TR ABS, in most of the
cases corroborated by theoretical simulations.?® 2 34-38.78 | thjs Section the main literature
results are summarized. They will be an useful reference for the discussion of the
experimental results of TR-PL and PL as a function of the excitation wavelength that will be
presented in Chapters 3 and 4.

In the following, the results reported in Refs. [25] and [36], obtained on samples analogous to
the ones analyzed in this work, are mainly discussed. In Fig. 2.18(b) the RT pump-probe
differential ABS in false color scale as a function of the time delay form the pump pulse is
reported for Ge/Sip15Geggs MQWS. The pump energy is resonant to the HH3-cI'3 transition.
At At = 0 ps the ABS is heavily bleached at the injection energy only. After about 250 fs, the
most of the carriers occupy states in the vicinity of the HH2-cI'2 transition, and further relax
to states next to the HH1-cI'1 transition after about 450 fs.*®! The observed thermalization
times (as a whole about 500 fs) are considerably longer in Ge QWs than in typical 111-V QWs
(about 100 fs). This difference can be attributed to a lack of Fréhlich interaction’ due to the
purely covalent nature of the bonding.”?® Then, after 500 fs all the carriers have scattered to

L-type states via intervalley phonon scattering. The I'- to L-type states scattering process
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results more efficient than intravalley cooling. Moreover, its efficiency increases as the
electrons are promoted to states with kj # 0.2% Typical scattering times are of the order of
200-300 fs. This result has been confirmed also in [34]. The quasi-equilibrium condition,
reached by the system after 500 fs, persist to the ns regime.?®!

When the sample is excited resonantly to the HH1-cI'1 transition (Fig. 2.18(c)), a pronounced
scattering to higher energies is observed, mainly towards the subband cI"2 in proximity of the
minimum. The energy necessary to this heating of the system is gained from the excess
energy of the electrons scattered to the L valley. Once electrons reach the L valley, they lose
their excess energy not only generating phonons, but also interacting with electrons in the I'

valley, causing their up-scattering towards higher energy states.
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Figure 2.18: (a) RT linear ASB spectra for 50 Ge/SiGe QWs. (b) and (c) RT differential
ABS spectra (AaL) in false color scale as a function of the delay time form the pump pulse
for excitation resonant to the HH3-cI'3 and the HH1-cI'1 transitions respectively. The grey
pulse shape indicate the respective pump spectra. The relaxation processes are emphasized
by the black arrows.®

In Ref. [25] the ultrafast response at RT as a function of the optically injected carrier density
is investigated. As shown in Fig. 2.19(a) and 2.19(b) , when the sample is excited close to the

HH1-cI'1 transition with a pump photon density of 2.5-10° cm™ per pulse, ultrafast transient
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optical gain is observed as the carriers relax, indicating carrier population inversion around
the T point. The gain last up to 20 fs; a maximum value of aL = - 8-10™ per QW is obtained.
If the photon density is decreased, lower maximum values can be reached and the gain lasts
for longer times, due to slower scattering processes. If the sample is excited far from the
resonance, no gain can be observed, since the amount of carriers that scatter to L valley before
reaching the bottom of the subband significantly rises. In Fig. 2.19(c) the corresponding
calculated spectra are plotted; for each curve the value of the ratio between I' and L carrier
populations is also reported. A comparison between Figs. 2.19(b) and 2.19(c) clearly shows

that the gain lifetime is limited by the efficient phonon-assisted I" to L intervalley scattering.
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Figure 2.19: RT ABS spectra around the HH1-cI'1 transition. In (a) and (b) experimental
spectra for different delay times from the pump pulse are shown. Corresponding theoretical
spectra, selected by line-shape comparison, are reported in (c); for each curve the value of
the ratio between I" and L carrier populations is also reported. Linear ABS is reported in all
the graphs as a reference.?®
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Chapter 3

Indirect gap related emission

This Chapter is devoted to a detailed analysis of the indirect gap related emission in Ge/SiGe
QWs.

In the first Section the general features of the recombination process, as resulting from
previous works, are reviewed. Moreover, the origin of the zero-phonon line and the attribution
of the phonon replicas are discussed in details on the basis of recent literature data and
experimental evidences. In Section 3.2 a systematic study of the PL decay of the indirect L-I"
transition is presented, and the dependence of the decay time on QW thickness, excitation

density and lattice temperature is discussed in detail.

3.1 General features of the indirect recombination
The typical LT PL spectrum of Ge/SiGe MQWs has been reported in Fig. 2.16 and its general

characteristics have been shortly presented in Section 2.3.4. In Fig. 3.1 the zoom of the
spectral region 0.7 — 0.8 eV of the PL spectrum characterized by the presence of indirect
transitions is reported. As already discussed in Section 2.3.4, the peak at 0.768 eV is
attributed to the zero-phonon line of the indirect gap related cL1-HH1 transition.

In an indirect QW system, different phenomena can account for the observation of the zero-
phonon line. As a matter of fact, in a QW structure the confinement breaks the k-conservation
rule in the growth direction, z, while this selection rule still holds along x and y.
Consequently, depending on the wavevector k of the CB and VB states involved in the
transition, the relaxation of k-conservation along the z-direction can allow the observation of
indirect recombination without phonon participation. This effect has been observed, for
instance, in indirect gap Si-rich SiGe/Si QWSs grown on Si (100) surface. In this case, two of
the six equivalent A points of the CB are along the z direction (see Fig. 2.3); as a
consequence, the confinement itself enables the observation of the zero-phonon transition.®

Moreover, in these systems the QW material is a SiGe alloy, and the zero-phonon
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recombination is favored also by the alloy scattering, that can provide the A electrons with the
momentum required to recombine with I" holes.*"

In the Ge/SiGe QWs with Ge-rich barriers under analysis, the CB absolute minimum is at the
L point of the Brillouin zone. The samples are grown on a Si (100) surface and all the
equivalent points have a component in the xy plane (see Section 2.1, Fig. 2.3). As a
consequence, the confinement cannot be at the origin of the zero-phonon line. In literature the
observation of the zero-phonon line in QW systems in which momentum conservation is not
relaxed by the confinement is justified considering two different mechanisms related to the
roughness of the interfaces between wells and barriers. In Ref. [80] the origin of the zero-
phonon line is attributed to the carrier scattering with the interface roughness, that provides
the required momentum. On the other hand, QW thickness fluctuations localize excitons in
regions of lower potential, providing a delocalization of electrons and holes in the k-space!®!

and thus a non-zero probability for the zero-phonon transition to occur.®”
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Figure 3.1: PL spectrum for Ge/SiGe MQWs (sample 7864-E10) measured at T =5 K. The
spectral region of the indirect emission is here shown in detail.’*®!

The indirect spectral region of the PL spectrum reported in Fig. 3.1 is also characterized by
the presence of other structures. A Gaussian fit of the two doublets provides the energy of
these structures: 0.733 eV, 0.740 eV, and 0.761 eV respectively. All the analyzed Ge/SiGe
QW samples display the same features. As discussed in detail in Ref. [68], the energy spacing
between the peaks does not depend on L, and their intensity ratio remains constant varying

the exciting power density by orders of magnitude. These results prove that the peak at 0.740
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eV and the low energy shoulders at 0.733 eV and 0.761 eV can be phonon replicas of the cL1-
HH1 transition.

Literature works, mainly based on Raman spectroscopy, show that in SiGe heterostructures
phonon energies are not significantly influenced by the confinement for a QW thickness
larger than 2-3 nm.!¥? =1 Accordingly, in different papers on SiGe/Si QWSs the phonon
replicas have been attributed using for the phonon energies the values of the bulk alloys (see,
e.g., Refs. [85 - 87]).

Taking into account that the minimum thickness of the studied Ge/SiGe QWs is 3.8 nm, the
attribution of the phonon replicas in the PL spectra of Ge/SiGe QWSs can be based on the LT
phonon energies at L for bulk Ge (see Fig. 3.2).
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Figure 3.2: LT phonon dispersion curves of bulk Ge.® The energy of the phonons at the L
point of the Brillouin zone are from Ref. [47].

The PL peak at 0.740 eV, 28 £ 1 eV red-shifted respect to the zero-phonon line, is thus
attributed to the LA replica. The attribution of this peak to the LA phonon replica is in
agreement with Refs. [27] and [89], where Ge/SiGe QWs with Ge-rich barriers grown on Ge
substrates are discussed. The energy of the TA phonon at the L point is 7.7 meV (Fig. 3.2)
and the shoulder centered at 0.761 meV, 7 meV red shifted respect to the zero-phonon line,
can be attributed to the TA replica of the cL1-HH1 transition. Finally, the shoulder at 0.733
eV, separated from the zero-phonon line by 35 meV, is compatible with both the TO replica
or the two-phonon TA+LA replica. Since the intensity of a two-phonon replica is expected to
be significantly lower than that of a single-phonon one (in Ref. [90], e.g., the ratio of the
probabilities of the two processes is estimated to be two orders of magnitude), and the
intensity of this structure is compatible with that of the TA replica, the peak is attributed to

the TO-phonon-assisted indirect recombination.
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The attribution of the phonon replicas in Fig. 3.1 indicates that in Ge/SiGe QWs the
interaction with acoustic phonons is more important than the interaction with optical phonons.
Literature works confirm this conclusion for Ge-rich SiGe systems. The first confirmation
comes from Ref. [58], where bulk SiGe alloys with composition ranging from Sigg,Geg 0 t0
Sip07Geg o3 are studied: the related LT PL spectra are shown in Fig. 3.3. In Si-rich alloys, the
TO replicas dominate the spectra. However, as the Ge content increases, the intensity of the
phonon assisted transitions changes as well as the type of the involved phonons: the
contribution of acoustic phonons increases, while the TO replica intensity decreases. It is
important to remark that also in the optical spectra of bulk Ge the role of the acoustic phonons
is relevant. This has indeed been reported in Ref. [91], where the LA replica dominates the PL
spectrum. LT PL measurement performed in this work (Fig. 3.4) confirm this conclusion: the
zero-phonon emission is not observed, while intense phonon replicas characterize the
spectrum. The TA, LA and TO replicas are visible at 0.700 eV, 0.708 eV and 0.729 eV
respectively, and the intensity of the LA replica is about 7 times higher that that of the TO and
TA replicas.
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Figure 3.3: LT near band gap PL spectra for bulk Si;,Ge, alloys with different
compositions. Zero-phonon (X"*) and phonon assisted transitions are visible.
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Furthermore, the dominance of the LA phonon is confirmed also by Ref. [32]; in this work,
the indirect region of ABS spectra in Ge/SiGe MQWSs was calculated assuming a dominant

role for LA phonons and well reproduced by experimental photocurrent data.
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Figure 3.4: Experimental PL spectrum of bulk Ge at the lattice temperature of 2 K
(excitation power density of about 2 kW/cm?). The TA, LA and TO phonon replicas of the
indirect recombination are observed. The attribution is supported by Refs. [47, 58, 88].
Exciton binding energy (about 4 meV in bulk Ge)*! was also considered.

No evidence is experimentally found in the PL spectra of the indirect cL1-LH1 transition,
involving the first LH confined valence state. On the basis of the calculated band structure
(see Fig. 2.8), the energy distance between the cL1-HH1 and cL1-LH1 transitions is expected
to be about 40 meV. On the contrary, as it will be shown in Chapter 4, the cI'1-LH1 emission
is commonly present in the direct gap related PL spectra. This difference may be traced back
to two factors: (i) the oscillator strength of the cL1-HH1 and cL1-LH1 transitions, and (ii) the
DOS of the HH and LH bands. First, transitions at I" involving LH states are characterized by
a lower oscillator strength respect to those involving HH states. Indeed, the ratio of the
probability of cI'1-LH1 transition and cI'1-HH1 direct transitions is one third (see Tab. 2.3).
An analogous behavior may be reasonably assumed for the cL1-LH1 and the cL1-HH1
transitions, despite the different initial state involved. Furthermore, we should consider that
the transition rate of an indirect transition is proportional to the product of the
DOS of the initial and final states®?; thus, the different effective mass value of HH and LH
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valence states favors the cL1-HH1 recombination. These two factors may account for the lack
of the cL1-LH1 transition in the PL spectra.

3.2 Decay time of the indirect recombination

In this Section the results of a detailed experimental study of the decay time of the indirect
cL1-HH1 emission are presented. The decay time dependence on the QW thickness L,, on the
emission wavelength and on the lattice temperature is discussed and compared with literature
data. Where no otherwise specified, the measurements have been performed under non-
resonant excitation conditions (Aexc = 351 nm), i.e. electrons are promoted to the continuum
states of barriers and wells. In these excitation conditions, as it will be discussed in Section
4.4, at LT the indirect gap related emission only is visible, since the excited electrons
thermalize directly to L-type states.

The details of the experimental techniques used for the decay time measurements are reported
in Section B.3.1. Nevertheless, for the discussion of the experimental data presented in this
Section, it is important to remind that the shortest measurable decay time is 2 ns and the
precision of the measured decay time is + 0.3 ns. Moreover, the measured decay curve is
actually a convolution of the exponential PL decay and of the laser pulse, which has a
Gaussian shape (see Section B.3.2). Consequently, the decay time has always been obtained
through the deconvolution procedure described in Section B.3.2, where the method used for
the extraction of the decay time values from the experimental decay curves is discussed in
detail.

3.2.1 Decay time values

A detailed discussion of the different processes involved in the PL of semiconductors can be
found in different papers. In this work we refer to Refs. [92] and [93] for bulk semiconductors
and to Ref. [94] for QW systems. We concentrate here on the total decay time, Ty, Which is
the experimental result of a decay time measurement. Once the photoexcited electrons have
thermalized to the bottom of the CB, they can recombine with holes at the top of the VB
through different radiative and non-radiative channels.

In case of indirect transitions the radiative recombination can occur through different
mechanisms, such as phonon participation or scattering with interface roughness; as described

in Section 3.1, these processes are important for Ge/SiGe QWSs. These mechanisms are
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characterized by different decay times. If the probabilities of the different processes are
independent, the radiative decay time 1,54 Can be written as

i:i+i+... , (3.1)

Trada 01 T3

where 11, T2, ... are the decay times characterizing the different processes. If the i process is
significantly faster than the others, t5q coincides ;. If all the processes are competitive, they
all contribute significantly to determine the tr5q Value.

Similarly a non-radiative decay time Thonrag Can be defined: different processes can contribute
to Tnonrad, @Nd a relation analogous to the previous one can be written.

Finally, assuming independent radiative and non radiative recombination processes, the total
decay time T, Of the excited carrier recombination process is given by

1., 3.2)

Tiot T T

rad nonrad

Figure 3.5 shows a typical decay curve obtained for the zero-phonon cL1-HHL1 transition at
the lattice temperature T = 14 K. A single exponential decay is observed over about three
decades. At this lattice temperature decay times of the order of 10 ns have been measured for
all the analyzed samples (see Fig. 3.8).

To the best of our knowledge, no data on the decay time of Ge QWs with Ge-rich barriers are
reported in literature and no data can be easily found on confined indirect gap systems
characterized by a type-1 band alignment. The only example of TR-PL analysis of an
analogous system is given in Ref. [80], where decay times of the order of 50-200 ns are
reported for (Galn)As/InP QWs, depending on composition and QW thickness.

The T Values we measured are compatible with the literature data on type | direct gap QWs
based on I11-V materials and on type Il indirect gap Si-rich QWSs. In type-I direct gap QWs
based on I11-V semiconductors, where optical transitions are favored by the direct nature of
the gap and by the increased electron-hole wavefunction overlap, the typical decay times are
of the order of hundreds of ps.”® %% In type-11 indirect gap SiGe/Si QWs, on the contrary, the
localization of electrons and holes in different spatial regions and the indirect gap give decay
times of the order of hundreds of ns or higher.[®" %21 Since our systems are characterized
by an indirect transition in type-1 QWs, intermediate decay time values are expected. Indeed,
the measured Ty values are just one order of magnitude higher than those typical of type-I

direct-gap I111-V QWs, as expected due to a lower transition probability, and about two orders
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of magnitude shorter than those typical of type-Il indirect-gap SiGe/Si QWs, thanks to the
type-1 band alignment.
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Figure 3.5: Typical decay curve of the zero-phonon cL1-HH1 transition; data refer to
sample 7909-F1 measured at the lattice temperature of 14 K.

In different samples the decay was measured also for the LA phonon replica of the cL1-HH1
transition. The decay time of the LA replica always reproduces that obtained for the zero-
phonon line, as expected. Indeed, decay time measurements detect the depletion rate of the
excited state involved in the transition, regardless of the different mechanisms that contribute
to the depletion, as previously discussed. Consequently, no difference is expected between the
decay time of the LA replica and of the zero-phonon emission, since the same initial and final
states are involved. This result is a further confirmation of the attribution of the peak at 0.740
eV in Fig. 3.1 to a phonon replica.

3.2.2 Decay time dependence on the emission wavelength

As described in Section B.3.1, the decay curve is measured at a fixed wavelength, usually in
correspondence of the zero-phonon peak. In some cases, however, the decay has been
measured also as a function of the emission wavelength. In Fig. 3.6 the decay time Ty IS
reported as a function of the emitted photon energy. The CW-PL spectrum of the same sample
measured under non-resonant excitation conditions is also reported as a reference. When the
emitted phonon energy is close to the zero-phonon line maximum (about £ 10 meV), Tt

remains constant within the experimental error; however, moving to higher energies, 1 Starts
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to decrease. This behavior could be due to the cooling process of the carriers occupying states
far from the conduction minimum, which is competitive with the radiative recombination.
Moreover, measurement as a function of exciting power density have shown that the decay
time at the maximum of the zero-phonon peak is not modified if the excitation power density
is reduced by more that one order of magnitude. This suggests that T, IS & relevant
component of T AS @ matter of fact, the decay time is expected to vary with the exciting
power density when non radiative processes, like Auger effect or recombination involving
defect levels, which are respectively enhanced and reduced by higher exciting power
densities, are important.
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Figure 3.6: Decay time as a function of the emitted photon energy (red squares) at the

lattice temperature of 14 K for sample 7864-E5. The CW-PL spectrum (green line) is also
reported.

If the time integral of the decay curves is plotted as a function of the wavelength at which the
decay has been measured, an integrated spectrum is obtained. An example of integrated
spectrum is shown by the black dots in Fig. 3.7, where the CW-PL spectrum measured on the
sample under non-resonant excitation (Aexc = 532 nm) is also reported. There are two evident
differences between the spectra: (i) at energies lower than 0.77 - 0.78 eV the integrated
spectrum only is affected by the detector cutoff (see Section B.3.1), and (ii) the high energy
tail of the integrated spectrum is more intense. This latter can be justified taking into account
the excitation conditions. The power density used in CW-PL measurements is about 2

kW/cm? (see Section B.2), while the peak power density in the decay time measurements is
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about 5.5-10° kW/cm? (see Section B.3.1). Since the typical Ty values are of the order of 10
ns and the laser pulse lasts few ns, we can safely assume that the ratio between the excited
carrier densities in the two excitation conditions is of the same order of magnitude of the ratio
between the above exciting power densities. This ratio accounts for the difference between the
two spectra: hot-carrier recombination can be expected to contribute to the integrated

spectrum due to the significantly higher excited carrier density in decay time measurements.
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Figure 3.7: Comparison between integrated spectrum (black dots) and CW-PL spectrum
(green line) of the zero-phonon line of sample 7864-E5; the two spectra are measured under
non-resonant excitation conditions at the lattice temperature T = 14 K.

3.2.3 Decay time dependence on well thickness

The decay time of the zero-phonon emission in different samples is reported in Fig. 3.8 as a
function of the QW thickness. Samples with QW thickness ranging from L, = 3.8 £ 0.5 nm to
L, =22.6 £ 1.0 nm were analyzed at the lattice temperature of 14 K; the L, determination is
discussed in Section B.1.2.

Data in Fig. 3.8 show that the decay time increases as the QW thickness increases with a
nearly linear trend. An analogous behavior has been reported for both 111-\/[%° - 971021031 g
SiGe/Si® QWs. In the literature, different phenomena are suggested to contribute to the

observed dependence of the radiative lifetime on L.
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The exciton binding energy depends on the QW thickness (see Section A.4), and
increases as the QW width is reduced™*®; the transition probability is thus enhanced,

giving rise to a reduction of Trag.Bt % ¥ 1% This

is also confirmed in Ref. [96],
where the following dependence of the decay time on the binding energy of the 2D-

exciton (EZ”) has been obtained

%P o AE(;II;) : (3.3)
B

In Eq. 3.3 A is the homogeneous width of the excitonic PL peak, which is expected
to increase as L, increases. The homogeneous contribution to the FWHM is
determined by the transition probability and, in the case of a phonon assisted
transition, by the curvature of the phonon and electron dispersions at the points of the
Brillouin zone involved in the transition. The inhomogeneous contribution is due to
extrinsic factors, that change from sample to sample: in Ge/SiGe QWSs the main
extrinsic factor can be reasonably assumed to be the interface roughness.
Preliminary results suggest that in Ge/SiGe QWs the inhomogeneous component
prevails on the homogeneous one. In fact, from preliminary measurements of the
dephasing time of the excitonic transition on sample 8009-G7 a homogeneous
component of about 2-3 meV can be estimated at LT, while FWHM values between
4 and 20 meV are found for the HH1-cI'l LT ABS peak of the different samples.
Consequently, it has not been possible to check experimentally the validity of Eq. 3.3
for Ge/SiGe QWs through PL measurements.
The interface roughness has also to be taken into account, because of its important
role in the zero-phonon emission, as discussed in Section 3.1. As L, decreases, the
role of the interface roughness becomes more relevant, as shown in Refs. [102, 106].
Accordingly, the zero-phonon emission, favored by exciton scattering®” and exciton
localization at the minima of the spatially fluctuating potential, ®° 8 becomes more
probable and the decay time is expected to decrease.
Finally, also the superposition of electron and hole wavefunctions depends on L., and
thus it is expected to contribute to the dependence of the decay time on L,. The
decrease of the decay time is indeed compatible with the increasing overlap of
electron and hole wavefunctions due to the reduction of L,. However, when the QW
thickness is lower than a critical value, the wavefunction overlap is expected to start

decreasing, since the wave function significantly penetrate the barriers. Accordingly,
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the decay time is expected to rise as shown e.g. in Ref. [81] for SiGe/Si QWSs, where
a critical L, of 4 nm is found. In Ge/SiGe QWs no rise of the decay time is observed
as L, decreases: this may be due to the fact the critical QW thickness is equal or
lower than the minimum L, considered (3.8 nm); this is compatible with the high
offsets typical of this system (see Fig. 2.8), which are indeed higher than in SiGe/Si
systems (see Fig. 2.7).

Summarizing, the decrease of the decay time as the QW thickness decreases can be mainly

due to intrinsic factors, and suggests that 1,54 is a non negligible component of the total decay

time. An analogous behavior is reported also in different literature works. 8% -7
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Figure 3.8: Decay time of the zero-phonon cL1-HH1 transition as a function of QW
thickness at the lattice temperature T = 14 K.

Data points in Fig. 3.8 show also that different decay times can be found in different samples
with the same L,. In literature this behavior is associated to different defect concentration and
interface roughness. % % 192107 1n oyr case, this hypothesis is in good agreement with the
results of CW-PL and ABS measurements. In Fig. 3.9 the LT CW-PL spectra of the two
samples characterized by the same L, = 7.3 nm (as shown by the common value of the zero-
phonon energy, 0.785 eV), but different decay times (see Fig. 3.8) are reported. The spectra
have been normalized for an easier comparison. The blue line refers to the sample with Ty =
8.1 £ 0.3 ns and is the typical spectrum of samples characterized by long decay times, while

the orange line refers to the sample with 1t = 6.2 + 0.3 ns and is the typical spectrum of
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samples characterized by short decay times. In both the spectra a peak at about 0.6 eV is
present, attributed to transitions related to defects, mainly dislocations® (see Section 2.3.4).2
The relative intensity of the dislocation-related peak provides indications about the dislocation
density. The ratio is considerably higher for the sample characterized by the shorter decay
time, and this suggests that a higher density of competitive recombination channels associated
to defects may give rise to a reduction of 1. This is confirmed by literature works such as

Refs. [80] and [107].
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Figure 3.9 : CW-PL spectra of two samples characterized by the same L, (7.3 nm) but
different decay times at the lattice temperature of 5 K, as indicated by the red rectangle in
the grapf on the left. The orange line is the spectrum of sample 7909-F1, characterized by a
shorter decay time (6.2 + 0.3 ns), while the blue line is the spectrum of sample 7864-E4
characterized by a longer decay time (8.1 + 0.3 ns). PL spectra have been normalized to
their maximum.

Moreover, even in this case the interface roughness must be taken into account to explain data
in Fig. 3.8. The samples characterized by a short decay time present at LT a HH1-cI'l ABS
peak broader (average value 10 = 1 meV) compared to the samples characterized by a long

decay time (average value 6 £ 1 meV). This indicates that in samples featuring rougher

8 The difference of about 20 meV between the dislocation peak energy of the two spectra can be easily
explained. One of the parameters that influence the peak energy of the dislocation related emission in SiGe
alloys is the annealing time: the PL peak blue shifts as the annealing time increases.l’”” "'® The MQW stack has
been grown at low rate for the sample 7864-E4 and at high rate for the sample 7909-F1. Consequently the VS in
the first case has been exposed to high temperatures (i.e. it has been effectively annealed) for a considerably
longer time respect to the latter. Since the dislocations in the active layers are those generated in the VS (see

Section B.1.2), the blue shift of the dislocation peak of sample 7864-E4 is explained.
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interfaces the probability of the zero-phonon indirect transition is enhanced by scattering and
localization phenomena, and this corresponds shorter decay times.

In conclusion, in this Section the dependence of 1y On L; has been discussed. The increase of
Tior @S L, Increases proofs that t,4 1S @ non negligible component of the total decay time. This
result is supported by different literature works, such as Refs. [95 - 97, 81]. Nevertheless, the
observation of different decay times in QWSs characterized by the same L, indicates that
extrinsic effects, which change from sample to sample, can also affect the decay time. In
particular for a given L,, a higher interface roughness contributes to a shortening of g, While
non-radiative competitive channels due to a higher defect concentration reduce thonrag
Analogous results have been proposed e.g. in Ref. [96], where both the linear decrease of the
decay time in response to a reduction of L, due to intrinsic contribution, and the extrinsic
effects that affect the decay time in a different way from sample to sample are reported.
Finally, it is important to underline that at 14 K radiative and non radiative contributions to i

result to be of the same order of magnitude (see Fig. 3.8).

3.2.4 Decay time dependence on temperature

Different literature works discuss the decay time dependence on the lattice temperature. Most
of them concern direct gap QWs based on I11-V semiconductors. As far as the decay time can
be considered purely radiative, it is expected to increase linearly with T, as predicted in Ref.
[108] and experimentally confirmed in Ref. [96]. Then, when the temperature exceeds a
critical value, thermally-activated non-radiative processes become important and the total
lifetime starts to decrease.[®l: % %8 1031091 The critical temperature value depends on the
system, on the sample quality, and on the nature of the thermally-activated non-radiative

processes.

In this thesis work, the decay time of Ge/SiGe QWs was measured as a function of the lattice
temperature between 14 K and 300 K for different samples. At all the temperatures the
emission was collected at the energy of the zero-phonon line. As will be discussed in Chapter
4, for T higher than about 90 K the PL peak broadening prevents the experimental observation
of a resolved zero-phonon line in CW-PL spectra. Consequently, the zero-phonon line
position was estimated on the basis of the thermal reduction of the Ge indirect gap described

by Varshni’s law with the parameters reported in Table 2.2.

49



A common dependence on T was observed in all the analyzed samples. As an example, in Fig.
3.10 o IS plotted as a function of the reciprocal temperature for samples 7864-E4 (L, = 7.3
nm) and 7864-E1 (L, = 3.8 nm). A monotonic decrease of 1 IS Observed as the temperature
rises. Differences in L, influence the absolute T value but not the 1 dependence on T; this

behavior is reported also in Ref. [96].
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Figure 3.10: Decay time as a function of the reciprocal temperature for two samples 7864-
E4 (L, =7.3 nm) and 7864-E1 (L, = 3.8 nm) respectively. Solid lines are guides to the eye.

Different intrinsic and extrinsic effects can contribute to the observed decay time reduction
with increasing T. First, the enhancement of the non radiative channels has to be considered.
CW-PL spectra measured as a function of the temperature (see Section 4.2) show that the
intensity of the indirect gap related emission monotonically decreases for increasing T. The
decrease of the PL intensity, which is particularly relevant at temperatures higher than 70 K,
proves the contribution of non-radiative channels to the decrease of 1y Furthermore, the
increase of the phonon population enhances the probability of phonon assisted recombination,
producing a decrease of t5q. The exciton mobility has also to be taken into account: it is
expected to be enhanced due to the increase of exciton thermal energy. In other words,
excitons localised at the minima of the spatially fluctuating potential have enough thermal
energy to overcome the potential barriers and become free 2D excitons; as a consequence,
their lifetime is expected to decrease. This effect is described in Ref. [96] for GaAs/AlGaAs
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QWs: 1 is shown to remain constant until the exciton is localised and then to decrease as soon
as excitons become free due to their thermal energy. Finally, in the literature the thermally
activated exciton escape into barrier regions is also proposed to explain the reduction of the
decay time as T rises.®® 1 uUnlike literature cases (InGaAs/GaAs QWs!® and
GaAs/AlGaAs QWs®®), in which a band offset of few meV can be easily overcome thanks to
thermal energy, in the analyzed Ge/SiGe QWs this phenomenon can be excluded due to the
higher offset values (see Fig. 2.8).

In conclusion, the increase of non-radiative recombination processes, the increase of the
phonon population, and the enhancement of exciton mobility are all expected to contribute to
the decrease of Ty as the temperature increases. Nevertheless, a quantitative analysis of the
different contributions is not possible. As a matter of facts, the above processes are
characterized by different activation energies; but, since the decay time values vary of half a
decade only in the temperature range 14 to 300 K, no reliable evaluation of the activation

energies is possible.

3.3 Conclusions

In this Chapter a detailed study of the indirect gap related cL1-HH1 recombination in
Ge/SiGe QWs, based on the analysis of the results of CW-PL and decay time measurement,
has been presented.

The mechanisms responsible for the zero-phonon emission in these systems are discussed and
the phonon-replicas are attributed on the basis of literature results and experimental data: in
particular, the acoustic phonon contribution is found to be more important than the optical
phonon contribution. Moreover, the similar intensity of the LA replica and the zero-phonon
PL peaks indicates that in the most cases these two recombination mechanisms are equally
probable.

To the best of our knowledge, no results on the decay times in Ge/SiGe QWSs have been
reported in literature so far. Thus, the first detailed study of decay times in Ge/SiGe QWs has
been presented in this work. The measured decay time values of the indirect cL1-HH1
transition are of the order of 10 ns at 14 K. These decay times are just one order of magnitude
higher than those typical of type-I direct gap I11-V QWs and shorter than those characteristic
of type-Il indirect gap SiGe/Si QWSs. The observed strong dependence of the decay time on
QW thickness has been analyzed. The decrease of the decay time with decreasing QW

thickness can be related to intrinsic factors, and suggests the significant contribution of the
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radiative component to the Tt Value. On the other hand, the observation of different decay
times in samples characterized by the same L, may be due to contribution of extrinsic factors
that change from sample to sample. Our results suggest that at LT the radiative and the non-
radiative components have effects of the same order of magnitude on the total decay time
value. Finally, the marked dependence of the decay time on the lattice temperature can be

accounted for considering both radiative and non-radiative contributions.
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Chapter 4

Direct gap related emission

In this Chapter a detailed description of the direct gap related emission in Ge/SiGe QWs is
provided through the analysis of CW and TR-PL results.

First, the main features of the direct emission are presented; after a short description of the PL
spectra, mainly devoted to the discussion of the SS, self-absorption corrections and the
recombination involving states with n > 1 are described and discussed. Then, the dependence
of PL on the lattice temperature is analyzed; our results confirm that the thermal promotion of
electrons from L- to I'-type states has a relevant role in the direct emission at RT. Moreover,
an analysis of the relaxation processes of photoexcited carriers is performed through TR-PL,
together with PL as a function of the excitation wavelength and pump-probe TR ABS
measurements. Our data suggest that an ultrafast electron inter-subband scattering occurs at I'.
This analysis, together with the results presented in Chapter 3, allows to conclude this Chapter
with an overall picture of carrier thermalization and recombination processes in Ge/SiGe
QWs. The intricate interplay between the different relaxation processes in Ge/SiGe QWs
yields spectral features different from the commonly observed emission features in typical
GaAs-based QWs.

4.1 General features

This Section is devoted to the description of the typical features of the direct region of the LT
CW-PL spectra. All the measurements presented here have been performed under resonant
excitation conditions: carriers are excited between QW confined states since the exciting
photon energy (1.165 eV = 1064 nm) is higher than the direct optical gap energy of the Ge
QWs but lower than the direct gap energy of the Sigp10Geg.go barriers (see Fig. 2.8). At LT the
direct emission is indeed visible only under these excitation conditions, as will be discussed in
detail in Section 4.3. A detailed description of the experimental setup used for the CW-PL

measurement presented here is reported in Section B.2.
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The typical LT PL spectrum of Ge/SiGe MQWs has already been reported in Fig. 2.16 and its
general characteristics have been shortly presented in Section 2.3.4. In Fig. 4.1 the zoom of
the spectral region 0.90 — 1.05 eV, characterized by the presence of direct transition, is
reported. As previously discussed, the peak at 0.974 eV is attributed to the cI'1-HH1 direct
gap related recombination. This PL peak is 14 meV red-shifted respect to the ABS peak
related to the same transition. This energy distance between PL and ABS peaks is known as
Stokes shift (SS). A detailed description of the SS can be found, e.g., in Ref. [111] and
references therein. The origin of the SS in QWs is related to the interface roughness: the
photoexcited carriers thermalize at the local energy minima (i.e., in the regions with larger
L,). As a consequence, the PL peak is red-shifted respect to the ABS peak. Obviously, in an
ideal QW with flat and equally spaced interfaces, no SS should be observed. The SS is indeed

an index of the interface quality: the smaller is the SS, the higher is the interface quality.
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Figure 4.1: CW-PL spectrum of Ge/SiGe MQWs (sample 7864-E10) measured at the
lattice temperature T =5 K (black line). The spectral region of the direct emission is shown
in detail. The ABS spectrum at the same lattice temperature is also shown for reference (red
line). The distance between ABS and PL peaks related to the same transition is known as
Stokes shift.

Since both SS and ABS FWHM depend on interface roughness, they can be related to each
other. In Ref. [112] a linear relation is proposed

SS = b-FWHM, 4.2)
where the theoretical value of the parameter b is 0.55. Experimental SS values obtained in a
set of 111-V and 11-VI QW samples have been collected in Ref. [112] and plotted as a function
of the ABS FWHM (Fig. 4.2): the experimental data are fitted with a straight line whose slope
is 0.6, in good agreement with the theoretical value. The red spot in Fig. 4.2 gives the
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dispersion of the experimental data obtained in this work through the analysis of a number of
Ge/SiGe QWs characterized by different QW number, thickness and growth rate. These
experimental data give for the SS an average value of 11.0 £ 3.2 meV and for the ABS
FWHM?® an average value of 9.3 + 4.3 meV; as shown in Fig. 4.2, these values are in good
agreement with the literature trend.[**

In discussing these data, it is important to note that in our case different factors may
contribute to make a detailed analysis of the SS complex. First, PL and ABS measurements
explore different areas of the sample, of the order of about 10°mm? and about 1 mm?
respectively (see Section B.2). Then, the ABS measurements probe all the QW stack, while in
PL measurements the penetration depth of the exciting light (Aexc = 1064 nm) corresponds to
about 50 QWs (see Section B.2). Finally, a local sample heating due to the laser may affect
the lattice temperature in PL measurements and, consequently, may induce a red shift of the
PL peak energy. All these factors are estimated to produce an indetermination of the order of

few meV on the SS value, and thus do not modify the above conclusion.
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Figure 4.2: SS as a function of the FWHM of the ABS peak for GaAs, InGaAs, GaAsP,
ZnSe, ZnSeS QWs. The data have been collected in Ref. [112]. The red spot represents the
data obtained for different samples of Ge/SiGe QWs in this thesis work.

®The ABS FWHM has been evaluated through a Lorentzian fit of the HH1-cI'l peak of the experimental LT
ABS spectra.
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4.1.1 Self absorption

The cI'1-HH1 peak of LT CW-PL spectra of our samples is usually characterized by a marked
change of slope in the high energy tail. In Fig. 4.3 this marked change of slope is at 0.988 eV.
The energy position of the slope change corresponds to that of the HH1-cI'l ABS peak. This
suggests that the shape of PL spectra is affected by self-absorption effects: part of the light
emitted is absorbed by the sample itself before reaching the surface.

Self-absorption effects on the PL spectra can be corrected on the basis of a simple model.®*
Let us consider first the case of bulk materials, excited by a laser with penetration depth given
by 1/0(Aexc), Where aexc) IS the ABS coefficient at the wavelength of the exciting laser.

The effective intensity of the exciting laser (I.) decreases with the depth x. The relation

(9 o
=S )1 g @2)

where I is the intesity of the exciting laser at the depth O, gives the excitation of PL. We
assume that the recombination efficiency is independent on the intensity and that the excited
carriers do not diffuse. Neglecting the reflection at the sample-air surface and assuming that

the laser is completely absorbed by the sample, the measured spectrum Ipmeas(A) is given by

I meas (ﬁ) =1 real (A)J‘a(ﬂ“exc )I L,Oeia(ieXC)Xeia(l)de ' (43)
0

where lrea(A) is the “real” emitted spectrum and the therm e~*““*accounts for self-absorption.
Thus, the “real” spectrum Iiea(A) can be calculated from the measured spectrum Iyeas(A)
through the relationship

(au:a;;c(w s
Moving to the case of a QW system, the attenuation depends on the number of QWs only and

oo () + Fea (2):

not on their thickness, as discussed in Section 2.3.1 and in Refs. [19, 67, 68], and thus in Eq.
4.4 the ABS coefficients have to be expressed in (number of wells)™. If the sample is excited

resonantly, the barriers can be assumed to be transparent, and Eq. 4.4 becomes

| et (2)+ Imeas(ﬂ)-w, (4.5)

where A(hexc) and A(X) are ABS coefficients in (number of wells)™. The experimental CW-PL
spectra have been corrected using Eq. 4.5. When the correction is applied the change of slope
disappears. This has been verified for all the samples. As an example, in Fig. 4.3 the corrected

spectrum of sample 7864-E10 is shown by the blue line: the comparison with the

56



experimental spectrum evidences that the slope change has been removed, thus confirming
that self-absorption affects the PL spectra of Ge/SiGe QWs.
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Figure 4.3: LT CW-PL spectrum of sample 7864-E10 corrected for self absorption (blue
line). The experimental CW-PL (black line) and ABS (red line) spectra are also shown.

4.1.2 Emission from high energy states

In the LT CW-PL spectra of our Ge/SiGe MQWs structures at higher energy respect to the
c['1-HH1 emission are usually present. The intensity of these structures is generally much
lower than that of c['1-HH1 and the self-absorption correction does not affect significantly
their shape and intensity. As an example, in Fig. 4.4 the CW-PL spectrum of sample 7864-
E10, corrected for self-absorption, is reported on a logarithmic scale: the cI'1-HH1 transition
is present at 0.975 eV and a weaker peak at 1.105 eV is clearly visible. Its intensity is about
one order of magnitude lower than that of the cI'l-HH1 emission. A comparison with the
ABS spectrum suggests its attribution to the cI'2-HH2 emission, due to the proximity of the
two structures in the PL and ABS spectra. The presence of transitions between confined QW
states with n > 1 in PL spectra is not commonly observed, but it is reported in some literature
works, such as Ref. [113] for GaAs/AlGaAs MQWs and Ref. [114] for GalInNAs/GaAs QWs.
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Figure 4.4: Self-absorption corrected CW-PL (black line) and ABS (red line) spectra of
sample 7864-E10 at the lattice temperature T = 2 K. The c['2-HH2 emission is visible at
1.10 eV. Note the logarithmic scale.

The SS is observed even for the cI'2-HH2 transition. In Fig. 4.5 CW-PL spectra of sample
8009-G7 at the lattice temperature of 5 K are reported for excitation power densities ranging
from about 0.3 kW/cm? to about 3 kW/cm?. When the maximum power density is used, a
clear cI'2-HH2 emission peak is visible at 1.029 eV and a carrier temperature of about 260 K
can be estimated from the slope of the high energy tail of the cI'l-HH1 peak. As the power
density decreases, the high energy emission intensity decreases as well and finally disappears,
and the carrier temperature reduces down to about 150 K. This behavior suggests that the
observation of the cI'2-HH2 emission could be attributed to a significant population of high
energy states due to the carrier heating by the excitation.

Moreover, the ratio of the intensity of the two peaks depends on the energy distance between
the cI'1-HH1 and cI"2-HH2 transitions and, in particular, it decreases as the energy distance
increases, i.e. as L,diminishes. This behavior can be easily explained in terms of population
of the states and supports the hypothesis that the presence in the spectra of the cI'2-HH2

transition can be due to a high carrier temperature.
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Figure 4.5: CW-PL spectra of sample 8009-G7 at the lattice temperature of 5 K with
different exciting power density (I = 3 kW/cm?).

Another feature of the spectra in Fig. 4.5 is the lack of the cI'1-HH1 transition. The absence of
a clear evidence of this transition is a common situation when samples are excited with the
1064 nm line. In our opinion, this can be due to two factors: the low oscillator strength of the
c['1-LH1 transition and the intense high energy tail of the cI'l-HH1 peak. As already
mentioned in Section 3.1, the transitions involving LH states are characterized by a lower
oscillator strength respect to those involving HH states. The selection rules provide matrix
T T
ﬁ and ﬁ

%] (see Section 2.3.1, Tab. 2.3). Since the emission probability is proportional to the square

elements equal to for direct transitions involving HH and LH states respectively

of the matrix element, the recombination probability of a transition to a final LH state is one
third of that of the corresponding HH one. Moreover, the weak cI'1-LH1 emission is usually
superimposed on the intense high energy tail of the cI'l1-HH1 emission, and thus is difficult to
identify.

In conclusion, the cI'1-LH1 emission is expected to be observed in PL spectra. Nevertheless,
our data show that the observation of this transition is very sensitive to the experimental
conditions. Indeed, as will be discussed in Section 4.3.2, when different wavelengths and

power densities are used for the sample excitation, a weak cI'l-LH1 PL peak can be observed.
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4.2 Temperature dependence of the CW-PL spectra

In Fig. 4.6 the CW-PL spectra of sample 8009-G7 at the lattice temperatures of 5 K and 300
K are shown. The ABS spectra of the same sample at the two temperatures are also reported.

The RT PL spectrum evidences that the direct gap related emission (energy peak at 0.88 eV)
is visible also at 300 K with an intensity which is one order of magnitude lower than that at
LT. The observation of the direct emission at RT in an indirect gap system is interesting from
a fundamental point of view; it also suggests that Ge/SiGe QWSs may be promising candidates
for light sources, such as lasers, with a material system that can be easily integrated on Si.
Finally, it proofs the good structural quality of the LEPECVD-grown Ge/SiGe QWs under
analysis. Consequently, a detailed analysis of the dependence of PL spectra on the lattice
temperature has been performed, in order to clarify the mechanisms responsible for the
observation of direct emission even at RT. In Fig. 4.7 PL spectra measured at selected

temperatures are reported.
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Figure 4.6: PL (full lines) and ABS (dotted lines) spectra of Ge/SiGe QWs (sample 8009-
G7) at lattice temperatures of 5 K (blue lines) and 300 K (red lines).
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Figure 4.7: CW-PL spectra of sample 8009-G7 measured at selected temperatures between
5 K and 300 K. The indirect emission is only partially visible, due to the InGaAs detector
cut-off at about 0.73 eV.

At 5 K the spectrum is analogous to that of sample 7864-E10 reported in Fig. 2.16. It is
characterized by the indirect gap related peaks at about 0.73 eV (LA replica) and 0.76 eV
(zero-phonon emission) and by the direct gap related peaks at 0.96 eV (cI'l1-HH1) and 1.03
eV (cI'2-HH2). These measurements have been performed under resonant excitation
conditions. As will be discussed in detail in Section 4.3, under these excitation conditions the
electrons are directly promoted to the I'-type states, from which they recombine giving rise to
the direct emission. Furthermore, electrons can be very efficiently transferred from the T'- to
the L-type confined states by ultra fast mechanisms, mainly phonon scattering®* % 111 (see
Section 2.3.5), which make the indirect cL1-HH1 transition visible in the LT PL spectra.

Let us first consider the dependence of the direct emission on the lattice temperature.
Increasing the temperature, the cI'l-HH1 and cI"2-HH2 structures red-shift, as expected. Their
peak energy is reported as a function of the lattice temperature in Fig. 4.8: the temperature
dependence is well fitted by Varshni’s law with the parameters for the direct gap of bulk Ge
given in Tab. 2.2. This indicates that confinement and strain do not affect significantly the
dependence of the transition energies on the lattice temperature. The same result has been
obtained also from ABS measurement, as reported in Section 2.1.2.%°! The integrated

intensity of the direct emission (lgir) as a function of the temperature is shown in Fig. 4.9. The
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intensity first decreases and then, for temperatures higher than about 180 K, markedly

increases.
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Figure 4.8: Peak energy of the cI"1-HH1(circles) and cI'2-HH2 (triangles) transitions as a
function of the lattice temperature for sample 8009-G7. The temperature dependence of the
direct gap of bulk Ge calculated using Varshni’s law with the parameters reported in Ref.
[28] is also reported (full lines).

001 | .
[ ]
v
£ .
S
g
(0]
~ [ ]
ey
‘»
c
[} [ ]
]
£ n
o .
"é | |
oo
S g3 " i
S
[ ]
1 M 1 M 1
0.01 0.02 0.03
1/T (1/K)

Figure 4.9: Integrated intensity of the cI'l-HH1 peak as a function of the reciprocal
temperature (sample 8009-G7).

Let us now move to the discussion of the indirect emission. The spectra in Fig. 4.7 have been
measured using an InGaAs detector for a better signal-to-noise ratio, and thus are strongly
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modified by the detector cut-off, mainly at high temperatures. Consequently, the actual shape
of the indirect gap region has been measured in the whole temperature range using a PbS
photoresistance (see Section B.2). Spectra at selected temperature are reported in Fig. 4.10:
the temperature evolution of the indirect gap related emission is clearly visible. As the
temperature increases, the FWHM of all the peaks increases. At temperatures higher than
about 90 K it is not possible to resolve the different lines, and a broad band only is visible,
which includes the zero-phonon line and the phonon replicas involving emission or absorption
of a phonon (see, e.g., Fig. 4.10). The same behavior has been reported also in Ref. [89] for
analogous Ge/SiGe QWs. This prevents from following the red shift of the cL1-HH1 zero-
phonon transition with temperature.

The integrated intensity of the indirect region of the spectra (ling), measured with the PbS
detector, is reported in Fig. 4.11. The intensity keeps constant up to about 40 K, slightly

increases between 40 K and 60 K, and then monotonically decreases.
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Figure 4.10: CW-PL spectra of sample 8009-G7 measured using the PbS detector at
selected lattice temperatures.
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Figure 4.11: Integrated intensity of the indirect peaks as a function of the reciprocal
temperature (sample 8009-G7).

If we assume that the non radiative processes equally affect the direct and the indirect
radiative recombinations, the analysis of the ratio between lg, and ling as a function of
temperature allows to study the variation of the two transition rates with T neglecting non-
radiative effects. The lq;/ling ratio is reported as a function of the reciprocal temperature in
Fig. 4.12. Increasing the temperature, the l4i/ling ratio slowly decreases up to about 180 K and
then markedly increases. These data suggest the presence of two different regimes. The initial
reduction of the ratio as the temperature increases can be attributed to the increase of phonon
population that enhances the I'- to L-type states scattering by phonon interaction. The increase
of the lgi/ling ratio at temperatures higher than about 180 K suggests that electrons can be
thermally promoted from L- to I'-type states. The linear fit of the data points of the Arrhenius
plot at temperatures higher than 180 K (reported in Fig. 4.13) supports this hypothesis, and
gives an activation energy AE of 170 = 9 meV. The energy spacing between I' and L minima
at RT in Ge/SiGe MQWSs can be estimated on the basis of the energy spacing between the
c['1-HH1 peak and the cL1-HH1 zero-phonon line in the PL spectrum at 5 K (200 = 4 meV,
see Fig. 4.7). Taking into account the temperature dependence of the direct® and indirect*”
gap of bulk Ge as described by the Varshni parameters given in Table 2.2, an energy distance
at RT AEr of 190 = 10 meV between the first confined conduction state at I" and the first
confined conduction state at L can be obtained. This value is in a good agreement with the
AE, and confirms that the direct gap PL at RT is due to the thermal promotion of electrons

from L- to I'-type states.
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Figure 4.12: Ratio of the integrated intensity of the direct (lg;) and indirect (li,q)
recombination as a function of the reciprocal temperature (sample 8009-G7).
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Figure 4.13: Ratio of the integrated intensity of the direct (lg;;) and indirect (liq)
recombination as a function of the reciprocal temperature (sample 8009-G7). The linear fit
of the experimental points is shown by the dotted grey line: the activation energy AE = 170
+ 9 meV is obtained.
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The precision of the measured AE could be improved measuring PL spectra at temperatures
higher than RT. However, the overall integrated intensity monotonically decreases as the
temperature increases, due to thermal quenching (see Fig. 4.7) and this prevents from

measuring the PL spectra at T > 300 K with a reasonable signal-to-noise ratio.

4.3 CW-PL spectra: resonant and non-resonant excitation

conditions

As previously mentioned, the excitation conditions (resonant or non-resonant) strongly affect
the features of PL spectra. In order to analyze the different thermalization paths of the carriers
when the sample is excited resonantly and non-resonantly, CW-PL spectra were measured in
the two excitation conditions with the same excitation power density (2 kW/cm?) at the lattice
temperatures of 5 K and 300 K.
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Figure 4.14: LT (a) and RT (b) CW-PL spectra of sample 7864-E5 under resonant (black
lines) and non-resonant (green lines) excitation conditions. The spectra are normalized to
the maximum of the zero-phonon line.

The spectra measured on the sample 7864-E5, reported in Fig. 4.14, indicate that:
(1) the overall PL intensity is strongly affected by the excitation conditions. When
carriers are excited non resonantly (Aexc = 532 nm), the PL intensity is significantly

lower than with resonant excitation (Aexe = 1064 nm); in non-resonant excitation
conditions  carriers non-radiative  recombinations

undergo to during the

thermalization and diffusion in the barriers before reaching the L minimum. Due to
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the low PL intensity in non-resonant excitation conditions, the spectra reported in
Fig. 4.14 have been measured by the InGaAs detector.

at 5 K (Fig. 4.14(a)) the indirect emission is visible in both the excitation conditions.
The direct emission, on the contrary, is observed only when the sample is excited
resonantly.

at 300 K (Fig. 4.14(b)), analogous spectra are obtained in both the excitation
conditions; i.e., the direct emission is visible also in non-resonant excitation

conditions.

These experimental findings can be interpreted on the basis of the sketch of carrier dynamics

of Fig. 4.15, in which the excitation, thermalization and recombination processes under the

two excitation conditions are schematically shown. For simplicity, in Fig. 4.15 the first

valence confined state (HH1) and the first conduction confined states at L (cL1) and at I"

(cI'1) only are considered.

(1)

(@)

At LT electrons excited resonantly to I'-type confined states (Fig. 4.15(a)) can
recombine giving rise to the direct cI'l-HH1 recombination or can be efficiently
scattered to L states, and then recombine giving rise to the indirect cL1-HH1
emission. On the other hand, electrons promoted to the continuum states of barriers
and wells by non-resonant excitation (Fig. 4.15(b)), thermalize to the lowest energy
states, i.e. the L-type confined states. Consequently, only the indirect cL1-HH1
emission can be observed.

At RT the direct emission is visible in both resonant and non-resonant excitation
conditions; moreover, the lgi/ling ratio is analogous for the two excitation conditions.
This suggests that when the sample is excited non-resonantly electrons thermalized
to L states can be thermally promoted to I type states (Fig. 4.15(d)), giving rise also
to the c['1-HH1 emission. Similarly to the case of resonant excitation (see Section
4.2 and Fig. 4.15 (c)), a quasi-thermal equilibrium between L and I states is
established at high temperatures.

In conclusion, the comparison between spectra obtained in resonant and non-resonant

excitation conditions further supports the conclusions drawn in Section 4.2.

67



LT

r \ continuum
\thermalization \
\
r \ thermalization
\
\
\ L
---- \
scattering = \
clf1-HH ¥
cL1-HH1
cL1-HH1
vb v
(a) (b)
\ continuum
thermalization y
\
L r \ thermalization
\
thermal \
promotion
‘ L
thermal \
scattering - promotion
~~~~~~ \ |
cL1-HH1 cl1-HH1
/\:Ll-HHl
vb
vb

(c)

Resonant excitation
(Aeyc = 1064 nm)

(d)

Non-resonant excitation
(Aeyc =532 nm)

Figure 4.15: Schematic sketch of carrier dynamics when carriers are excited in resonant
((a), (c)) or non-resonant ((b), (d)) conditions at LT ((a),(b)) and RT ((c), (d)).
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4.4 Photoluminescence and relaxation processes

This Section is devoted to the study of the intricate relaxation dynamics of carriers
photoexcited resonantly to the I'-type states of Ge/SiGe QWSs. First, the results of TR-PL
measurements of the direct gap related emission are presented: they are compatible with an
efficient electron scattering from I'- to L-type confined states. Then, a detailed analysis of the
dependence of the direct gap related spectra on the excitation wavelength is discussed; the
results of this analysis are interpreted assuming an efficient ultrafast inter-subband relaxation
in competition with the intra-subband electron cooling. This analysis is also corroborated by

the pump-probe TR ABS measurements in the ultrafast time regime.

4.4.1 Decay time of the direct recombination

The study of the decay time of the direct emission was performed on different samples under
resonant excitation conditions with a temporal resolution of 1.5 ps. Details on the
experimental setup can be found in Section B.3.3.

A typical result is shown in Fig. 4.16: the decay curve of the cI"'l-HH1 transition reproduces
the laser pulse. This indicates that the depletion of I'-type states is characterized by decay
times equal or shorter than the time resolution of the experimental setup; the time resolution
of our apparatus is much shorter than the direct gap related radiative recombination, which is
expected to be of the order of hundreds of ps or ns, as suggested by literature works on type-I
direct gap QWs based on 111-V semiconductors ¢ %,

Thus, our results indicate that the decay time of the I' states is determined by the I'-L
scattering discussed in Section 2.3.5. TR pump-probe literature results on Ge/SiGe QWSs show
that the efficient phonon assisted electron scattering from I'-type to L-type states is
characterized by times in the order of 200-300 fs!?* *4 j.e., much shorter than the time

resolution of our setup.
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Figure 4.16: PL decay of the cI'1-HH1 emission (red line) of sample 7864-E5 at the lattice
temperature of 10 K. The laser pulse is also shown as a reference by the black line.

4.4.2 Spectra as a function of the excitation wavelength

In order to investigate thoroughly the relaxation and recombination processes in Ge/SiGe
QWs, PL measurements as a function of Ae have been performed at LT. Details on the
experimental setup can be found in Section B.4. The experimental results related to one
sample only (7864-E3) are presented, in order to simplify the discussion of the observed
phenomena. Anyway, the same measurements have been performed on different samples,
with fully analogous results.

The LT CW-PL spectrum of sample 7864-E3, measured with the excitation wavelength Aeyc =
900 nm and a power density of 3.5 kW/cm? is shown in Fig. 4.17 by the green line. It
reproduces all the features typical of the LT PL spectra of Ge/SiGe MQWSs previously
described (Sections 2.3.4 and 4.1). The c['1-HH1 emission appears at about 1.06 eV, while
the indirect gap related peaks are found at 0.80 eV and 0.77 eV (zero-phonon line and the LA
phonon replica, respectively). The LT linear ABS spectrum is shown as grey area, for
reference. LT PL spectra measured using different Aex. from 900 to 870 nm keeping constant
the exciting power density (3.5 kW/cm?) are also reported in Fig. 4.17. The c['1-HH1 peak is
observed in all the spectra at about 1.06 eV. However, for excitation wavelengths shorter than
900 nm an additional PL peak appears on the high energy side of the cI'1-HH1 transition. In
the following, this signature is referred to as “satellite” of the direct gap transition. The energy
position and the intensity of the satellite strongly depend on Aexc. AS Aexc iNCreases, the satellite

peak energy gets closer to the cI"1-HH1 energy; finally, at Aexc = 900 nm the two peaks merge.
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At the same time, the integrated intensity of the direct emission increases as Aexc INCreases
from 870 to 900 nm; at Aexe = 900 nm the integrated intensity reaches a maximum. In
particular, the intensity increase is stronger for the satellite than for the cI'l-HH1 peak.
Asides, the shape as well as the intensity of the indirect gap related PL is not affected by the

variation of Aexc.
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Figure 4.17: CW-PL spectra (solid lines) of sample 7864-E3 at the lattice temperature of
10 K for different Aey between 870 and 900 nm. The spectra are offset for clarity. The
energy position of the satellite peak of the cI'l-HH1 transition is indicated by the dotted
line. The ABS spectrum at the same lattice temperature is also reported as a reference by a
grey area.

For a systematic analysis of the direct emission, the LT PL spectra have been measured in the
spectral range of the direct transitions (1.03 - 1.20 eV) varying Lexc between 840 and 1010 nm
in steps of 10 nm, keeping constant the excitation power density at 3.5 kW/cm?. The spectra

are shown in Fig. 4.18(a).
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Figure 4.18: (a) CW-PL spectra of sample 7864-E3 measured at A between 840 and 1010
nm at the lattice temperature of 10 K. All the spectra are normalized at the maximum of the
cI'1-HH1 emission and shifted for an easier comparison. (b) PL intensity, integrated over
the full spectral range, as a function of Ae. (C) Peak energy of the satellites plotted versus

the exciting photon energy.

As expected, the cI'1-HH1 peak is present in all spectra at about 1.06 eV. For the lowest

excitation wavelength (Aexc = 840 nm), a satellite (S’wy) appears at 1.13 eV. Again, the

position of this peak depends on Aex: the satellite gets closer to the cI'1-HH1 transition as Aexc

increases. At the same time, the PL intensity, integrated over the full investigated spectral
range (1.03 - 1.12 eV), increases (Fig. 4.18(b)). The two peaks merge for Aexc = 900 nm; at
this Aexc the integrated intensity reaches a local maximum (Fig. 4.18(b)). Further increasing
Aexe, the cI'1-LH1 transition, identified on the basis of the ABS spectrum (see Fig. 4.17),

becomes visible at about 1.10 eV. For Aexe > 920 nm, the overall intensity rises again with

increasing Aexc and two new satellite peaks (Syn and S ) appear. As in the case of S’y their

spectral position depends on Aec. The peak energy of S’wu, Shu, and Spy is plotted as a
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function of the exciting photon energy in Fig. 4.18(c). The energy of all the satellites shows a

linear dependence on the excitation energy with a slope close to 1.

The experimental evidences reported in Figs. 4.17 and 4.18 can be interpreted assuming that
relaxation and recombination in resonatly excited Ge/SiGe MQWSs are determined by the
processes sketched in Fig. 4.19. For simplicity, only the first (cI'1) and the second (cI'2)

subbands are considered.
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Figure 4.19: Schematic picture of scattering, thermalization and recombination processes
that occur in Ge/SiGe QWs when electrons are excited to the continuum of a I'-type
subband.

When electrons are resonantly excited to the continuum of one subband, for instance the
second one, three processes occur: inter-valley scattering to the L-type states with a
characteristic time  Ti.relax, thermalization towards the subband bottom with a characteristic
time Twerm, and inter-subband scattering to the continuum of the first subband with a
characteristic time 1,sg. As discussed in Section 2.3.5 and in Refs. [25] and [36], phonon-
assisted inter-valley scattering to the L-type states is an extremely efficient relaxation channel

for the electrons, due to the high density of states in L. The large effective mass of the L
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minimum and its four-fold degeneracy make the density of states of the L valley about two
orders of magnitude larger than that of the I valley. This leads to a scattering time T rejax Of
the order of 200-300 fs for I'- to L-type states relaxation.!”® 3* Electrons scattered to L can
then recombine radiatively giving rise to the cL1-HH1 emission with a typical decay time of
the order of 10 ns, as discussed in detail in Chapter 3. Intra-band thermalization times (Tinerm)
are expected to be of the order of 0.5 — 1.0 ps.™®! Indeed, pump-probe measurements reported
in the literature!® *! confirm that thermal distribution is reached on this time scale, which is
rather long compared to sub-100 fs thermalization time in GaAs.**"! Electrons that reach the
bottom of the cI'1 subband can recombine radiatively, giving rise to the direct gap emission.
Considering different literature works on direct gap QWs based on I11-V semiconductors (see,
e.g., Refs. [96, 98]), intrinsic recombination times for the direct gap related recombination (tr-
rad) are supposed to be of the order of hundreds of ps. However, as shown in Section 4.4.1, the
decay time of the direct gap PL is limited by the inter-valley scattering to the L-states. If the
thermalization time is longer than the inter-subband scattering time (tisg), photo-excited
electrons in the continuum of the cI'2 subband quickly scatter towards the continuum of the
cI'1 subband. Then, before the thermalization and cooling to the bottom of the subband occur,
they can recombine radiatively giving rise to the observed satellite peaks on the high energy
side of the direct band gap PL. Obviously, when electrons are excited resonantly to the bottom

of the cI"2 subband, no satellite peaks appear.

We move now to the discussion of all the features observed in the PL spectra as a function of
Aexc reported in Figs. 4.17 and 4.18. First, the shape as well as the intensity of the indirect gap
PL is not affected by Aexc (Fig. 4.17). This confirms that the effects under analysis are mainly
governed by electrons. The S’y satellite is visible for Aex. < 900 nm and then merges with the
cI'1-HH1 peak. This suggests that at Aexc < 900 nm the electrons are excited to the continuum
of the cI'3 subband and the satellite S’y peak becomes visible due to the ultrafast inter-
subband scattering to the continuum of the cI'l subband. As Aex increases and thus
approaches the resonance with the HH3-cI'3 transition, the spectral position of the satellite
peak gets closer to the cI'1-HH1 peak. Finally, at Aexc = 900 nm the S’y satellite merges with
the cI"1-HH1 peak. The results of 8x8 k-p calculations® performed with the structural data of
sample 7864-E3 (see Section B.1.2) support this interpretation, giving an energy for the HH3-

c['3 transition of about 900 nm. For Aec > 900 nm, electrons are promoted to the cI'2

¢ In this sample the energy of the cI'3-HH3 transition cannot be deduced from ABS spectra because of the VS
absorption.
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continuum and analogous features are observed as the electrons scatter to the cI'1 subband.
Two satellite peaks, Syy and Siy, are visible. Since the energy distance between the two
satellites is compatible with the energy distance between the ¢cI'l-HH1 and c¢I'1-LH1 peaks,
the Syy and S_y peaks are attributed to the cI'1-HH1 and cI'1-LH1 transitions within the
electron-hole continuum, respectively.

Also the integrated PL intensity dependence on e (see Fig. 4.18(b)) can be interpreted on
the basis of the proposed picture. As Aex inCreases and approaches the HH3-cI"3 transition, the
intensity of both the S’wy satellite and the cI'1-HH1 peak increases. This can be explained
considering two factors: the less efficient I' to L scattering and the higher hole availability.
Since the inter-valley scattering is faster for electrons with higher momental®, it becomes
less effective when the electrons are excited closer to the k; = 0 transition. Also, the higher
hole density in the proximity of I" favors the recombination of non-thermal electrons, yielding
an enhancement of the S’yy satellite peak. When Aex IS such to excite electrons in the
continuum of the c¢['2 subband, the fraction of non-thermal electrons with higher momenta
increases leading to an abrupt decrease of the PL intensity.

In addition, the linear dependence of the satellite energy position on the excitation energy
shown in Fig. 4.18(c) is justified by the fact that subbands for Ge/Sig15Gegpgs QWSs around I’
in both the conduction and the valence bands are nearly parallel, as predicted by tight-binding
calculations (see Fig. 2.10).

As previously mentioned, different samples have been analyzed, fully reproducing the results
of sample 7864-E3 we have discussed. The energy of the PL structures and the Aexc at which
the satellites merge with the cI'1-HH1 peak (i.e., the resonance with a cI'n-HHn transition)
change from sample to sample in agreement with the variation of the confinement energies
with the QW thickness.

PL spectra measured as a function of the excitation power density at a fixed Aexc (Fig. 4.20(2))
provide some insight on the mechanism responsible for the inter-subband relaxation. In Fig.
4.20(b), the integrated PL intensity of the cI'1-HH1 peak and of the S’y satellite is plotted as
a function of the exciting power. The integrated intensity shows a slightly super-linear
dependence of the cI'1-HH1 emission on the exciting power density, and an almost quadratic

dependence for S’ yp.
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Figure 4.20: (a) Normalized CW PL spectra of sample 7864-E5 for different exciting
powers. (b) Integrated intensity of the cI'l-HH1 peak (black dots) and the S’ satellite (red
dots) as a function of the exciting power.

The nearly quadratic dependence of S’y integrated intensity suggests that the electron inter-
subband relaxation may occur via Coulomb scattering. On the other hand, the negligible
momentum transfer for the observed inter-subband scattering points to radiative transitions.
The satellite intensity is higher for excitation of the third in contrast to the second subband, as
expected for intersubband radiative transitions according to the dipole selection rules. Thus,
this evidence may support the later hypothesis. Indeed, the transition between lowest and third
subband is allowed while it is forbidden between neighboring subbands due to the
wavefunction symmetry. Therefore, Coulomb- and radiative scattering could contribute both

to the inter-subband relaxation.

4.4.3 TR pump-probe ABS measurement

A further experimental confirmation of the model for the relaxation process proposed in
previous Section (Fig. 4.19) is provided by the TR analysis of carrier dynamics in the ultrafast
regime. Time-resolved LT pump-probe ABS measurements with a resolution better that 50 fs
have been performed. Details on the experimental setup can be found in Section B.5.

The results obtained for sample 7864-E3 are shown in Fig. 4.21. A pump wavelength of 990
nm (1.25 eV) has been chosen, which is about 50 meV higher than the c['2-HH2 transition but
lower than the cI"3-HH3 transition. Electrons are consequently pumped into the continuum of
the cI'2 subband. The LT CW-PL spectrum obtained for the same A, is reported on top of
Fig 4.21(b) for a direct comparison.
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Fig. 4.21(a) shows the two-dimensional plot of the differential absorption (AaL) as function
of photon energy and time delay between the pump and the probe pulses (At). The linear ABS
is also shown at the top of the Figure for reference. Selected AaL spectra, offset for clarity,
are plotted in Fig. 4.21(b) for different At. At positive At values the AalL spectra at the
excitonic resonances cI'1-HH1 and c¢I'1-LH1 show a shift to lower energies due to the band-
gap renormalization as well as bleaching as a result of Pauli-blocking due to the
population.'® The latter increases with At, as expected. Altogether, the AaL features of the
main excitonic transitions correspond well to the reported behavior of Ge/SiGe QWs.B* !
Further, the initial bleaching on the high energy side of the cI'l-HH1 and cI'1-LH1 transitions
at At = 0, clearly visible, is due to the population created by the pump pulse at 1.25 eV (Aexc =
990 nm). A distinct bleaching feature then appears about 60 - 90 fs after the pump pulse at
1.14 eV, which corresponds to the energy of the satellite Sy observed in the PL spectrum for

the same Aexc.
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Figure 4.21: (a) Top: linear ABS spectrum. Bottom: differential ABS in false color scale
for excitation in the continuum of the ¢I'2 subband. (b) Top: LT PL spectrum at Aeye = 990
nm (= 1.25 eV). Bottom: differential ABS (AaL) spectra for selected At. All the
measurements refer to sample 7864-E3and were performed at the lattice temperature of 10
K.

77



This evidence confirms the interpretation of CW-PL measurements proposed in the previous
Section. As it is schematically shown in Fig. 4.22, a bleaching is expected in a pump-probe
ABS measurement due to the ultrafast inter-subband electron scattering about 100 fs after the
pump pulse. The experimental results confirm the expected behavior: when electrons are
excited in the continuum of the cI'2 subband at 1.25 eV, they scatter to the continuum of the
cI'1, giving rise to a bleaching of the absorption centered at 1.14 eV. Indeed, this energy is in
a very good agreement with the satellite peak energy when PL is excited by Aexc = 990 nm,
corresponding to a photon energy of 1.25 eV. This result clearly shows that the PL emission
at the energy of the satellite peak is caused by a non-thermal carrier population in the
continuum of the first subband. The pump-probe measurements provide the time scale of the
inter-subband relaxation in the range of 100 fs. The bleaching then persists for At < 250 fs,

corresponding to the I'-to-L scattering time in Ge/SiGe QWs. 2534
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Figure 4.22: Sketch of a typical ABS spectrum of Ge/SiGe QWs. Blue areas schematically
show the features expected in pump-probe ABS measurements: when exciting in the
continuum of the c['2 subband a bleaching is expected also in the continuum of the cI'l
subband due to the ultrafast electron inter-subband scattering.

4.5 Conclusions

In this Chapter the direct gap related cI'l-HH1 emission in Ge/SiGe QWSs has been
investigated and the typical features of the direct region of PL spectra have been studied:
Stokes shift, self-absorption and emission from states with n > 1 have all been observed.

RT direct gap related emission in Ge QWSs, i.e. in an indirect gap system, has been
demonstrated. The study of the temperature dependence of CW-PL spectra has shown that a
thermal promotion of electrons from L to I' states occurs for temperatures higher than 180 K.

These results have been corroborated by the comparison between spectra obtained in resonant
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and non resonant excitation conditions. This proves that Ge/SiGe MQWs are interesting
potential condidates for the integration of light emitters on the Si-platform.

In the second part of the Chapter, the rich carrier dynamics in Ge/SiGe QWSs has been
explored through TR-PL, CW-PL as a function of Aec and ultrafast pump-probe
measurements. TR-PL data have shown that the depletion of I" states is dominated by the
efficient and ultrafast phonon assisted scattering towards L states. Evidence of inter-subband
scattering of electrons at I" in the femtosecond regime has been provided; this inter-subband
scattering is competitive with the intra-subband thermalization and with the scattering towards
L-type states. The intricate interplay between these different relaxation processes yields
spectral features different respect to the commonly observed emission in GaAs-based QWs.
This is due to the different time scales typical of the Ge system. An overall description of the
intricate relaxation and recombination dynamics in Ge/SiGe QWs when electrons are excited
resonantly into I'-type states at kj # 0 at low lattice temperature is presented at the end of the
Chapter.
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Chapter 5

Conclusions

A wide experimental study of the recombination processes and of the carrier dynamics of
compressively strained Ge/SiGe QWs with Ge-rich barriers has been presented. Ge/SiGe
QWs are a new system characterized by optical and electronic properties different from those
commonly observed in the more widely studied QWs based on I11-V semiconductors. These
peculiar properties are due to the type-lI band alignment for both the I'- and the L-type
states!™® and to the small energy distance between the direct and the indirect bad gap in Ge,
which provides Ge/SiGe QWs with a so-called quasi-direct gap (i.e., transitions at the centre
of the Brillouin zone strongly influence the optical properties of the system). This behavior
has been proved in the literature by the dominance of direct gap related HHn-cI'n transitions
in ABS spectra,™® ¥ 2] and by the observation of both direct cI'l-HH1 and indirect cL1-HH1
emission with comparable intensities in the same PL spectrum.™™® Moreover, Ge/SiGe QWs
with Ge-rich barriers are compatible with the CMOS technology, resulting promising

candidates for the integration of good optical properties on the Si-platform.

Different optical spectroscopy techniques have been wused: continuous-wave
photoluminescence (CW-PL), time-resolved photoluminescence (TR-PL), linear absorption,
and time-resolved pump-probe spectroscopy. Measurements as a function of different
parameters, such as QW thickness, lattice temperature, excitation power density and
excitation wavelength have all been performed for the analysis of the different processes. The
main results of this work can be summarized as follows.

e CW-PL measurements in resonant and non-resonant excitation conditions at different
lattice temperatures give evidence of the different thermalization paths, contributing
to clarify the mechanisms which are at the basis of the observation of the direct gap
related emission.

e Results concerning the intervalley scattering between I'- and L-type states are
obtained through different experimental techniques. At LT, carriers promoted to I'-
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type states are very efficiently scattered to L-type states, as confirmed by our TR-PL
results and by TR pump-probe measurements reported in literature® 3. At RT
carriers scattered to L are thermally promoted back to I'-type states and a quasi-
thermal equilibrium is established between the two states, as shown by CW-PL
measurements as a function of the lattice temperature.

e Carrier relaxation processes have been studied through CW-PL measurements as a
function of the excitation wavelength, corroborated by TR pump-probe ABS
measurements in the fs regime, which evidence the ultrafast inter-subband electron
relaxation at I' competitive with the intravalley thermalization and the efficient
scattering towards L-type states.

e The first detailed study of the decay times of both the direct and the indirect gap
related recombination is carried out through TR-PL measurements. The dependence
of the decay time of the indirect emission on QW thickness and lattice temperature is

also analyzed.

Fig. 5.1 summarizes the main results obtained in this study of the carrier recombination and

dynamics.

[ -valley

clr2

excitation

clrl

............... L - valley

clLl

Trrad WWh
l TL-rad W™
= /
HH1 7 N

Figure 5.1: Schematic picture of scattering, thermalization and recombination processes
that occur in Ge/SiGe QWs when electrons are excited to the continuum of a I'-type
subband at low lattice temperature.
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Let us consider carriers resonantly excited to quantum confined states at I' at low lattice

temperature. When electrons are excited to states of a I'-type subband with kj # 0, three

processes occur.

1)

(2)

3)

Electrons are very efficiently scattered to L-type states through phonon interaction;
typical scattering times (Ti-relax) are of the order of 200-300 fs, as shown by recent
literature results.”®! Once they have reached the L-valley, electrons can recombine
radiatively giving rise to the indirect cL1-HH1 emission. As shown in Chapter 3,
typical decay times of the indirect recombination (t.raq) are of the order of 10 ns, and
depend on both QW thickness and lattice temperature.

Electrons can thermalize to the bottom of the subband; typical intravalley
thermalization times (Term) Of the order of 0.5 - 1 ps have been measured for bulk
Ge in Ref. [116]. Then, they can recombine radiatively, giving rise to the direct
emission. The strongest direct transition in PL spectra is the c['1-HH1. High energy
recombinations, such as cI'l1-LH1 and cI'2-HH2 emission, can also be observed,
depending on the subband energy spacing and on the excitation conditions. In
literature, typical decay times of 0.1 - 1 ns are found for the direct gap related
recombination in type-1 QWs based on 11I-V semiconductors (see, e.g., Refs. [96,
98]). In Ge/SiGe QWs, the decay times tr.rag Can not be experimentally measured, as
discussed in Section 4.4.1, since the depletion of I states is dominated by the I" to L
scattering.

Furthermore, electrons can scatter to cI'l subband states with Kj # 0, as discussed in
Sections 4.4.2 and 4.4.3. Scattering times t,sg Of the order of 50 - 100 fs have been
measured through TR pump-probe ABS with a time resolution of tens of fs (Section
4.4.3). These measurements have also shown that a non-equilibrium carrier
population persists in I'-type subbands up to about 250 fs. This value is compatible

with the literature value of ’E|_.re|ax[25].

In conclusion, the presented results contribute to the understanding of the intricate interplay

between the different processes involved in the carrier dynamics of Ge/SiGe QWs, an indirect

band-gap model system whose optical properties are strongly influenced by transitions at the

center of the Brillouin zone. Ge/SiGe QWs are of particular interest also for their potential

applications in optical interconnects integrated on Si: indeed, an efficient Quantum Confined

Stark Effect!’® 1 RT electroluminescence!®, and transient optical gain'*®! in these systems

have all been recently demonstrated.
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Appendix A

Electronic properties of qguantum wells

In this Appendix the main effects of quantum confinement on the electronic states will be first
summarized for an ideal (i.e. infinitely deep) QW and then extended to the case of real
systems. Optical properties and excitonic effects will be also briefly reviewed. The aim of this
Appendix is to provide references and notes useful for the discussion of the experimental
results presented in Chapters 3 and 4. A detailed coverage of the properties of quantum
confined systems and semiconductor nanostructures can be found in a number of books and

papers, such as, e.g., in Refs. [70, 111, 119].

A.1 Band alignment

Let us consider a heterostructure made of two semiconductors with different energy gaps. At
the interface, the discontinuity of CB and VB generates a potential step.? Choosing properly
the energy gap values, it is possible to confine electron and/or holes in a spatial region, thanks
to the potential barrier they encounter at the interface. Carriers can be confined in one or more
directions. A QW is formed by a layer of a semiconductor with low energy gap (well)
embedded between two layers of another semiconductor with high energy gap (barriers): it is
consequently a 2D system in which electrons and holes are confined in the direction
perpendicular to the interfaces (z), while behave as free carriers in the other two directions (x
and y). When the size of the confinement region is comparable to the De Broglie wavelength
of the carriers, quantum mechanical effects occur ™% such as a discretization of the energy

levels and a change of the DOS respect to that of bulk materials.

Ey values and band alignment are important parameters for the design of a QW structure,

since they significantly contribute in determining its electronic and optical properties. Then,

Y Different methods can be applied to determine the band offsets of a semiconductor heterostructures. As an
example, in Ref. [129] a detailed description of band offsets through photoemission measurement is presented.
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when the QW is made with alloys, an appropriate choice of the composition allows to tailor
energy gaps (see Fig. A.1) and offset values and thus to obtain a QW with desired properties
(band-gap tailoring) ™. Moreover, since also the strain has effects on bandstructures and Eq

values (see Section 2.1.2), the control of the strain in QW layers contributes to the band gap

tailoring.
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Figure A.l: Energy gap as a function of the lattice constant for I1I-V and group IV
semiconductors. Full and dotted lines indicate direct and indirect energy gap semiconductor

alloys, respectively.

Two types of band alignment are possible, reported in Fig. A.2.
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Figure A.2: Band aligment for type-1 and type-Il interfaces and band structure of type-I
and type-11 QWSs. Only in type-1 QWSs both electrons and holes are confined in the same

spatial region.
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In the case of type-l band alignment, the bottom of the CB and the top of the VB of the
semiconductor that forms the well layer are lower and higher, respectively, than those of the
semiconductor that forms the barriers. Of consequence, both kinds of carriers (electrons and
holes) are confined in the same spatial region. On the contrary, in type-11 QWs the bands are
staggered for both the CB and the VB, causing the confinement of electrons and holes in
different spatial regions. It is evident that type-1 band alignment is strongly preferred for
optical applications: the higher overlap between electron and hole wavefunctions provides an

increase of the absorption coefficient and of the recombination efficiency.™"

A.2 Electronic states in quantum wells

The following description of wavefunctions, energy levels and DOS in QWs is based on the
EMA method, which is one of the most widely used tools to calculate the band structure of
semiconductor heterostructures™®. In its simplest form it calculates the valence and
conduction eigenvalues by solving the standard 1D time-independent Shrddinger equations
considering the energy and the effective mass of carriers at the extremity of each band
only!™. A detailed description of the EMA theory and of the bandstructure calculation of
QWs can be found in different texts, such as Refs. [69, 70, 120]. Where not otherwise
specified, the following short discussion is based on Ref. [70].
Let us consider for simplicity a type-1 QW of 111-V direct-gap semiconductors, in which the
relevant band edges are all at the T" point of the Brillouin zone. The QW eigenstates can be
written as

A (r) = i{é[zdkudkchm (. k. Joplill -1, + kzz)]}‘-‘j,r(r) (A1)
where uj(r) are the bulk Bloch functions of the j™ band at the T point and kj = (ky, k) and
= (r,, 1) are the wave and the spatial vectors referred to the xy plane. In the EMA, the C;~™*
coefficients are # 0 only in a small region around I'. “BZ” indicates that the integral is
extended over the whole Brillouin zone. If the contribution of each band can be considered

separately (single-band approximation), the ] band envelope eigenfunction is given by:

fi(r)ec f,(2)explik, -1, |. (A2)
The exponential term is the plane wave that describes the free motion of carriers in x and y
directions. The kinetic energy related to this motion is

Cntk: nR(k? vk?)

E (A.3)

Y om 2m”
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where m* is the effective mass at the band edge we are considering.
The term fj(z) in Eq. A.2 is the wavefunction for the quantized states in the z direction. If we
assume the Infinitely Deep Well Approximation (IDWA), i.e. if we consider a QW with
infinitely high barriers, fj(z) is the solution of a Shrdédinger equation like
2

The boundary condition is that fj(z) = 0 at the interfaces, due to the fact that the particles can
not tunnel out of the well. The solutions to Eq. A.4 are standing waves with nodes at the
interfaces. The energy that corresponds to the n™ discrete level is given by

N2 n’ h?

' =n ,
b 2m’L,’?

(A.5)

where n (subband index) is the quantum number that marks each confined state of the " band
and L, is the QW thickness.

Equation A.5 describes an infinite ladder of discrete levels whose energy is proportional to the
square of the subband index n, and inversely proportional to the effective mass and to the
square of QW thickness (see Fig. A.3).

It is useful to note that :

e since the confinement energy E?,depends on the effective mass, heavy hole and light

hole levels are splitted; in the most of cases the heavy holes have the lowest energy
and form the ground state level; 2%
e the wavefunctions can be identified by the number of nodes (n-1);
¢ the states with odd n have even parity and those with even n have odd parity (see Fig.
A.3).
The simmetry breaking along the z direction due to the confinement, splits the j™ band into n
subbands belonging to different quantized states. Each state in the subband is characterized by
four quantum numbers: the band index j, the subband index n, and the k-values for the motion
in the xy plane (ks and ky). The total energy of the carriers is:

hz(kz +k2) n2 w2 h? K2 n? n2
E"=E. +E" = X Y4 = k? + k2 )+ ——|. A.6
J 1Lxy 1z 2m* 2m*L22 2m* ( X y) ( )

The DOS of each subband is a step function of the energy:

*

m

7% T o)

(A7)
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As an example, the DOS dependence on energy for the CB is reported in Fig. A.3, together
with a schematic picture of the wavefunctions, the energy levels and the dispersion curves for
a GaAs QW in the IDWA approximation.
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Figure A.3: (a) Scheme of wavefunctions and energy levels in the CB for a GaAs QW with
L, = 10 nm in the IDWA approximation. (b) Dispersion curves: subbands derived from
confinement in z direction are clearly visible. (c) Step-like DOS for a 2D system; the
typical trend for the bulk DOS is also reported as a reference.™!]

When we consider the case of a real QW with a finite potential barrier V, (see Fig. A.4), the
penetration of the wavefunction into the barrier regions has also to be considered. The

wavefunctions in the barriers assume an exponential form like:

fs(z)=Ae™ | (A.8)
where « satisfies the relationship
2.2
M v,-E), (A9)
2m, '

In Eg. A.9 mg* is the effective mass in the barrier.
The results obtained in the IDWA are still valid, but have to be modified as follows:
¢ the number of confined states is finite, and there is always at least one confined state,
no matter how small Vj is;

» the confinement energies Ef, are reduced respect to the IDWA case;
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e the localized state wavefunctions penetrate into the barrier region: since the decay
constant k (Egs. A.8 and A.9) is proportional to (Vo - Ef,), the fraction of the
wavefunction that penetrates into the barrier rises as the energy level approaches V.

The numer of nodes of the wavefunction and the parity of the states are the same as in the

IDWA condition.
0.6 (
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Figure A.4: Scheme of levels and wavefunctions (left) and bandstructure (right) of a QW
with finite potential barriers. Above the discrete levels, continuum states can be found. The
wavefunctions of the confined states penetrate into the barrier. Even if electrons A and B
(right) have the same energy, their confinement character is different: the first is confined,
with high k, and k, values, the second is delocalized in the z direction.l"®

For a more accurate description of the electronic states in QWSs also the differences in the
band structures, and thus in the effective masses, of wells and barriers should be considered.

This is done in basic textbooks, such as, e.g., Ref. [70].

Different other methods can be used to calculate the electronic properties of QWs, as tight-
binding [®*?® pseudopotential 2% and density functional 2> 2%, A detailed review on EMA

advantages and limits, and a comparison of the different methods can be found in Ref. [122].

A.3 Optical transitions in quantum wells

This Section is aimed at providing the selection rules for optical transitions in QWSs. The
probability of a transition between confined states in a QW can be derived using the Fermi

golden rule:

2
2n( eE . INT:
Wi, :f(mOZ] (ile-pli)| 6(E, —E; —na), (A.10)
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where e and E, are the electric field polarization and intensity, respectively, p is the
momentum operator and 7w is the photon energy. If we consider a transition between a
confined valence state (i) and a confined conuction state (j) in a direct gap type-1 QW, in the

EMA framework the initial and final states can be written as

v =A72 1 (@ eofikin b () (A11)
v, =A 7 1 @eplikiin b, (1), (A12)

giving a matrix element
(ile-pli)|= p,ca8lk} —kid i, @) £, ). (A13)

In Eg. A.13 g is the spin-orbit factor, which takes into account the selection rules for optical

transition between states with different angular momentum, and pyc = <uc,r|e-p|uvlr> is the

optical oscillator strength. The possible transitions between conduction and valence subbands
are vertical in the k; space. The oscillator strength of such transitions depends on the overlap

between electron and hole wavefunctions:
Jdzf; (@) f,,@). (A.14)

In the case of a type-1 QW in the IDWA approximation, this integral is simply given by dij,
i.e. only interband transitions between states with the same subband index n are allowed: An =
i-j=0.

Extending these results to the case of a real QW with finite potential barriers, transitions with
An # 0 are also allowed, but very weak. For symmetric QWs, transition with An =+ 2m + 1,
with m =0, 1,2... are strictly forbidden. The selection rules for a real QW with type-I band

alignment are schematically reported in Fig. A.5.

89



Energy

An =42 An=0

S 3
1
w N =

<+
S
1

Figure A.5: Scheme of interband transitions between confined states of a QW. Continuous
red lines indicate strong transitions (An = 0), while blue dashed lines indicate weak, but
allowed transitions (An = 2).

A.4 Excitons in 2D systems

Excitons are bound states between an electron and a hole, with the Coulomb interaction being
responsible for the binding energy™?”. In bulk semiconductors hydrogenoid discrete energy
levels rise below the continuum due to this Coulombian attraction. The exciton binding
energy (R") and Bohr radius (a°) are given by

. 2my et my g
. (A.15)
n’Bze) M, &

and

2
2t A Mo o, (A.16)

* 2 * H»
mree mre ¢

where me = (1/m’e + 1/m")™" is the reduced mass of the electron-hole pair, € is the
permettivity of the semiconductor, Ry is the Rydberg of the hydrogen atom (= 13.6 eV) and
an is the Bohr radius of the hydrogen atom.[™Y In bulk semiconductors a” is of the order of 10
nm, while R” is of the order of some meV depending on the semiconductor.

Since in QWs the dimension of the well layer is close to the typical exciton Bohr radius, the
exciton wavefunction and energy can be significantly modified. For L, << a" the exciton can

be considered two-dimensional: in the IDWA, the exciton binding energy is about 4 times
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larger than in bulk semiconductors (RQW*: 4R") and its Bohr radius is reduced by a factor of
2 (aQW* = a'/2). One of the consequences of this increase of the binding energy in QWs is that
the excitons are very stable, and dominate PL and ABS spectra even at RT 1229 (see, e.g.,

Fig. A.6).
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Figure A.6: RT ABS spectrum of GaAs/Alg,sGag72As QWS: strong excitonic peaks for
both the HH1-cI'l and the LH1-cI'l transitions are visible. The RT ABS spectrum of bulk
GaAs is also reported: the exciton manifests itself as a weak shoulder at the band edge. 8

Of consequence, in a QW system RQW* and aQW* depend on L,: as an example for real QWs
with finite potential barriers, in Fig. A.7 their values are reported as a function of L, for
Alg4GapsAs/GaAs QWsM!. When L, decreases, Row increases and agw~ decreases due to
the smaller electron-hole separation. For narrow QWSs a non negligible fraction of the

wavefunctions penetrate the barriers: as a consequence, Row and agw tend to bulk values.

Figure A.7: Dependence of exciton Bohr radius aQW* (a) and binding energy RQW* (b) on

the QW thickness L,.[**!
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Appendix B

Samples and experimental

B.1 Ge/SiGe quantum wells grown via LEPECVD

This section is devoted to the description of the samples analyzed in this work. First, the main
features of the growth technique are summarized. Then, the characteristics of the samples are
described and their structural quality is discussed also using the results of optical

characterization.

B.1.1 LEPECVD
The samples analyzed in this work have all been grown by LEPECVD. The key features of

this “state-of-the-art” technique are a wide range of growth rates (from 0.1 nm/s to 10 nm/s),
the independence of the deposition Kkinetics on the substrate temperature and the close
correspondence between the mixture of precursor gases and the composition of the grown
layerst*®®. LEPECVD has been employed for the growth of both SiGe relaxed layers and
SiGe heterostructures, as reported for example in Refs. [38, 131 - 133]. A schematic diagram
of the LEPECVD system is shown in Fig. B.1. The core of this growth system is a CVD
reactor in which the cracking of the precursor gases is caused by a plasma flow instead of
being due to the high temperature of the substrate. The high intensity of the plasma provides
fast deposition rates, while its low energy prevents any damage of the substrate due to

collisions with ions.
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Figure B.1: Schematic diagram of the LEPECVD growth system. [**

The plasma is generated by a DC arc discharge in an Ar atmosphere between a heated
filament (cathode) and the grounded walls of the chamber (anode). External copper coils, that
produce a magnetic field, allow to stabilize the plasma flux, to make it homogeneous and to
focalize or deviate it. In this way it is possible to calibrate the intensity of the plasma on the
substrate, in order to obtain the desired growth rate. During the deposition process, the
working pressure is 10 mbar. The substrate, whose diameter in the case of our samples is 4
inch, is kept at temperatures between 450°C and 700°C, depending on the composition of the
alloy to be deposited. The cracking of the precursor gases by plasma provides a better control
of thickness and composition of the grown layers than the thermal activation due to the
substrate heating. For SiGe alloys deposition silane (SiH;) and germane (GeH,) are used,
diluted in H,. In case of n or p doping, PH3 and B,Hg are respectively employed. Details on
the growth process and on the development of LEPECVD technique can be found in Ref.
[130].
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B.1.2. Sample structure

All the samples studied in this thesis are characterized by the same general structure,
schematically sketched in Fig. B.2. On a 4-inch Si wafer (100) a graded virtual substrate
(GVS) is grown, whose composition varies from Si to Sip10Gepgo With a rate of about 7 %
um'l. The GVS is capped with a 2 pum thick relaxed Sig10Geo.g0 layer. The total thickness of
this buffer layer is about 15 pum. The active part of the structure is then deposited, alternating
Sig15Geg g5 barriers and Ge wells. At the end a 40 nm Sig10Geo.g0 layer and a ~ 10 nm Si cap
are grown in order to guarantee that the same strain conditions are experimented at both the
edges of the active part of the heterostructure. For each sample a reference substrate is grown
for ABS measurement (see Section B.2): its structure reproduces that of the sample but

without well and barrier layers, as shown in Fig. B.2.

Si cap

Sig.10G€g 90 layer

G 11
ewe X 50/200/...
Sicap

Sij 10Geq o9 Telaxed layer

Sij 10G€g 9o relaxed layer

19.10U€0.90 19.104€0.90

SAMPLE REFERENCE SUBSTRATE

Figure B.2: Sketch of the structure of the analyzed samples (left) and of the reference
substrates (right). The samples generally differ just for the number of periods and for the

thickness of well and barrier layers.

The characteristics of the different wafers are reported in Table B.1. They present the same
nominal thickness of the layers and barrier composition values, and differ just for the number
of periods and for the deposition rates. The number of periods ranges from 50 to 1000, while

two different deposition rates were used: 0.3 nm/s (Low Rate) and 4 - 6 nm/s (High rate).
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Well Barrier
. Growth
Wafer | Periods Nominal Nominal Substrate
%Ge | %Ge | rate
thickness thickness
7864 200 100% | 10 nm 85% 21nm 0.3 nm/s 7865
7909 200 100% | 10 nm 85% 21nm 4-6 nm/s 7908
8009 50 100% | 10 nm 85% 21nm 4-6 nm/s 7908
7873 1000 100% | 10 nm 85% 21nm 4-6 nm/s | 7908
8013 50 100% | 10 nm 85% 21nm 4-6 nm/s | 7908
8125 50 100% | 10 nm 85% 21nm 0.3 nm/s 8132

Table B.1: Analyzed wafers grown by LEPECVD. For each wafer the number of periods,

the growth rate, the composition, and the nominal thickness of well and barrier layers are

reported. For each wafer the reference substrate is also indicated.

Despite the high number of periods, the analyzed samples present a good structural quality, as
discussed in Ref. [68]. This is made possible mainly by two factors: the introduction of the
GVS and the strain balancement in the active part of the structure.

The GVS reduces the effect of the lattice mismatch between the Si substrate and the Ge-rich
layers, yielding a TDD of about 4-5-10° cm™ in the relaxed Sig10Geo.q0 layer.*¥ This value,
which can be reasonably assumed to characterize also the active part of the structure, is two

orders of magnitude lower than typical TDD density of Ge-rich layers directly grown on

Si*®) (see Fig. B.3).
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Figure B.3: TEM image of a typical graded virtual substrate grown via LEPECVD **2,
The final relaxed layer with constant composition is also shown. The graded virtual
substrate allows to reduce the lattice mismatch and to lower the TDD concentration in the

active layers of two orders of magnitude respect to Ge layers directly grown on Si.

The strain compensation allows to keep the mean strain in the active layer equal to O,
preventing the strain to relax through formation of dislocations. As a matter of fact, in order to
adapt their lattice constant to that of the relaxed Sig10Geogo layer (pseudomorphic growth),
wells and barriers experiment compressive and tensile strain respectively. The growth of a
large number of layers without strain relaxation through dislocations requires the balance
between the compressive strain in the wells and the tensile strain in the barriers. This is
reached if the compositions and the thicknesses of well and barrier layers satisfy the following

condition
= a‘S , (B.l)

where d is the layer thickness, a is the lattice constant, and W, B and S refer respectively to
well, barrier and substrate. In other words the mean lattice constant of well and barrier layers
has to be equal to that of the relaxed layer at the top of the GVS (see Fig B.4).

High resolution XRD measurement have confirmed the pseudomorphic growth of the active
part of the structure on top of the Sig10Gepgo constant composition layer and then the
effectiveness of strain balancement in the heterostructure.'®® Moreover, thanks to the strain
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balancement no new dislocatios are generated in the active part of the structure due to strain

e
s

(a) (b)

Figure B.4: (a) SiGe lattice constant depends on alloy composition. (b) Strain balanced
heterostructure: the tensile strain in Sig15Geg g5 barriers is compensated by the compressive
strain in Ge wells. The active part of the structure grows pseudomorphically on the relaxed
Sig.10G€0.90 VS.

relaxation.

well

The samples studied in this work were grown on substrates with a 4-inch diameter. The actual
thickness of the deposited layers is highly non uniform across the wafer, due to
inhomogeneity in the intensity of the plasma. For example, in Fig. B.5(a) the thickness of one
period (well + barrier) measured via XRD at different distances from the center of the wafer
along the direction perpendicular to the main flat (grey area of Fig. B.5(b)) is reported for
wafer 7873. Even if this inhomogeneity is a limit of the LEPECVD, it is an advantage for the
optical analysis, since it provides samples with identical structure and composition, but with

different well thickness.
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Figure B.5: (a) Thickness of a period (well + barrier) measured via XRD for wafer 7873 as
a function of the position along the direction perpendicular to the main flat. The
measurements have been performed at the L-NESS laboratories in Como. (b) Typical plan

of a wafer that allows to identify the position of a sample across the wafer.

As a consequence, each analyzed sample is identified with two numbers: the first refers to the

wafer, and the second indicates the position of the sample across the wafer.

HR XRD measurement have been performed to obtain the real thickness and composition

values of well and barrier layers for some of the analyzed samples. The results for samples

belonging to wafer 7864 are reported in Table B.2!*%).

Well Well Barrier Barrier VGS
Sample ) ) )
Ge content thickness Ge content thickness final Ge content
7864-E1 1.00 3.8nm 0.825 7.7 nm 0.90
7864-E3 1.00 6.1 nm 0.825 12.3 nm 0.90
7864-E5 1.00 8.5nm 0.825 17.0 nm 0.90
7864-E10 1.00 9.9 nm 0.82 22.8 nm 0.89

Table B.2: Actual well and barrier thickness and compositions measured via HR-XRD for
samples belonging to wafer 7864. The composition of the relaxed final layer of the GVS is
also reported. The first number of the sample names defines the growth, the second the
position of the sample along the wafer. The measurements have been performed at the

Institute of Microtechnology of the University of Neuchatel.t
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As previously discussed (see, e.g., Section A.2), the energy of the transitions between
confined states depends on L. For example, the dependence of the cL1-HH1 zero-phonon PL
peak on L; in our Ge/SiGe MQWs is reported in Fig. 2.17. This allows to estimate from
optical measurements the actual value of L, even for samples that have not been measured
through HR XRD.

A detailed discussion about sample structure, VGS growth protocol and XRD analysis of

these samples is reported in Ref. [68].

B.2 Continuous wave photoluminescence and linear absorption

measurements

In this Section the experimental setup used for CW-PL measurements, schematically
represented in Fig. B.6, is briefly described. The samples are excited
e by the 1064 nm (1.165 eV) line of a Nd:YVO laser, with maximum exciting power
density of about 5 kW/cm?, a spot diameter of about 100 pm and penetration depth of
about 50 QWs (resonant excitation, see Section 4.3);
e by the 532 nm (2.35 eV) line of a Nd:YVO laser, with maximum exciting power
density of about 2 kW/cm?, a spot diameter of about 100 um and penetration depth of
2-3 QWs (non resonant excitation, see Section 4.3).
The laser beam is focused on the sample by an achromatic doublet at an incidence angle of
about 60°. The emitted light is collected and collimated by a parabolic mirror (M1), and
reaches the Fourier transform spectrometer (Jasco FT-IR 800) thanks to two plain mirrors
(M2 and M3). The optical system of the FT spectrometer is sketched in Fig. B.6. Two
detectors are available: an InGaAs photodetector for measurements in the spectral range
between 0.73 and 1.38 eV (D3), and a Peltier cooled PbS photoresistance (D2), that allows to
extend the spectral range to low energies down to 0.4 eV. Measurements at lattice
temperatures between 5 K and 300 K can be performed mounting the sample in a Oxford
Optistat AC-V12 cold finger closed circle cryostat. Alternatively, for measurements at the
lattice temperature of 2 K, the sample is bathed in superfluid He using an Oxford Bath
Cryostat MD3.
Unless otherwise specified, the spectral resolution of this system is 16 cm™, corresponding to
2 meV.
In Ref. [136] a detailed discussion of the advantages and limits of Fourier transform

spectrometers applied to CW-PL measurements in the IR spectral region is provided.
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Figure B.6: Experimental setup used for CW-PL measurements. The optical scheme of the
FT-IR spectrometer is also reported.

For linear ABS measurements the same experimental setup is used. An halogen lamp is
employed for the excitation; the light is focused on the mirror-polished back surface of the
sample by two parabolic mirrors. In ABS measurement a sample area of about 1 mm? is
probed. The measured OD is defined as
OD(1) = —log 1) (B.2)
e (1)
where Its()) is the transmission spectrum of the sample and Itr()) is that of the reference

substrate (see Section B.1.2).

B.3 Decay time measurements

In this Section, the experimental setups used for TR-PL measurement of the indirect and
direct gap related emission are described. Since the two transitions are expected to be
characterized by different decay times, two systems with different time resolution were used.
Moreover, in Section B.3.2 the procedure to extract decay time values from the experimental
data in the case of the indirect-gap related recombination is described; the effects that may
affect the shape of the decay curve are also presented, together with the solutions adopted for

their elimination.
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B.3.1 Measurement of the indirect gap related decay time

In Fig. B.7 the experimental setup employed for the decay time measurement of the indirect
gap related emission is sketched. The excitation source is the 351 nm (3.51 eV) line of a Q-
switched triplicated Nd:YLF pulsed laser (3 kHz repetition rate, 121 W/cm? average power
density, and 5.5-10% kW/cm? peak power density). As discussed in Sections 3.2 and 4.3, this
excitation energy promotes carriers to the continuum states of wells and barriers (non-
resonant excitation conditions). A penetration depth of 2-3 QWs is estimated. The incidence
angle of the laser beam on the sample is about 70°. The emission is collected by a single
grating monochromator with a bandwidth of 3.2 nm, detected by a Hamamatsu R5509-73
photomultiplier tube and finally recorded by a FAST ComTec P7888-1(E) multi-stop
acquisition board, working in single photon counting mode. A trigger signal coming from the
laser provides the start to the acquisition. The sample is mounted in a close cycle cold finger
cryostat Leybold R210 and the PL can be measured at lattice temperatures ranging between
14 and 300 K.

This system allows to measure the decay curve at a selected emitted wavelength (see, e.g.,
Fig. 3.5); the shortest measurable decay time is 2 ns and the precision of the measured decay

time is + 0.3 ns.
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Figure B.7: Schematic sketch of the experimental setup for the decay time measurements
of the indirect gap related emission.
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B.3.2 Extraction of the PL decay time from the experimental measurements
This Section is devoted to a detailed description of the extraction of PL decay times from the
experimental measurements. First the procedure adopted to estimate the decay time values
from the experimental decay curves is described. Then the methods employed to prevent

instrumental artifacts and to obtain reliable decay curves are discussed.

A measured PL decay curve is actually a convolution of three components: the laser pulse, the
acquisition system response and the sample PL decay. A measurement of the diffused laser
light gives a curve which includes the first two components. This curve, which is well fitted

by a Gaussian, can be written as

() =— exp{—Z%T. (B.3)
Fan

The PL decay is characterized by an exponential shape, and it is consequently given by

g(t) = exp{— ﬂ . (B.4)

If we convolve f(t) and g(t), we obtain

A w? -8z w? — 44z

The function c(z) well describes the shape of our experimental decay curves. The two main

effects of the convolution are listed in the following.

e The maximum of c(z) is shifted respect to the maximum of the Gaussian f(t). A shift
of about 2 ns has been indeed experimentally observed, as shown by the comparison
between the laser pulse and a typical decay curve reported in Fig. B.8.

e The decay curve is dominated by the Gaussian character within about 7 ns from the
maximum and then by the exponential character.

As a consequence, a reasonable estimation of the decay time can be simply obtained through a

fit of the decay curves in the region dominated by the exponential component.
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Figure B.8: Comparison between the laser decay (green line) and the decay of the PL of
sample 7864-E6 at the energy of the cL1-HH1 zero-phonon emission at 14 K (black line).

Our experimental method has also been refined taking into account different effects that can
affect the experimental decay curves; the main examples are listed in the following.

e The response time of the electronics of the detection system would cut the initial part
of the decay curves (about 10 ns). Consequently, a delay cable has been inserted
between the amplifier and the acquisition board (see Fig. B.7) in order to shift the
signal of about 70 ns, allowing to detect the whole decay curve.

o If the intesity of the detected PL is too high, the superposition of the electric pulses
corresponding to different photon events causes a loss of counts in the decay curve
shape. This effect is shown in Fig. B.9 where decay curves obtained for different
excitation power densities are reported. When a critical value of emitted photons per
bin per pulse is exceeded, artifacts appear on the decay curve (see orange and black
lines). A critical value of about 9-10 photons per bin per pulse has been measured.
Thus, a control of the number of photons per bin per pulse through a proper choise of
exciting power densities allows to avoid this effect. On the other hand, this solution

can lower the S/N ratio: longer acquisition times are consequently required.
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Figure B.9: Decay curves obtained exciting sample 7864-E6 with different average power
densities. The artifacts due to the overlap between signals corresponing to different photons
are visible for higher excitation power densities.

e The indirect gap related emission could be detected also in resonant excitation
conditions (Section 4.3). Nevertheless, in these excitation conditions the decay curve
present a strong slow component related to defects of the substrate (see Fig. B.10):
this component is particularly intense in samples with 50 QWs, as expected since the
penetration depth of the 1064 nm line is about 50 QWs (Section B.2). Spectra
obtained in non resonant excitation conditions, where the laser penetration depth is of
2-3 QWs only, do not present this component, as shown by the orange line in Fig.
B.10.

Even if a proper subtraction of this slow component related to defects allows to
obtain the same decay time values measured under non resonant excitation
conditions, in the discussion of Chapter 3 spectra obtained under non resonant

conditions only are shown and discussed for consistence and reliability of the data.

In the end, each single QW is actually excited by a different power density. Measurements of
decay time as a function of the exciting power density have shown that the decay time is not
affected by changes in the exciting power density over an order of magnitude. Consequently,
the variation of effective exciting power density for QWs at different depth in the sample does

not induce any variation of decay time.
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Figure B.10: Comparison between decay curves obtained exciting sample 7864-E6
resonantly (black line) and non resonantly (orange line) at 14 K.

B.3.3 Measurement of the direct gap related decay time

The experimental setup used for time resolved measurement of the direct gap related emission
is shematically represented in Fig. B.11. These TR-PL measurements have been performed at
the Physics Department of the Philipps-Universitiat Marburg, in Marburg (Germany).

The excitation source is an ultrafast solid-state tunable Ti:sapphire 100 fs pulsed laser, with a
repetition frequency of 80 MHz; the peak power density is 106 kW/cm? and the average
power density 3.5 kW/cm? Resonant excitation conditions (electrons pumped directly to
confined I'-type states) are needed to observe direct gap related emission at LT (see Section
4.3). As a consequence, excitation wavelengths ranging between 980 and 900 nm are chosen.
The pump is focused on the sample which is mounted in a liquid He flow cryostat. All
measurements are performed at the lattice temperature of 7 K. The PL is focused onto the
entrance slit of a grating spectrometer where the light is spectrally dispersed and then imaged
on the entrance slit of the optical system of the streak camera (see Fig. B.12). This

experimental setup yields a temporal resolution of 1.5 ps.
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Figure B.11: Schematic sketch of the experimental setup for TR-PL measurements using a
streak camera.This setup was used to measure the decay of the direct gap related emission.

The principle of operation of a streak camera is schematically shown in Fig. B.12. The
photocathode (cutoff energy at about 0.9 eV) converts photons into electrons (photoelectric
effect). The electrons are accelerated and pass trough a plate capacitor where they are
deflected by applying a sinusoidal voltage, which is frequency-locked to the trigger signal
generated by the titanium-sapphire laser. The electrons are then vertically deflected according
to the corresponding relative phase. Next, the electrons go through a multi-channel plate
where the signal is amplified. A phosphorus screen is used to convert the electrons into

photons which are then detected using a standard thermo-electrically cooled CCD camera.
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Figure B.12: Scheme of the setup and the principle of operation of a streak camera.
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A TR-PL measurement performed with this systems yields 3D spectra: x-scale is the
wavelength, y-axis is the time and a false colour scale indicates the intensity of the emitted
light at a given time and wavelength. The decay curve shown in Fig. 4.16 is the time trace at

the maximum of the direct emission.

B.4 Photoluminescence as a function of excitation wavelength

For the CW-PL measurements as a function of the excitation wavelength, which have been
performed at the Physics Department of the Philipps-Universitdt Marburg, in Marburg
(Germany), the system sketched in Fig. B.13 has been employed. The samples are excited by
a tunable Ti:sapphire laser, with Aex ranging from 840 to 1010 nm, corresponding to photon
energies between 1.48 and 1.23 eV (resonant excitation). Different excitation power densities
from 1 to 11 kW/cm? are applied. The exciting laser is focused on the sample which is
mounted in a liquid He flow cryostat. All measurements are performed at the lattice
temperature of 10 K. An Optical Spectrum Analyzer (OSA) with a cut-off energy of about 0.7
eV and spectral resolution of about 1 nm is used for the analysis of both I'- and L-related
transitions.

Additionally, linear ABS measurements can be performed using the same detection system.
The light emitted by a tungsten halogen lamp is used: the beam is focused on the mirror-
polished back surface of the sample. A suitable system setting allows to observe the same

point of the sample in both PL and ABS measurements.
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Figure B.13: Experimental set up for CW-PL measurements as a function of the excitation
wavelength. The system allows also to perform ABS measurements on the same point of
the sample under analysis.
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In order to more accurately detect peak shifts and intensity variations of the direct gap PL we
have exploited the higher sensitivity of the experimental system used for the TR-PL
measurements (see Section B.3.3). In this case, the acquisition is performed in Focus mode,
i.e. integrating the spectra in time: no voltage is applied at the plate capacitor of the streak

camera and the electrons pass without deflection.

B.5 Time resolved pump-probe absorption measurements

Figure B.14 schematically shows the experimental setup used in TR pump-probe ABS
measurements in the ultrafast regime, which have been performed at the Physics Department
of the Philipps-Universitat Marburg, in Marburg (Germany). A tunable Optical-Parametric
Amplifier (OPA) is used as pump source, emitting 80 fs pulses and allowing for a continuous
tuning of the excitation energy in the visible and the near infrared spectral range. The samples
are probed by a white-light supercontinuum generated by self-phase modulation in a sapphire
crystal. Both the generation of the pump and probe pulses are driven by a 1 kHz regenerative
Ti:sapphire amplifier system with 120 fs pulse length at 800 nm and a pulse energy of 1 mJ.
The system yields a time resolution better than 50 fs. The sample is mounted under Brewster
angle to minimise reflection losses and placed in a liquid He flow cryostat that allows to
perform measurements at the lattice temperature of 10 K. The probe light transmitted by the
sample is spectrally resolved by a grating spectrometer, and then detected using an InGaAs
photodiode array. Further details concerning the pump-probe setup and the white-light chirp

corrections can be found in Refs. [35] and [137].
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Figure B.14: Schematic sketch of the experimental setup used for TR pump-probe ABS
measurements in the fs regime.
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