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Introduction

Spintronics [1] and photonics [2] are two mainstream pathways that are
separately explored to enrich the performances of existing microelectronic
devices. The tremendous potential that would be triggered by their joint
implementation would open the route to a novel technology, known as Spin-
OptoElectronics (SOE) [3]. SOE aims to design and develop a new gen-
eration of devices by combining standard microelectronic properties with
spin-dependent effects and light-matter interaction. The main goal of such
an attempt is to encode digital data in the electron spin, eventually over-
coming the limitations of conventional charge-based electronics in terms of
power consumption and processing speed, while preserving the large-scale
and cost-effective production offered by the microelectronics foundries [4].
In this context, group IV semiconductors, like Si and Ge, are prominent
candidates. Indeed, they are low-cost and readily-available substances that
dominate the CMOS market. In addition, they possess ideal features for a
future use as solid-state hosts of spin-based information [5, 6]. Their cen-
trosymmetric crystal structure prevents the Dyakonov-Perel spin relaxation
mechanism [7], which is a well known limitation in III-V compounds. This
results in long spin lifetimes and diffusion lengths. Moreover, isotopic refine-
ment can reduce hyperfine interactions, thus lengthening the spin coherence
time [8]. Finally, wafer-scale epitaxy on Si substrates opens up the opportu-
nity to introduce confinement and strain effects as effective degrees of freedom
for the simultaneous manipulation of the electronic and spin properties.
Despite Si photonics relies on commercially available devices, such as
waveguides, modulators and detectors, its full exploitation has been jeopar-

dized by the lack of efficient light emitters, which results from the indirect
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band gap of group IV semiconductors [9]. Among all group IV compounds,
Ge has been recognized as the most prominent candidate to overcome the
aforementioned drawbacks. Indeed, differently from Si, its small energy dif-
ference (AE ~ 140 meV) between the indirect- and the direct-gap guarantees
access to the direct-gap optical transition, thus ensuring high absorption and
emission efficiencies. As a result, the pseudo-direct-gap behaviour of Ge offers
the unique possibility to exploit the coupling between the angular momentum
of circularly polarized photons and the electronic spin state. In this way, spin
polarized carriers can be efficiently oriented by the absorption of circularly
polarized light through the direct-gap transition, while the polarization of
emitted luminescence can be used to gather information about the physical
mechanisms governing nonequilibrium spin dynamics.

Even though several decades ago the seminal work by Lampel in Si [10]
put forward optics as a viable technique to address the spin physics of group
IV materials, very little improvement has been made until very recently,
when a better understanding and exploitation of light-matter interaction
has led to all-optical investigations of spin dependent phenomena [11, 12,
13]. These research efforts unfold the possibility to fruitfully couple the
angular momentum of photons and the spin angular momentum of charge
carriers even in Si-based architectures [13]. Although SOE is still at an infant
stage, its readily available spin-photon interfaces are inherently capable of
modulating the state of light polarization and have a substantial potential
to inspire and drive innovation in a wide range of applications, embracing
quantum information processing and reconfigurable optical interconnects.

Within this landscape, the present work is a fundamental study about
spin properties of conduction band (CB) electrons in Ge heterostructures. In
particular, we have employed polarization-resolved photoluminescence (PL)
to investigate the spin physics of Ge-based systems. One of the main advan-
tages of this all-optical technique is to avoid spin depolarization arising from
interfaces between ferromagnetic and semiconductor materials, which affect
electrical measurements thus masking the intrinsic spin lifetime [14].

In this thesis we will focus on the optical generation of spin polarized car-
riers and on the polarization of the PL of bulk Ge and Ge/Si;_,Ge, Multiple



INTRODUCTION 3

Quantum Wells (MQWSs) grown along different crystallographic orientations.

The work is organized as follows: At first we will discuss the role of doping
in determining the spin-polarized population suffering direct-gap recombina-
tion in bulk Ge at low temperatures. Then we will show the possibility
to additionally control the spin polarized ensemble by tuning the excitation
power density. Eventually, we will demonstrate how this phenomenon can
be utilized to achieve a complete control over the polarization of the direct-
gap PL. This represents one of the central issues in the SOE field. Indeed,
currently available light sources are incapable of adjusting the helicity of the
emitted photons without the use of any external magnetic field or optical
delay modulators [15, 16, 17].

The second part of this work is devoted to a thorough investigation of
Ge-based MQWs. These heterostructures have been demonstrated to be very
promising, since they exhibit a type-I band alignment and they provide the
possibility to tailor the optical transition energies by means of strain and
composition [18, 19, 20]. In Chapter 2, we will provide details about the
QWs, namely growth technique, band alignment and band structure, and we
will also discuss their optical properties. The third Chapter focuses instead
on the spin properties of Ge/Sig 15Geg g5 MQWS heterostructures grown along
the (001)-oriented crystallographic direction. In particular, continuous wave
PL (CWPL) and polarization- and time-resolved PL will be exploited to
experimentally evaluate the role of intravalley scattering of L-valley electrons.
The latter has been theoretically predicted as the dominant spin relaxation
channel in the low temperature regime [21, 22]. Moreover, we will investigate
the spin relaxation time 75 (spin lattice relaxation time T;) as a function
of the well thickness and of the temperature. The last part of Chapter 3
addresses the Landé g-factor of CB electrons and its dependence on the well
width. The g-factor was measured by means of Quantum Beat Spectroscopy
(QBS) [23]. This optical technique, although used in the case of II1I-V group
semiconductors [24, 25, 26], has never been applied, to date, to group IV
materials. Our QBS data unambiguously reveal that we are able to achieve a
coherent spin dynamics within the Ge-based heterostructures. Experimental

g-factor values obtained via QBS are then compared both with those obtained
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by means of electron spin resonance (ESR) on very similar Ge/Si;_Gey
MQWs samples [27] and with those predicted by a k - p theoretical calculation
[28].

In Chapter 4, we will focus on Ge/Si;_ Ge, MQWs sample grown along
the (111)-oriented surface. This investigation was inspired by the fact that
in these heteroepitaxial systems the L-valley degeneracy is lifted. This phe-
nomenon has been recently suggested to be a major spin relaxation channel
for CB carriers in Ge [21, 22]. In particular, we will show that it is possi-
ble to achieve robust optical orientation of spins, revealing a clear proof of
non-vanishing polarization at room temperature. For (111)-oriented QWs,
we will demonstrate a 75 lying in the hundreds of ns regime, while a 75 of
few tens of ns is found in similar Ge/Si;_xGe, MQWs heterostructure grown
along the (001)-oriented crystallographic direction. Such a spin lifetime dif-
ference represents a direct proof that strain can be utilized to lengthen the
spin lifetimes in Ge.

In the Conclusions, the main results reported in this thesis are summa-
rized. In the Appendix, full Stokes analysis of light polarization and the

experimental set-ups will be fully described.



Chapter 1
Bulk Germanium

This chapter addresses optical investigations of spins in bulk Ge. In the fol-
lowing, we will first provide a detailed overview about photoluminescence, the
optical orientation process and the polarized emission in bulk Ge. Then we
will report a study of the direct-gap PL polarization as a function of doping
and temperature. Finally, we will show that by tuning the excitation power
density, it is possible to achieve control over the luminescence polarization

in properly doped bulk Ge samples.

1.1 Structural and Electronic Properties

Ge is a group IV semiconductor (SC) exhibiting the diamond crystalline
structure, which consists of two interpenetrating face-centred cubic Bravais
lattices displaced along the diagonal of the cubic cell by one quarter of the
length of the same diagonal. At room temperature (RT), the lattice constant
a, shown in Figure 1.1(a), is of 0.566 nm.

Ge is an indirect-gap semiconductor [Figure 1.1(b)]. The top of the va-
lence band (VB), located at the I'" point of the Brillouin zone (k = 0), is
twofold degenerate and consists of heavy holes (HH) and light holes (LH)
states, while the split-off (SO) band is located 290 meV below the top of the
VB. The absolute minimum of the conduction band (CB) is located at the
L point of the Brillouin zone along the (111) crystallographic directions. It
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Figure 1.1: Cubic cell of the diamond lattice [30, 31] (a) and band structure
of bulk Ge (b).

is four-fold degenerate and at RT it lies 0.66 meV above the top of the VB.
Other Ge CB minima are then found at the I' and X point, 140 meV and
200 meV above the absolute minimum, respectively.

Remarkably, due to the I'-to-L proximity, Ge exhibits a quasidirect be-

haviour, which recently sparked interest also in its photonic properties [9, 29].

1.2 Photoluminescence

Photoluminescence (PL) is a non-destructive spectroscopic technique that
provides access to the intrinsic and extrinsic electronic properties of SCs [32].
Upon optical excitation, a photon is absorbed by the crystal, thus creating
an electron-hole pair which can then radiatively recombine, emitting another
photon [33].

Assuming the excitation energy to be much larger than the energy dif-
ference between VB and CB at k = 0 (i .e. hw > Er), electrons (holes)
are photogenerated with a well-defined excess energy with respect to the CB
minimum (VB maximum). After excitation, the whole process leading to PL
signal consists of carriers thermalization, diffusion and radiative recombina-

tion.
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Considering now a 100% internal quantum efficiency, so that one absorbed
photon generates one electron-hole pair, immediately after absorption at nor-
mal incidence, the depth-dependent density of photogenerated carriers can
be described by the Beer’s law:

G(z) =[1 — R(hw)] - a(hw) - 1(0) - exp[—a(hw) - 2], (1.1)

where z is the coordinate normal to the sample surface, R(hw) is the surface
reflectivity of the sample, I(0) is the incident photon density and «a(hw) is
the absorption coefficient at the excitation energy.

If now we consider the case of infrared laser excitation, in Ge, the life-
time of electrons excited within the I' valley is dominated by their ultrafast
scattering towards satellite X and L valleys, lying in the regime of hundreds
of femtoseconds [34, 35, 36]. The relaxation processes towards the bottom
of I' valley are slower than in III-V compounds, where phonon scattering is
driven by the Frohlich interaction allowing electrons to couple with longitu-
dinal optic (LO) phonons with a high wave number. Such a mechanism is
absent in Ge since the crystal bonds are purely covalent [37]. Moreover, the
deformation potential interaction between long-wavelength optical phonons
and CB electrons is weak in Ge due to the space inversion symmetry. Due to
these mechanisms, the satellite valleys energy relaxation becomes the most
efficient thermalization process [38]. Most of the electrons will thus suffer
scattering towards the absolute minimum of the L-valley, where they exhibit
a long lifetime: 7, values are expected to be between ten and hundreds of ps
at room temperature (RT) [33].

Simultaneously with the thermalization process, the concentration gradi-
ent causes carrier diffusion within the sample.

After thermalization and diffusion, electrons are distributed in the CB.
A fraction of photoexcited carriers experiences radiative recombination, thus
returning to the ground state (GS) via photon emission. Therefore it is
possible to measure at the same time the direct- and indirect-gap transitions,
that occur at different photon energies. The PL spectrum, which is due to

the product between the joined density of states and the relative transition
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Figure 1.2: PL spectrum obtained from a nominally intrinsic Ge sample
measured at T=4 K under 1.165 eV laser excitation with a power density of
about 4.5 kW /cm?. Phonon mediated indirect (cL - vI') and direct (c'-vT)
transitions are shown. The PL was probed by means of a dispersive system
followed by an InGaAs array photodiode working in the 0.55 - 1.55 eV range
[39].

probability, represents the radiation intensity emitted by the sample as a
function of the energy. In a typical PL spectrum of Ge, the emission due
to the indirect cL——vI' transition dominates over the emission due to the
direct cI'— vI" one (see Figure 1.2).

PL features related to indirect-gap emission are found in the low energy
range of the PL spectrum, between 0.65 eV and 0.75 eV, and the main peaks
are phonon replica of the cL - vI' transition [40], labeled in Table 1.1. At
about 0.66 eV, the PL spectrum shows a feature with much lower intensity
with respect to other lines. Lieten et. al [40] attributed this structure to the
radiative recombination assisted by two phonons: a (111) LA phonon and a
TO phonon at the I' point of the Brillouin zone.

A less intense PL peak related to the direct-gap emission is found at the
high energy side of the spectrum, at about 0.88 meV. We now focus our

attention on the cI'-vI' transition, which will be investigated in detail in the
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Figure 1.3: (a): Direct-gap PL spectrum obtained from the sample whose
whole spectrum is shown in Figure 1.2. Here the PL signal is measured by
means of a polichromator equipped with a thermoelectrically cooled InGaAs
array detector with the cutoff energy at 0.75 eV, which guarantees an optimal
spectral response in the direct-gap region emission. (b): Color-coded map of
the PL intensity as a function of the temperature. Dashed line indicates the
calculated energy position for the cI'-vI" PL feature [41].

Table 1.1: Energies of (111) phonons in bulk Ge at T=4 K and positions of
the corresponding phonon replica of the indirect cL——vI' transitions.

Phonon Label ~ Phonon Energy (meV) Phonon Replica (meV)

TA 7.7 733
LA 274 712
TO 35.4 704

following.

The spectral asymmetry of the direct-gap PL can be observed in Figure
1.3 (a). The line shape is due to the joint density of states (JDOS) and
the Maxwell-Boltzmann distribution of the photoexcited carriers. The latter
describes the high energy tail of the PL peak via a negative exponential-like
behaviour. Assuming parabolic bands for the direct band-to-band transi-

tions, the PL spectrum intensity is given by:

[(hw) = B - \/hw — Er - ezﬂp(—kZ—wT), (1.2)

where B represents the radiative recombination probability for direct-gap
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Table 1.2: Values of parameters in Equation 1.3 for indirect-gap and direct-
gap transitions in Ge [42].

Type of Transition Er (V) « (eV/K) § (K)
Indirect 0.7412  4.561 x10=%* 210
Direct 0.8893  6.842 x10~* 398

transition. Therefore, the PL peak maximum intensity will not correspond
to the energy difference between the VB maximum and the CB minimum at
I' (Er), but it will be blue-shifted by an amount of 1kgT [32].

Figure 1.3 (b) shows the color-coded plot of the PL direct-gap emission
of a nominally intrinsic Ge sample as a function of the temperature. The
direct-gap PL peak position follows the behaviour described by the Varshni’s

law [42]:
oT?
B+T’

where values for £(0), o and J values for Ge are reported in Table 1.2. In

E(T) = E(0) (1.3)

particular, by increasing the temperature, the gap shifts to lower energies.

1.3 Optical Orientation of Spins

Optical orientation allows the generation of an unbalanced spin distribution
within the semiconductor by means of circularly polarized light absorption
[43], which owns angular momentum L, = 4/ along the light propagation di-
rection (2). Photons possessing momentum m, = +1(—1) will be right(left)
handed circularly polarized (0%). In a semiconductor, the photoexcited elec-
trons and holes exist for a time 77, before the recombination [7]. If a fraction
of the carrier’s initial orientation survives longer than the recombination time
i. e. 7g ~ 71, where Tg is the spin relaxation time, then the PL will be par-
tially polarized. In this case, the polarization degree can be used to gather
information about the physical mechanisms governing the spin dynamics of
non-equilibrium carriers in SCs, thus providing an unique tool for the inves-
tigation of useful quantities such as, for example, spin orientation, electron

lifetime and spin relaxation time of injected carriers [44, 45].
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Figure 1.4: I'-point states involved in the optical orientation process. States
are labelled by the projection m; of the total angular momentum J on the
direction of light propagation Z. Arrows indicate the optical allowed tran-
sitions upon o laser excitation. The relative weight of the dipole matrix
element is indicated in the circles.

The generation of a non-equilibrium distribution of spin-polarized carriers
depends on the optical selection rules and the oscillator strength. It is worth
noticing that at the centre of the Brillouin zone Ge behaves like a direct-gap
I[II-V compound SCs [7]. The model used to describe the polarized absorption
process is schematically described in Figure 1.4. From now on, we assume
ot for the helicity of the exciting light (m, = +1). From the selection rules
in the electric dipole approximation, we get Am = m;; — m;; = 1, where
mj; and m;¢ represent the initial and final projection of the total angular
momentum (J) along the light propagation direction (z), respectively. Under

these conditions, the allowed transitions (|J, m;;) — |J,m;r)) will thus be:

HH :|+3/2,-3/2) — | +1/2,-1/2)
LH:|+3/2,-1/2) — | +1/2,+1/2) (1.4)
SO :|+1/2,-1/2) — | +1/2,+1/2).

Therefore, immediately after the light absorption, both photoexcited holes
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and electrons are spin polarized. The absorption of ot (¢7) polarized light
corresponds to a difference of +1 (-1) between the m; values of the final and
initial state. As a result, photoexcited electrons from the HH and LH states
populate opposite spin levels in the CB (see Figure 1.4).

For F;, < hw < E;+ ASO, only LH and HH sub-bands provide contribu-
tions to the absorption process, resulting in a net spin polarization defined
as:

p, =" (1.5)

ny +n_
where n, (n_) stands for the density of electrons co(counter) polarized with
respect to the exciting photons. If now we consider an electric-dipole transi-
tion with AJ = —1, the matrix element for o* excitation condition is given

by [46]:
(J = 1,mj + 1ot J,m)|* = 1/2(J — m;)(J —m; — 1). (1.6)

Hence, performing the calculation, it results that the square of the matrix
element for transitions involving HH states is three times larger than that
for transitions involving LH states. Thus, under o" excitation conditions,
we have ny : n_ = 1: 3, and from Eq. 1.5 it follows that P, = —1/2.
In this case, the overall spin is oriented oppositely with respect to the light
propagation direction. It is worth noticing that, assuming o~ excitation, we
would have ny :n_ =3:1and P, = +1/2.

It is well known that the holes depolarization is very fast (rheles

~1 ps
[47]), so that only the spin polarization of electrons will contribute to the
PL signal, as shown in Figure 1.5. In this case, the PL circular polarization

degree is defined by [46]:
Ipv — I,-

—_— 1.
Ig-+ + 10_7 ( 7)

p:

where I,+ represents the intensity of o* polarized light. Moreover, due to
the complete depolarization of holes, spin states at the VB are equally oc-
cupied and I,+ will only depend on the spin states within the CB and on
the relative transition probability with o photon emission. Therefore, I+ is

proportional to the sum of cI'-1/2 and ¢I" +1/2 contributions to the polarized
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Figure 1.5: I'-point states involved in the polarized emission process. States
are labelled by the projection m; of the total angular momentum J on the
direction of light propagation Z. Arrows indicate the optical allowed tran-
sitions upon o™ laser excitation. The relative weight of the dipole matrix
element are indicated in the circles.

emission. Thus, from Eq. 1.7, we get:

_(ny4+3n) —@Bny+n) 1
PO iy +3n0) + (Bny +n_) 4 (18)

where pg indicates that we are neglecting spin depolarization mechanisms.

If we consider now excitation involving also transitions from the SO band
(i. e. hw > E; + ASO), it can be easily deduced that, after circularly
polarized light absorption, we have n, = n_, so the net spin polarization is
null (P, = p = 0). This underlines the importance of spin-orbit coupling in
the optical spin orientation process. On the other hand, the VB spin states
structure shown in Figures 1.4 and 1.5 clearly suggests that a removal of the
HH/LH degeneracy can substantially increase P, up to the limit of complete
spin polarization [48].

While, as we will see, photoexcitation with circular polarized light cre-
ates spin-polarized electrons, the nonequilibrium spin polarization decays
due both to carrier recombination and spin relaxation mechanisms [49, 50].

In continuous-wave PL (CWPL) experiments, the steady-state polarization
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degree depends on the balance between spin excitation and decay. In a homo-
geneously doped SC, the balance between electron-hole recombination and

optical pair creation can be written as:
r-(n-p—mno-po) =G, (1.9)

where 7 is the recombination rate, n and p the electrons and holes densities,
with the 0 subscript denotes the equilibrium values, and G is the electron-
hole photoexcitation rate. Similarly, the balance between spin relaxation and

spin generation can be expressed by:
r-s-p+s/tg =P,(t=0)-G, (1.10)

where s = ny — n_ is the electron spin density and P,(t = 0) represents
the spin polarization immediately after photoexcitation. Remembering that
holes are considered unpolarized, the first term in Eq. 1.10 describes the spin
density decay due to carrier recombination, while the second term describes
intrinsic spin relaxation. Merging Eq. 1.9 and Eq. 1.10, we obtain the

steady-state electron polarization [51]:

.1—n0~p0/n-p

P, =P,(t=0 .
( ) 1+ 1/1g-7-p

(1.11)

In a p-doped sample, p ~ py and n > ng, so that ng-po/n-p ~ 0, and we

can write:

p, = Llt=0) (1.12)
14+ 7/7s
where 7 = 1/r - pg is the electron lifetime [32]. The steady-state polarization
is thus lower than the initial polarization P,(¢ = 0) by an amount depending
on the ratio 7/7g.
In an n-doped sample, on the other hand, n ~ ng and p > pg, Eqgs. 1.9

and 1.11 thus give [52]:
Pyt = 0)

S L S — 1.1
14+n9/G - 75 (1.13)

n

Contrary to the previous case, the majority carrier (now holes) lifetime 7 =
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1/r - ng has no effect on P,. However, P, depends on the photoexcitation
intensity G as expected for a pumping process.

In conclusion, the steady-state spin polarization P, under circularly po-
larized laser excitation depends on the electrons spin relaxation time. In
particular, the longer 7g, the larger P,. However even if 7g is very long, P,
is limited by its initial value, P,(t = 0). A detailed calculation of P, as a
function of photon energy (hw) can be found in Ref. [53].

It is worth noticing that the optical orientation process described above
is valid at the zone centre, where the Ge mimics the behaviour of III-V
compound SCs. In the latter all the photoexcited carriers suffer direct-gap
recombination, whereas the multi-valley nature of Ge CB allow carriers to
experience inter-valley scattering towards the X and L valleys, as discussed in
Section 1.2. This property, together with the above mentioned pseudo-direct
band structure of Ge, makes spin dynamics richer. In the following, we will
show that it is possible to exploit these properties in order to address new

interesting routes towards the study of spin physics properties.

1.4 Optical Investigation of Spin Properties

This section provides details about recent investigations of spin and energy re-
laxation processes in bulk Ge. All the data discussed in the following refer to
polarization-resolved PL (PRPL) measurements carried out in backscattering
geometry. A full discussion of the experimental set-up is given in Appendix
A.1 (Line A). Samples were excited by a continuous-wave Nd : YVO, laser
operating at 1.165 eV (i. e. 1064 nm). Incident light was left-handed (o7)
circularly polarized. The polarization state of emitted light was probed by
means of a rotating quarter (\/4) waveplate followed by a linear polarizer. In
the following the retarder angle between the A/4 and the linear polarizer will
be termed analyser angle. The PL peak amplitude as a function of the anal-
yser angle was measured by a spectrometer equipped with an InGaAs array
multiple-channel detector with cutoff energy at 0.75 eV (Appendix A.1.1).
PL spectra are measured at different orientation angles (6) between the fast

axis of the analyzing \/4 waveplate and the linear polarizer axis. The depen-
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Table 1.3: Room temperature (RT) free carriers concentration and resistivity
of investigated bulk Ge (001) samples. The n-Ge sample is 6° miscut.

Sample name Free carriers concentration (cm™) RT Resistivity (€ - cm)

-Ge ~ 1013 47
p-Ge 14101 2.39
pt-Ge 3.6-10'8 4.6-1073

n-Ge 8.3-10' 3.58-107!

dence of the PL peak intensity on # allowed us to perform a Stokes analysis
(Appendix B) of the data, thus providing information about the helicity and
the circular polarization degree (p, Equation 1.7) of the emitted light.

In this section we will first report a study related to the direct-gap emis-
sion as a function of temperature and doping, in order to highlight the rich
dynamics of CB electrons [38, 54]. The list of investigated samples is given
in Table 1.3.

We will then demonstrate how these inherent properties of Ge can be uti-
lized to achieve a complete control over the polarization state of the emitted
light by simply modulating the excitation power density, without the need

of any external magnetic fields (MF) or optical delay modulators.

1.4.1 Direct-gap Polarized Emission:

Temperature Dependence

The low temperature PL peak related to the c['-vI' transition is found at
~ 880 meV for all the samples (see Figure 1.6). In doped samples, the direct-
gap emission lines are red shifted with respect to that of i-Ge (886 meV). This
fact has to be ascribed to the band gap narrowing (BGN) effect, predicting
a progressive gap shrinkage by increasing the impurity concentration [55, 56,
57]. The low energy feature of p~-Ge at ~ 0.87 eV may be attributed to
recombination of shallow state carriers.

Under 1.165 eV excitation condition, luminescence has contributions from
two types of spin polarized electrons [Figure 1.7 (a)]. The low temperature

photogenerated electron population was evaluated in Ref. [59] by means
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Figure 1.6: Normalized direct-gap PL features of the samples listed in Table
1.3. Spectra were obtained by means of 1.165 eV laser excitation with a
power density of ~ 4.5 kW /cm?.

of a first-neighbour tight-binding Hamiltonian' [Figure 1.7 (b)]. Though
these calculations have been carried out for the case of Ge under a small
tensile strain of about 0.2%, they fully capture the physics of spin-polarized
carriers also in relaxed bulk materials. More precisely, transitions involving
HH states produce CB electrons with excess energies, with respect to the
[-valley bottom edge, of about 260 meV. Therefore, after absorption, they
populate high energy I'-valley states, and we will term them ’high energy’
electrons. On the other hand, electrons promoted from the SO band have
only a few meV of kinetic energy, so that we will refer to them as "low energy’
electrons. It is worth emphasizing that, despite the low number of electrons
excited from SO band, they are directly photoexcited to the I'-valley bottom,
thus providing relevant contribution to the direct-gap transition.

According to the selection rules (Section 1.3), under o~ excitation, the

!Simulation was carried out by Dr. Michele Virgilio at the University of Pisa.
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Figure 1.7: (a): Ge band structure calculated by using the 30 bands k- p
calculation tool discussed in Ref. [58]. Arrows indicate o~, 1.165 eV laser
excitation. The possibility to create an unbalanced electron spin population
within the Ge CB is shown. (b): Relative electron population as a func-
tion of the excess energy optically promoted by o~ excitation in a strained
Ge/Si heterostructure [59]. Calculation was performed by means of a first-
neighbour tight-binding Hamiltonian. (c): Sketch of the Ge band structure
reporting the available relaxation pathways for the photoexcited carriers.

'high energy’ electrons population provides a p = —25% for the ¢I" — vI tran-
sition, while the contribution of the 'low energy’ one is 50%. The PL polariza-
tion degree and type depends on the relative contribution of 'low energy’ and
’high energy’ electrons. Above all, the final degree of circular polarization
will be dictated by relaxation mechanisms, as described below.

The colour-coded plot reporting the intensity modulation of to the direct-
gap emission in the 4 K-180 K temperature regime for all the samples in
Table 1.3 is shown in Figure 1.8 (a), while the temperature dependence of
p is shown in Figure 1.8 (b). Data are taken from Refs. [38, 54]. The laser

power density was about 7.4 kW /cm?. Attributing negative (positive) values
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of p to co (counter)-circular photon emission, we can identify three different

temperature regimes:

e 4 K <T <90 K. The sinusoidal modulation of the peak intensity reveals
for all samples a non-vanishing optical orientation of CB electrons, as
discussed in Section 1.3. The PL of p™-Ge and n-Ge, is co-circular with
respect to the excitation with p ~ —8% and p ~ —11%, respectively.
On the other hand, the other two samples exhibit a counter-polarized

luminescence signal with p ~ +30% for i-Ge and p ~ +5% for p~-Ge.

e 90 K < T < 170 K. The direct-gap PL is still circularly polarized.
Remarkably the helicity of emitted photons in p™-Ge and n-Ge is out
of phase compared to the low temperature regime, so that the angular
momentum of the direct-gap PL has the opposite direction of the one
of the absorbed photons, reaching a positive maximum around T = 125

K for all the samples.

e 170 K < T < 300 K. The sinusoidal pattern for all the investigated
sample is absent. In this temperature regime the emitted light is no
more circularly polarized, demonstrating that electrons spins are no

longer aligned before the recombination and p approaches a null value.

From these experimental evidences [38], it is clear that the relative portion
of ’high energy’ and 'low energy’ electrons taking part in the luminescence
process strongly depends on the extrinsic carrier concentration and lattice
temperature. A theoretical Monte Carlo simulation was performed in Ref.
[38] to explain such non-trivial behaviour.

Due to the indirect-gap nature of Ge, the vast majority of optically-
oriented electrons photoexcited into the I' valley suffer relaxation towards
the absolute CB minimum, lying at the L valley. However, here we focus our
attention on the minor fraction of electrons experiencing direct-gap radiative
recombination from the I' valley bottom. Indeed, information about the de-
gree of circular polarization of this luminescence represents an useful tool to
understand the relaxation mechanisms governing the dynamics of photoex-

cited electrons. As shown in Ref. [38], in Ge, the polarization state of the
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Figure 1.8: (a): Colour-coded maps reporting the temperature dependence
of the intensity modulation of the direct-gap PL peak as a function of the
analyser angle () for Ge samples listed in Table 1.3. (b): Temperature
Dependent circular polarization degree. Data taken from Ref. [38].

direct-gap emission is governed by the kinetics of spin-polarized electrons,
proving that scattering towards lateral X valleys plays an important role for
the energy relaxation of electrons photoexcited from HH VB states.

Figure 1.9 shows results of Monte Carlo simulations [38], which fully re-
cover experimental data reported in Figure 1.8 (b). The physical picture
that we will describe in the following results from this theoretical calcula-
tion and the dynamics simulated by means of Monte Carlo. These calcula-
tions demonstrate that, "high energy’ electrons, are likely to suffer intervalley
scattering towards the X valleys, demonstrating that the dynamics of these
electrons within the X states depend on doping conditions. In the case of
negligible free carrier concentration, electrons transfer towards the absolute L
valley minimum through the efficient phonon-induced intervalley scattering.
The net result is that the direct-gap emission is dominated by ’'low energy’
electrons, excited from SO VB states. This physics explains the counter-
polarized emission of the intrinsic sample at low temperature, and its high
circular polarization degree. On the other hand, in doped samples, energy
relaxation of electrons is governed by collisions with extrinsic carriers (back-

ground carriers), being more effective in the X states rather than in the I'
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Figure 1.9: Monte Carlo calculation of the degree of circular polarization
of the direct-gap recombination of bulk Ge under o~ laser excitation. Data
taken from Ref. [38].

valley, due to the similarity of the electron mass to the one of background
carriers. Following this picture, ’high energy’ electrons reaching the bottom
of the X valleys are mainly transferred towards the L states, but a small
fraction of them can experience backscattering towards I'. Since AEx p ~ 40
meV, they directly reach the valley bottom, providing a significant contribu-
tion to the direct-gap PL. As a result, we observe co-polarized emission in
doped samples. Increasing the doping level led to an enhancement of "high
energy’ electrons and, consequently, to a more negative value of p (Figure 1.8
and Figure 1.9). Furthermore, it is worth noticing that n-Ge and p™ — Ge
samples show similar p behaviour, this means that extrinsic electrons and
holes seem to affect the polarization in the same way.

Let us now focus on the high temperature regime. As the temperature
increases, the band-gap shrinks, according to the Varshni’s law (Equation
1.3). Hence, the relative weight of 'low energy’ and ’high energy’ electron
populations changes, leading to a changes of p. Below T=50 K, the band
gap shrinks only by ~ 3 meV, and experimental findings exhibit an almost

constant p behaviour. On the other hand, Figure 1.8 shows that above 50
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K, p increases in all the samples. In this case the band gap shrinkage causes
a significant increase of the contribution of ’low energy’ electrons to the
polarized emission, which explains the behaviour of the circular polarization
degree above T=50 K in all samples. Noteworthy, the p ~ +50% measured
in i-Ge sample at T=120 K indicates that only electrons photoexcited from
SO band provides a contribution to the direct-gap PL.

Above T=120 K, the thermal activation of spin depolarization mecha-
nisms, shortening the spin relaxation time relative to the carriers lifetime
(Eq. 1.12), reduces the degree of circular polarization, and above T=170 K
the direct-gap emission from bulk Ge is no longer polarized in all samples.

The main depolarization source is the thermal activation of L-valley elec-
trons. In particular, electrons lying in the L-valley bottom can visit the I'
valley. This process is characterized by a probability ~ exp(—AEry,/kgT),
with AEr;, ~ 140 meV. At RT, the recombination lifetime of electrons in the
L valley is longer than 1 us, while the spin relaxation time was estimated
to be of about 1 ns [22]. Consequently, the majority of L-valleys electrons

ultrashort visits at I' takes place when electrons are already unpolarized.

1.4.2 Direct-gap Polarized Emission:
An Additional Tool to Control Light Polarization

The possibility to partially tailor the polarization type and degree of the cI'-
vl transition in Ge by means of doping was demonstrated in the previous
section (Figure 1.8).

Here we will exploit the relaxation dynamics of "high energy’ electrons
which, as it turns out, governs the polarization state of the emitted light.
Indeed, we will demonstrate the capability of engineering the helicity of the
emitted photons by simply tuning the density of photoinjected carriers, i. e.
by changing the excitation power density. In particular, to address this issue,
we found that among all the samples listed in Table 1.3, the intermediate
doping concentration sample, named n-Ge (Ge : As ~ 10'%), could represent
the best choice and hence we have studied it in detail.

Measurements reported here were taken under 1.165 eV, right-handed
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Figure 1.10: (a): Direct-gap PL emission of n-Ge as a function of the ex-
citation power density. (b): Integrated PL intensity as a function of the
excitation power density.

(0F) circularly polarized laser excitation. In this case, we attribute posi-
tive(negative) values of p to co(counter)-circular photon emission. The power
density (P. D.) ranged from 0.4 kW /cm? to 7.4 kW /cm?.

In this section, together with the PL peak intensity modulation, we will
also report Poincaré spheres to represent the photon polarization (Appendix
B). In this study, the Poincaré sphere is only used to show the polarized
component of the luminescence, in order to facilitate the data interpretation.
The relative degree of circular polarization can be deduced from the PL peak
intensity modulation as a function of the rotating \/4 waveplate (Appendix
A.1). Since measurements reported in this section were taken using right-
handed (07) circularly polarized excitation, a point on the north(south) pole
implies that emitted light is co(counter)-circular polarized with respect to
laser helicity.

Figure 1.10 (a) shows the c[-vI' emission line obtained from the n-Ge
sample as a function of the incident power density. As expected, the inte-
grated PL peak intensity (plotted in Figure 1.10) strongly depends on the
photoinjected carrier density. It is worth emphasizing that this dependence
is superlinear, resulting in an exponent of ~ 1.55 (red-dashed line of Figure

1.10 (b)), in good agreement with literature data [60].
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Figure 1.11: (a): Modulation of the direct-gap PL intensity of n-Ge sample at
T=4 K for an excitation power density of 0.4 kW /cm? (blue dash-dotted line)
and 7.4 kW /cm? (red dash-dotted line). (b): Poincaré sphere representing
the polarized component of the PL signal.

Moreover, it is worth to underline the slight PL peak maximum red-shift
which can be observed by increasing the excitation power density. Consider-
ing the two extrema P. D. values (0.4 kW /cm? and 7.4 kW /cm?), we observe
an overall shift of about 3 meV, which can be ascribed to a local lattice
heating of ~40 K.

Figure 1.11 (a) reports the direct-gap PL peak intensity modulation as
a function of the A\/4 angle. Surprisingly, the measurements performed at
P. D. = 0.4 kW /cm? (blue dash-dotted line) and P. D. = 7.4 kW /cm? (red
dash-dotted line) clearly exhibit a 90° phase shift of the peak modulation,
demonstrating the opposite helicity of the emitted photons. In particular, it
is worth noticing that at a P. D. = 0.4 kW /cm?, the peak modulation reveals
maxima at (7/4 + nn) and minima at (37/4 + nxw). Under o polarized
laser this corresponds to photon emission counter-polarized with respect to
the excitation. On the other hand, when the incident laser power increases,
the PL peak modulation exhibits maxima at (37/4 + nm) and minima at
(m/4 4+ n7), resulting in a photon emission co-polarized with respect to the

excitation. The polarized component of the Poincaré spheres in Figure 1.11
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Figure 1.12: (a): Colour-coded map showing the direct-gap PL intensity as
a function of the A/4 analyser angle () measured by changing the excitation
power density. (b): Polarized component of the Poincaré sphere representing
the data of Figure 1.12 (a) .

(b), again shows that for the high(low) excitation power density, the c[-vI’
emission is co(counter)-polarized with respect to excitation.

Notably, Figure 1.12 (a) and (b) show that the photon helicity changes
from ot to linear to o~ simply by changing the number of photoinjected
carriers, i. e. the excitation power density. The intermediate doping level of
the n-Ge sample indeed allows us to achieve a complete control over the PL
polarization.

The polarization switching can not be ascribed to the lattice heating due
to laser power enhancement. We have shown (Figure 1.8) that for increasing
temperature, the helicity of the emitted photons changes, moving from co-
circular to counter-circular, in stark contrast with these findings. In Section
1.4.1 we underlined the crucial role played by the phonon-induced inter-valley
scattering of "high energy electrons’ towards the satellite X and L valleys dur-
ing the energy relaxation process. In this case, a plausible scenario is that,
in the low P. D. regime, 'high energy’ electrons suffer scattering towards
satellite valleys, providing no contribution to the direct-gap recombination.
In this case, the direct-gap PL signal is governed by ’low energy’ electrons,

thus resulting in a c[’-vI' luminescence emission counter-polarized with re-
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spect to the excitation. On the other hand, when we increase the number
of injected carriers (high P. D. excitation condition), ’high energy’ electrons
are more likely to thermalize towards the X valley bottom via Coulomb-
induced collisions. Here, the phonon-induced inter-valley scattering causes
a non-negligible probability for some of these electrons to be transferred
back to the I' valley, where they can provide a sizeable contribution to the
direct-gap recombination. In this case, the helicity of the emitted photons
is co-polarized with respect to the excitation. It is worth emphasizing that
the low power density excitation regime is characterized by a higher abso-
lute value of the circular polarization degree (p ~ [10%]|) with respect to the
high one (p ~ |4%]|). This is in line with the assumed physical picture, that
is ’high energy’ electrons contribute to the direct-gap luminescence in the
former regime, while their contribution is reduced in the latter regime.

If, on one hand, modulation of the PL peak intensity reveals the polar-
ization state of emitted light in the low and high excitation power density
regimes, only little clarification is available in the intermediate regime from
the data set of Figure 1.12. ¢ and o~ PL spectra are shown in the upper
panel of Figure 1.13 (a). The excitation power density was estimated to be
around 2.8 kW /cm?. In is worth noticing that, in this case, the degree of
circular polarization exhibited by the PL peak maximum vanishes. However,
this does not mean that the direct-gap PL emission is completely depolarized.
Indeed, looking at the colour-coded map reported in the lower panel of Fig-
ure 1.13, it can be observed that there are four ninety-degrees phase shifted
features. Thus, as explained in Appendix B, this P. D. regime is character-
ized by a photon helicity emission that is linearly polarized (along horizontal
direction) with respect to the laser excitation. The linear character of the
polarization state of the emitted light can also be appreciated from the green
line (middle spectrum) of Figure 1.13 (b). Moreover, modulation intensities
relative to the low (red line) and high (blue spectrum) energy tail of the
cI' — oI transition are reported in Figure 1.13 (b), clearly showing a phase
shift between maxima. These findings suggest that the low energy tail of the
direct-gap luminescence is dominated by recombination of electrons excited

from SO VB states, thus providing a counter-polarized photon emission. On
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Figure 1.13: (a): ot (blue line) and ¢~ (red line) resolved direct-gap PL
spectra obtained from n-Ge sample. In the lower panel the colour-coded
map shows the modulation of the PL peak intensity as a function of AE.
AE is defined by setting the PL peak maximum as AE=0 eV. Excitation
power density was 2.8 kW/cm?. (b): Intensity modulation relative to the
PL peak maximum, AE=0 eV (green line, central panel), to its low energy
tail, AE=-0.015 eV (red line, upper panel) and high energy tail, AE=+0.033
eV (blue line, lower panel). Data are reported alongside the corresponding
projection on the Poincaré sphere (c).

the contrary, electrons excited from the HH VB states dominate the high
energy tail of the PL feature, so that this region is co-polarized with respect
to the excitation. Such a behaviour strongly highlights that, for intermediate
values of the excitation power density, coherent superposition of co-circular
and counter-circular photon emission occurs, leading to a linear polarization
state of the emitted light.



Chapter 2

Ge/SiGe Multiple Quantum
Wells

This chapter provides an introduction to the Ge-based heterostructures whose
spin properties will be investigated in details in Chapters 3 and 4, being the
central topics of this thesis. In the first part of this chapter we will introduce
structural and electronic properties of SiGe bulk alloys. Then we will devote
particular attention to the effect of strain on the band structure. The last
part of the chapter introduces Ge/Si;_ Ge, MQWs featuring Ge-rich barri-
ers. We will discuss low temperature band alignment as obtained through
tight binding calculation and we will present low temperature PL. measure-
ments performed on three samples with different well thickness. Finally, the
electron lifetime as a function of temperature will be derived for all investi-

gated systems.

2.1 SiGe Alloys

Si and Ge are fully miscible. Si;_,Ge, alloys exhibit a diamond crystalline
structure in which the Ge fraction z ranges from 0 to 1. The lattice constant
a of these solid solutions varies from the one of pure Si (ag; = 0.54nm) to
that of pure Ge (age = 0.56nm). The linear dependence of the alloy lattice

constant is well described, to a first approximation, by the empirical Vegard’s

28
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Figure 2.1: Indirect (a) and direct (b) bandgap of Si;_,Gey alloys as a func-
tion of Ge molar fraction (x) [62].

law [61]:
a, = ag;(1 — ) + ager = ag; + rAa. (2.1)

SiGe alloys (like Si and Ge) are indirect-gap semiconductors for all the Ge
concentrations. As shown in Figure 2.1, for x lower than 85%, the CB abso-
lute minimum lies in the A valley (Si-like), while for a larger Ge content it
is at the L valley (Ge-like) [62].

2.2 Heterostructures and Strain

The samples investigated in this thesis consist of Si;_,Ge, alloys (epilayers)
pseudomorphically grown on a Si;_,Ge,/Si substrate. The epilayer rear-
ranges its lattice constant and the crystallographic orientation to that of the
substrate, in order to minimize its energy.

The lattice misfit (f) between the epilayer and the substrate can be writ-
ten as:

as — Ao

f= , (2.2)

(%)

where a, and ag are the lattice constants of the epilayer and of the relaxed
substrate, respectively.
When a Si;_Gey layer is deposited on a Si;_,Ge, substrate, it experiences

a biaxial strain, which is compressive in the growth (zy) plane and tensile in
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the growth (z) direction if x >y, while the opposite is true when x < y.

In general, strain can be well-described by a rank-3 tensor. For simplicity,
let us call ¢ the strain component in the plane parallel to the interface
(€] = €22 = €yy = [), and €, the strain component along the growth direction.
This description turns out to be very useful, since it allows us to resolve the
total strain into two components. The uniaxial component is expressed by
[63]:

€ =€L — €, (2.3)

and it is responsible for the splitting of degenerate levels such as, for exam-
ple, HH and LH states at the VB top. Moreover the isotropic hydrostatic

component given by the trace of the tensor € can be written as:
en =Tr(€) = €4y + €4y + €22, (2.4)

and it induces a shift of the conduction and valence band levels, yielding a
variation of the energy gap. In particular, in the case of Ge, both the direct
and the indirect bandgaps decrease as a tensile strain is applied [59, 64],
while they increase in the compressive case. The effects of the two strain
components on a Si;_,Ge, layer with x > 85% for both the tensile (a) and
the compressive (a) case are shown in Figure 2.2.

However, the pseudomorphic growth of an epilayer on a substrate with
different lattice constant can not proceed indefinitely, since elastic energy is
stored in the deformed layer. As a consequence, the system might relieve
the strain by reducing its free energy through the introduction of structural
defects, named dislocations [65]. The formation of dislocations requires it-
self some nucleation energy. As a result there is a film thickness, called
critical thickness, beyond which the introduction of such defects becomes
more favourable [66]. In general, dislocations lie along the lowest energy
crystallographic directions and, in the case of SiGe heterostructures [67, 68]:
Misfit dislocations (MD) run along (110) and (110) directions, whilst thread-
ing dislocations (TD) pierce through the epilayer towards the free surfaces.
A detailed discussion about dislocation formation and structure is provided

in Ref. [69].
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Figure 2.2: Effect of tensile (a) and compressive (b) strain on a Sig15Geg g5
alloy. Effects of the hydrostatic and uniaxial strain are shown separately.

Dislocations are defects that perturb the periodicity of the lattice. In
particular, they introduce electronic levels within the band gap, thus affect-
ing optical and electronic properties of the material. To limit dislocations
formation, graded virtual substrates (GVS) have been introduced [70, 71, 72].
A GVS consists of a buffer layer (graded layer) whose composition, and thus,
lattice constant, linearly varies from the substrate to the desired alloy com-
position. In SiGe alloys, GVS are films whose Ge content linearly increases
from 0 (pure Si) to the final Ge molar fraction (x). As a consequence, the
lattice misfit varies linearly in the graded layer, so that the dislocation inter-
action is strongly reduced and the density of TDs is lowered by 2 — 3 orders
of magnitude with respect to that of single heterostructures directly grown
on Si. It has been demonstrated that the introduction of GVSs in micro-
electronic devices allows a significant increase (1 order of magnitude) of the

electron mobility in SiGe quantum wells (QWs) [70].

2.3 Quantum Wells

We now focus on SiGe-based quantum wells (QWSs) heterostructures, whose

electronic structure, optical and spin properties will be investigated in detail
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in the following chapters of this thesis. QWs systems have attracted a great
interest in the scientific community during the last decade, since they offer the
possibility to localize carriers and, thus, to increase the radiative transitions
efficiency [73]. QWs are two-dimensional heterostructures in which electrons
and holes are spatially confined in a region characterized by a thickness com-
parable with their de Broglie-wavelength. Carrier confinement is achieved by
embedding a nanometric layer of a semiconductor (well) into a matrix of a
semiconductor with an higher gap (barrier).

The way in which the top of the VB and the bottom of the CB align with
respect to each other is crucial. In SiGe alloys, two types of band alignment
are possible: the type I and the type II, as schematically shown in Figure 2.3
(a) and (b), respectively. In type I QWs, the VB top of the well is higher in
energy than the VB top of the barrier, while the CB bottom is lower (Figure
2.3(a)). On the other hand, in type I QWs, the CB and VB bands of the well
are below (above) the corresponding bands in the barriers. In a type I band
alignment, both electrons and holes are confined within the same region,
whilst in the type II, only electrons or holes are confined within the well
region. For this reason, nanostructures with type I band alignment are more
interesting from the point of view of optoelectronic applications, since a great
overlap of the wavefunctions is caused by the spatial confinement of both
types of carriers, thus exhibiting an increased absorption and recombination

efficiency with respect to the type II [73].

2.4 Band Alignment and Band Structure

In this section we will introduce details about composition and band align-
ment of Ge/Si;_xGe, MQWs focusing on the case of Ge QWs embedded in
SiGe barriers whose nominal Ge fraction is x = 85%. Samples were grown
by the group of Prof. G. Isella at the L-NESS centre of Como (Italy) via
low-energy plasma-enhanced chemical vapor deposition (LEPCVD), an epi-
taxial growth technique based on a chemical deposition process, enhanced
and activated via a high-intensity and low-energy plasma [74]. LEPCVD

is characterized by a very high growth rate, that can reach 10 nm/s, and
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Figure 2.3: Sketch of type I (a) and type II (b) band alignment. Band
structure of type I (¢) and type II (d) quantum wells.

which can be exploited for the epitaxial growth of Ge-rich SiGe alloy buffer
layers on Si. For a further reading about LEPCVD technique on Si see Refs.
[74, 75, 76]. All the samples analysed in this and in the following chapters are
characterized by the same general structure, which is schematically shown in
Figure 2.4. A 13 pm thick GVS, whose Ge composition varies from 0% to
90%, is deposited on a (001)-oriented Si substrate. The GVS in then capped
with a 2 pm thick Sig10Geg.go relaxed layer. The total thickness of this buffer
layer is of about 15 pym and it constitutes the relaxed substrate upon which
strained-compensated quantum wells and barrier are grown. The active part
of the structure consists of 200 Ge QWs separated by Sig15Geg s barriers
deposited on the fully relaxed VS. Finally, for a 40 nm Siy10Geg g9 layer and
a ~ 10 nm Si cap are grown on the top of the system.

Due to the dependence of SiGe lattice parameters on composition, the

thickness of the layers was designed to balance the compressive strain in the
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Figure 2.4: Sketch of the structure of the Ge/Si;_yGe, Multiple Quantum
Wells samples investigated in this thesis.

well region and the tensile strain in the barrier region. For this reason the
average lattice constant of the well and barrier layers is chosen equal to that
of the relaxed Sig190Geggg layer at the top of the GVS. The composition and

the thickness of wells and barriers, respectively, satisfy the following relation:

a _dw-aw+d3-a3
o dw +dp

: (2.5)

where d is the layer thickness, a is the lattice constant, while W, B and §
refer to well, barrier and substrate, respectively.

Due to the inhomogeneities in the plasma intensity within the LEPECVD
reactor, the growth rate is non-uniform across the Si wafer surface. As a con-
sequence, samples with different barrier and well thickness, but equal alloy
composition, are available from a single wafer. In this thesis, samples with
a well thickness (Lz) ranging from 3.8 nm to 22.6 nm have been investi-
gated. The list of Ge/Si;_xGex MQWs samples is provided in Table 2.1.
The thickness of wells and barriers were obtained by means of X-Ray diffrac-
tion measurements, performed at L-NESS centre of Como by Dr. Danny
Chrastina.

The low temperature band alignment of Ge/Sig15Gegss QWs grown on
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Figure 2.5: Calculated band offsets and square modulus of the wavefunctions
of electron and hole confined states in a (001)-oriented Ge/Sig15Gegss QW
having a 10 nm thickness [19].

Sig.10Geg.90 VS has been obtained by M. Virgilio and G. Grosso through tight
binding calculation in Ref. [19], who predicted a type I band alignment for
both the fundamental indirect- and the direct-gaps. A schematic represen-
tation of the energetic levels and the square modulus of the wavefunctions,
obtained from the tight binding calculation for a 10 nm thick Ge QW with
23 nm thick Sigp 15Geg g5 barriers, are reported in Figure 2.5.

The band offset for the L minimum is about 150 meV, while for the I
valley conduction minimum it is about 400 meV. L and I' conduction levels
are labeled by cLn’ and ’cI'n’, respectively, while "HHn’, 'LHn’ and "SOn’
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Figure 2.6: Sketch of the band structure of (001)-oriented compressivley-
strained Ge wells (a) and tensile-strained barriers (b) [77].

Table 2.1: Characteristics of analysed samples.

Sample  Well thickness (nm) Barrier thickness (nm) Dep. rate (nm/s)

7864-1 3.8+ 0.5 7.7 0.3
7864-6 10£1 18.6 0.3
7909-11 2261 27.3 4—-6

indicate heavy holes, light holes and split-off confined states. It is worth
noticing that since the Ge well layer experiences a compressive strain, while
Sig.15Geg g5 barriers are slightly under a tensile strain, the HH and LH levels
in the well and in the barrier layers are not degenerate and there is a character
inversion between the top of the VB in well and barrier regions (Figure 2.6).
The band offset for the HH states (red line of Figure 2.5) is ~ 100 meV and
for the LH states (green line of Figure 2.5) it is of ~ 20 meV. Finally, it
should be noted that the n = 1 states wavefunctions are almost completely
confined within the well region while, as n increases, also the wafefunction
penetration within the barrier region is larger, so that carriers confinement

decreases.
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Figure 2.7: Low temperature CWPL spectra obtained from Ge/Si;_,Ge,
MQWs samples reported in Table 2.1 under 1.165 eV laser excitation.

Table 2.2: PL peak positions relatives to excitonic transitions of analysed
samples (see Figure 2.7).

Ly cL—vI':LA (eV) cL—vI':NP (eV) cI['—=vI (eV)

3.8 0.795 0.825 1.097
10 0.737 0.763 0.976
22.6 0.716 0.739 0.914

2.5 Optical Properties

In this section we will discuss the optical properties of the Ge/Si;_Gex
MQWs heterostructures grown on (001)-oriented Si substrate (see Table 2.1).
The T = 4 K PL spectra of the samples are shown in Figure 2.7. Samples
were excited by means of a Nd : YVO, laser, characterized by a 1.165 eV
emission energy and operating at a power density of 4.8 kW /cm? (for com-
plete information about the experimental set-up see Appendix A.1, Line B).
The PL spectra can be divided into three main regions [19].

The broad PL bands in the 0.6-0.75 eV energy range can be attributed

to transitions related to defects, mainly dislocations (see Section 2.2).
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At higher energies, all the samples exhibit two distinguishable features.
The one at lower energy has to be ascribed to the longitudinal acoustic (LA)
phonon-assisted transition (cL. — vI' : LA), while the one at higher energies is
attributed to the zero-phonon line of the indirect cL1-HH1 transition between
the first confined CB state at L (cL1) and the HH1 VB state (cL — vI' : NP).
The observation of the NP line in Ge/Si;_Ge, QWs is attributed to the
roughness of the interface between the QWs and the barriers. Indeed, irreg-
ularities of the interfaces can act as scattering centres for excitons, providing
to the electrons in the L states the required momentum to recombine with
holes at I" [62, 78]. Moreover, excitons can be confined in lower potential
regions due to the QW width fluctuations, thus providing a delocalization of
electrons and holes in the k-space [79], which results in a non-zero probability
to observe the no-phonon line emission [80).

Finally, the PL peaks at highest energies stem from the direct-gap emis-
sion (cI' — vI'). The cI' — oI line emission of samples with L, equal to 10 nm
and 22.6 nm (red and blue lines of Figure 2.7) have the characteristics of the
Ge direct-gap emission, whose asymmetrical shape has been fully explained
in Section 1.2. On the other hand, the broad feature that can be appreciated
in the PL spectrum of the sample with L, = 3.8 nm (black line in Figure
2.7) suggests that, besides the direct-gap emission, other transitions provide
contributions to the PL in the 1.08-1.15 eV range. Low temperature PL
measurements performed by changing the excitation energy (not shown in
this thesis), reveal that at 1.165 eV and at T=4 K, the direct-gap PL peak is
superimposed to the electronic Raman scattering (ERS) feature [81], which
has already been reported both in bulk Ge [38, 82, 83, 84] and in very similar
Ge/Si;_xGex MQWs heterostrucures [85]. The energy position of the direct-
gap emission for 7864-1 sample reported in table 2.7 was found considering
a measurement with 1.233 eV excitation energy.

Looking at Figure 2.7 it is worth to emphasize that both direct and indi-
rect transitions are clearly distinguishable in the same PL spectra, differently
from the bulk Ge case (Figure 1.2). This is due to the following reasons. First
of all, in a type I band alignment, both electrons and holes lie within the well

region. Moreover, the higher recombination rate for the direct-gap allows us
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to well resolve the cI' — vI' transition even if the carriers dynamics favors
the population of L-type states. Finally, it is well known that the electron
lifetime within the ['-valley CB is limited by the intervalley scattering mech-
anism, thus lying in the hundreds of fs regime [34, 35, 36], while nonradiative
recombination processes have a characteristic lifetime lying in the tens of ns
regime [86]. For this reason, in Ge-based systems, the dislocations affect the
indirect-gap recombination, whose lifetime is expected to lie in the us regime
[39], while they do not play any role in the direct-gap transition.

The energy peak positions of all features observed in Figure 2.7 are re-
ported in Table 2.2. It is worth emphasizing that, as the QW thickness
decreases, the energy distance between the cL — vI' and the cI' — vI' tran-
sitions increases, since L states are less sensitive to the changes in the QW
width with respect to the I' states [19]. Moreover, the indirect-gap PL red-
shifts by about 80 meV as the well thickness increases from 3.8 nm to 22.6
nm, approaching the peak position of bulk Ge (as an example, see Figure
1.2 in Chapter 1). This fact is due to the decreasing quantum confinement
of the photoexcited carriers. A detailed discussion about these observations

can be found in Ref. [19].

2.6 Decay Time

In this section we will discuss the electron lifetime (71,) dependence on the
well thickness and on temperature for all the samples described in Table 2.1.

The decay curves reported in this section were probed by means of time-
resolved PL (TRPL) measurements. Excitation was performed using an op-
tical parametric oscillator pumped by a tunable mode-locked Ti:Sa laser with
a pulse duration of about 1 ps, resulting in a peak power density! of about
30 kW /cm?. The excitation energy was set equal to 1.165 eV. The PL was
filtered through long pass (LP) and band pass (BP) filters, whose spectral
window was chosen according to the specific emission of the sample. The PL

was probed by a fiber-coupled superconducting nanowire single photon de-

In the following, all power densities values of pulsed lasers will refer to the peak power
density. For more details see Appendix A.2.2.
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Figure 2.8: (a): Low temperature decay curves obtained from the
Ge/Si;_«Gey, MQWs samples reported in Table 2.1. (b): Electron lifetimes
values in the 7-300 K temperature regime obtained via stretched exponential
decay fits of the temperature dependent PL decay time.

tector. A full description of the experimental set-up is provided in Appendix
A2.1.

The decay curves obtained from the samples with L; = 3.8 nm (black
curve), Lz = 10 nm (red curve) and Lz = 22.6 nm (blue curve) are shown
in Figure 2.8 (a). It is worth noticing that the PL decays do not exhibit a
single exponential-like decay, thus suggesting a distribution of recombination
lifetimes. A similar behaviour was already found in literature in disordered
systems such as porous and glassy Ge quantum dots [87, 88, 89, 90]. This
behaviour was considered as a consequence of the dispersive diffusion of pho-

toexcited carriers, and it has been modeled by a ”stretched-exponential” law:
I = I - exp[—(t/7)"), (2.6)

where 7 is a mean lifetime and  a non-exponential factor taking into account
the broad lifetime distribution. In our case, fits performed using equation
2.6 (not shown) revealed a mean 71, some ns lower than that found in Ref.
[80], in which a single-exponential decay behavior was found on the same
Ge/Si;_Gex MQWs samples. This difference is however not completely

surprising and it can be ascribed to the fact that the measurements reported
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in Ref. [80] were carried out using an experimental set-up very similar to
that described in Appendix A.2.2, characterized by a laser pulse duration
of about 15 ns at a repetition rate of 10 KHz, and, thus, by a resolution of
about 8 ns. On the other hand, the experimental set-up used here can be used
to investigate the dynamics of photoexcited carriers on a timescale shorter
than that used in measurements reported in Ref. [80]. In this time range,
our findings seem to suggest that the carrier dynamics is strongly affected
by small local fluctuations of the nanostructure size, which was suggested
to cause a broad distribution of the recombination lifetime [87] and which
finally leads to a mean 7, reduction.

Looking at the decay curves obtained at T=7 K (Figure 2.8 (a)), it is evi-
dent that it is not possible to find a clear relationship between the decay time
and the well thickness. However, looking at the electron lifetime dependence
on temperature obtained by means of stretched-exponential curve fits in Fig-
ure 2.8 (b), a common trend is observed for all the samples. In particular,
71, monotonously decreases as the temperature increases. This behavior has
already been observed on these heterostructures, and it has been explained
as the consequence of various intrinsic and extrinsic effects (Ref. [80]). First
of all the enhancement of non radiative recombination channels, reducing
the electron lifetime in the high temperature regime, has to be considered.
Moreover, increasing the lattice temperature, the phonon population is en-
hanced. Therefore phonon-assisted recombinations become more likely and a
71, reduction occurs. Furthermore, also the exciton mobility has to be taken
into account. Indeed, it is expected to be enhanced due to the increase of
the exciton thermal energy so that it becomes more likely for the exciton to
recombine at defects. As a consequence, the exciton lifetimes are expected to
decrease [80]. Such an effect has already been described for GaAs/AlGaAs
QWs [91]. It is finally worth underlining that also the thermally activated
exciton escape into the barriers region was proposed in literature to explain
the decay time reduction in GaAs/AlGaAs and in InGaAs/GaAs QWs as
T rises [92, 93]. However, in both cases, the band offset of a few meV is
easily overcomed thanks to the thermal energy. However in our Ge/Si;_Gex

MQWs this phenomenon can be excluded since the offset values are higher,
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Figure 2.9: (a): Low temperature values of the electron lifetime as a function
of the well thickness. Violet circles refer to experimental data of this thesis
work and were obtained by decreasing mono-exponential fits performed on
the long tail of the decay curves reported in Figure 2.8. Black squares values
were evaluated from data of Ref. [80].

as elucidated in Figure 2.5.

In order to provide additional details about the electron lifetime depen-
dence on the well thickness, in the following we will consider the second part
of the decay curves, which is well described by a mono-exponential curve and
which allow us to compare our data with those of Ref. [80].

Electron lifetimes obtained by fitting the long time tail of the decay curves
in Figure 2.8(a) by means of single exponential decay curves are shown in
Figure 2.9 (violet full dots) together with 7y, values obtained from TRPL data
extracted from Ref. [80] (black empty squares). It is worth noticing that, on
this time scale, data are in very good agreement, and a clear electron lifetime
dependence on the well thickness is exhibited.

In particular, Figure 2.9 points out that the 71, increases as the QWs

thickness increases. Such a behavior has already been reported for both III-
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V compounds [73, 91, 94] and SiGe/Si QWs [79], and it was attributed to
the dependence of the exciton binding energy on QW thickness. Indeed, the
exciton binding energy increases as the QW thickness is reduced [95], thus
enhancing the transition probability and giving rise to an electron lifetime
reduction [73, 80, 91, 94].

Also the interface roughness has to be taken into account, because it has
been shown to play an important role in the no-phonon line emission (Section
2.5). As Ly decreases, the role of interface roughness becomes more relevant
[96] and, thus, the no-phonon emission favored by exciton scattering [78]
and exciton localization at the minima of the spatially fluctuating potential
becomes more probable, and the electron lifetime is expected to decrease.

Finally, also the overlap of the electron and hole wavefunctions depends on
the the well thickness (L), thus contributing to the decay time dependence
on Lz. It has been shown [79] that, when Lz is lower than a critical value,
the wavefunction overlap is expected to decrease, due to the wavefunction
penetration into the barrier region, and thus the decay time is expected
to rise. In Ref. [79] a critical value of Lz =4 nm was found in Si/GeSi
MQWs. In our Ge/Si;_xGe, MQWs, however, no increase of the decay time
is observed at that value of Lyz. This is probably due to the fact that the
critical value of our systems is lower than the minimum Lz considered (i. e.
3.8 nm). This finding is compatible with the offset of these heterostructures,
which are higher than those of SiGe/Si QWs systems (Figure 2.5).

In conclusion, the results discussed in this section are in good agreement
with those reported by Giorgioni et al. in Ref. [80]. Considering the different
accessible time scale we have shown that, as concerns the long tail of the
decay curve, our 7, values do not differ appreciably with respect to those
reported in that work, thus confirming the good reproducibility of the TRPL
data [80].



Chapter 3

(001)-Ge/SiGe MQWSs: Spin

Properties

This chapter is devoted to the spin properties of the (001)-oriented Ge/Si;_Ge,
MQWs heterostructures. At first, we will discuss the importance of the en-
ergy relaxation of L-valley electrons in determining the spin relaxation time,
then we will focus on the 7 dependence both on the well thickness and on
temperature. Finally, we will show the first experimental g-factor investiga-
tion on CB electrons obtained via quantum beat spectroscopy in group-1V

semiconductors.

3.1 Spin Relaxation of L-Valley Electrons

In recent years, the spin relaxation of conduction electrons in Ge [97, 98],
has been widely discussed from the theoretical point of view [22, 21]. These
works demonstrate that both intervalley and intravalley electron scattering
provide an important contribution to the spin relaxation in the multivalley
CB of Ge. In particular, the theory shows that spin relaxation is governed
by the intervalley electron-phonon scattering in a wide temperature range
(T>30 K) [21], while at T<20 K the population of the X point phonon
modes is negligible and, thus, the intravalley spin relaxation rate exceeds the

intervalley one [22].

44
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The role of intervalley spin relaxation of conduction electrons, together
with the possibility to suppress this spin relaxation channel by applying strain
along a proper direction, will be discussed in detail in Chapter 4. Here we
provide experimental evidence for the importance of energy relaxation of L-
valley CB electrons. To address this issue we will show PL measurements of
the indirect-gap transition performed by varying the excitation energy (PLE)
and polarization resolved TRPL measurement, which allow us to directly
measure the spin relaxation time (75). All the experimental data reported
in the following refer to a (001)-oriented Ge/Si;_,Gex MQWs sample with a
well thickness of 3.8 nm, named 7864-1 (see Table 2.1).

The T=7 K polarization degree (p) obtained from the NP transition in
the 0.972-1.240 eV excitation energy range is shown in Figure 3.1(a). PLE
measurements were carried out by using an experimental set-up very simi-
lar to that described in Appendix A.1, Section ”Line A”. However, in this
case, an optical parametric oscillator pumped by a mode-locked Ti:Sa laser
working at a repetition rate of 80 MHz was used to tune the laser excita-
tion energy, while a dispersive monochromator equipped with an InGaAs
array characterized by an energy cut-off at 0.785 eV was used to measure
the PL. The laser excitation was right-handed (o) circularly polarized, so
that co(counter)-circular PL emission will be indicated by a positive (neg-
ative) value of p. Looking at the spectrum, it is worth noticing that the
cL — vI' emission is co-polarized with respect to the excitation for all the
excitation energies. A co-polarized indirect-gap feature at 1.165 eV energy
excitation was similarly reported in the literature for similar Ge/Si;_,Gey
MQWs heterostructures [13].

The data reported in Figure 3.1(a), clearly point out a non-zero circu-
lar polarization, thus suggesting the successful optical spin orientation of
L-valley electrons. Moreover, p is non-constant over the investigated energy
range. In particular, starting from low excitation energy values, we can see
that the degree of circular polarization monotonously increases up to ~ 23%,
for an excitation energy (Epy.) of 1.116 eV. Then, when the excitation en-
ergy exceeds this value, it starts decreasing until Eg,. = 1.158 eV (p ~ 7%),

from where it remains constant. The comprehension of the p behaviour as a
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Figure 3.1: Upper panel. (a): Polarization degree obtained from the indirect
cL —vI: NP transition of the 7864-1 sample (Table 2.1) at T=7 K in the
0.972-1.240 eV excitation energy range. The excitation energy of 1.117(1.170)
eV is labelled by the red(blue) dashed line. In the inset the direct-gap PL
spectrum of the same sample is reported. (b): Low temperature decays of the
degree of circular polarization of sample 7864-1 obtained under 1.117 eV (red
line) and 1.165 eV (blue line) laser excitation. Corresponding spin relaxation
lifetimes values are indicated in the graph. Lower panel. Low temperature
polarization-resolved PL spectra obtained at excitation at 1.116 eV (c) and
1.170 eV (d), respectively. Grey boxes indicate the cut-off energies of the
detector.
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function of Eg,. is still under scrutiny, and we hope that our experimental
findings can possibly stimulate further theoretical investigations of the phys-
ical mechanisms regulating I' — L spin transfer and the subsequent dynamics
of L-valley electrons.

In this work, we focus mainly on the 1.116 eV and 1.170 eV laser ex-
citation energies (blue and red dashed lines in Figure 3.1(a)). In the case
of the excitation energy at 1.116 eV, the circular polarization degree of the
indirect-gap NP! transition is about 3 times higher (p = 23%) than that ob-
tained by exciting at 1.170 eV as elucidated by the lower panel of Figure 3.1.
To understand this behaviour we have to refer to the PL spectrum reported
in the inset of Figure 3.1(a), which shows the direct-gap PL spectrum ob-
tained at Egy = 1.233 eV2. If we consider that the PL peak is affected by a
Stokes shift of about 11 meV?, as already found on very similar Ge/Si;_,Ge,
MQWs heterostructures [19], the excitation energy at which we obtain the
maximum value of p is very close to the direct-gap absorption edge. Thus,
in this case, photoexcitation promotes electrons directly to the edge of the I'
minimum. These electrons reach the L-valley absolute minimum after hav-
ing suffered the I' — to — Lh transfer. Notably they have to relax less excess
energy than carriers excited by the laser at 1.170 eV. Under such condition,
the PL emission exhibits a higher polarization. This finding seems to confirm
the important role played by the thermalization process in determining the
spin relaxation of L-valley electrons.

We also performed polarization-resolved TRPL measurements, which al-
lows us to directly gather information about the spin relaxation time. By
measuring the ot and o~ polarized PL decay, it is possible to derive the de-
cay curve related to the degree of circular polarization. This provides direct
access to 7g. Polarization-resolved TRPL measurement were performed by

exciting the sample with a Ti:Sa laser coupled to an optical parametric oscil-

LA transition energy falls near the detector cut-off, thus no conclusive results can be
drawn.

2This excitation energy was suitably chosen in order to avoid the superposition between
the direct-gap transition and the ERS, as in the case of Agx. = 1.165 €V (see Figure 2.7).

3The Stokes shift is the energy difference between the absorption peak and the PL
peak, and it is mainly attributed to QW width fluctuation [99].
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lator, characterized by a pulse with a temporal width of about 1 ps. The PL
signal was measured by means of a fiber coupled superconducting nanowire
single photon detector (SNSPD) working in the 800-2000 nm range. The
experimental set-up is described in detail in Appendix A.2.1.

The T=T7 K decays of the circular polarization obtained from the polar-
ization - resolved TRPL measurements of the 7864-1 sample are reported
in Figure 3.1(b). The red curve refers to an excitation energy of 1.117 eV,
while the blue curve refers to an excitation energy of 1.165 eV. In both cases,
the non-zero value of p demonstrates a net circular polarization of the PL
emission. Exponential fits performed on both decay curves provide a 75 of
about 7 ns in the former case, while a 75 of about 5 ns is measured in the
latter. In light of the signal-to-noise ratio, the measured 7g difference is small
but significant. These findings are in very good agreement with the physical
picture we suggested above. Indeed, in both cases, carriers are photoex-
cited within the I' valley CB but, for an excitation energy of 1.117 eV, they
possess less excess energy with respect to the valley bottom than for 1.165
eV and, thus, they are 50 meV closer to the L-valley edge. The difference
between the measured spin relaxation times once again reveals that the ther-
malization process represents a spin relaxation source, as suggested by PLE

measurements shown in the first part of this section.

3.2 Low Temperature Spin Lifetime

In the previous section we discussed the excitation energy dependence of
7s and the role played by the I'-L spin transfer. In this section, we will
discuss the dependence of the spin relaxation time on the well thickness.
Polarization-resolved TRPL measurements were performed at cryogenic tem-
perature on the three samples reported in table 2.1, named 7864-1, 7864-6
and 7909-11, which are characterized by a well thickness of 3.8 nm, 10 nm
and 22.6 nm, respectively. The experimental set-up used here is identical to
that described in Section 3.1, and it is fully described in Appendix A.2.2. In
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this case, the excitation energy was kept fixed at 1.165 eV*.

The low temperature polarization-resolved TRPL decay curves of the
three samples are shown in the upper panels of Figure 3.2. The different
intensities of the two helicity-resolved PL components reveal a non-zero cir-
cular polarization of the emission as already found in the previous Section.

Figure 3.2(d) shows the normalized decay curves obtained for the sample
with 3.8 nm (black curves), 10 nm (red curve) and 22.6 nm (blue curve) well
thickness. The derived electron spin lifetime as a function of the well width
is reported in Figure 3.2(e). These measurements allowed us to reveal that
the spin lifetime is in the 5-20 ns range and no clear 7 dependence on the
QW thickness.

Spin relaxation times obtained in this thesis on (001)-oriented Ge/Si;_Gey
MQWs heterostructures are about an order of magnitude shorter than those
reported in previous experimental works dealing with bulk Ge [39, 100]. Tt is
worth noticing that, in these works, the role of the spin flipping caused by the
electron-hole exchange interaction, suggested to cause a strong 7 suppression
in quantum confined systems [101, 102, 27], is neglected. Indeed, in a recent
work, Giorgioni et al. [27] demonstrated a monotonic dependence of 75 on
the excitation power density in Ge-based QWs, revealing that, by increasing
the pump power density, 75 is shortened. Such finding manifests the crucial
role played by the electron-hole exchange interaction in the determination of
the spin lifetime.

Figure 3.3 reports the dependence of the spin lifetime as a function of the
inverse pulse excitation power density. Data of Ref [27] (blue squares) for a
20 nm thick QW are reported together with those obtained in this work for
the 7909-11 sample (red circle). In both cases, the experimental 7g values
were obtained by means polarization- and time-resolved PL measurements
at 1.165 eV on Ge/Sip15Gegss MQWSs heterostructures with very similar
composition and a well width of about 20 nm. Giorgioni et al. [27] carried

out measurements by using the experimental set-up described in Appendix

4Indeed, since experimental limits did not allow us to excite 7864-6 and 7909-11 samples
in resonance with their direct-gap absorption, we prefer to measure all the heterostructures
under the same experimental conditions.
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Figure 3.3: Low temperature 75 as a function of the inverse power density.
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7909-11 sample of this work. The black dashed line stems from a linear fit
of the data.

A.2.2, thus achieving pulse power densities values ranging from 160 to 23
kW /cm?, while in this work, the very small size of the focused laser spot (see
Appendix A.2.1) results in a pulse power density of about 50 kW /cm?.

It is worth noticing that, even comparing experimental findings obtained
under very different conditions, a linear fit (black line) performed on all
the data shows a very good linear dependence of the spin lifetime on the
inverse excitation power, thus confirming the pivotal role of the electron-
hole exchange interaction. Such a result can possibly explain the reduced
lifetime observed in our samples, in comparison with the exceedingly long
spin relaxation times pointed out by theoretical works on thermal electrons
[21, 22].

5The pulse excitation power density is considered instead of the averaged one, since
the electron-hole exchange interaction depends on the density of optically injected excited
carriers [27].
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3.3 Spin Lifetime Dependence on Tempera-

ture

In this section we will discuss the spin relaxation time dependence on the
lattice temperature. This was addressed by means of polarization-and-time
resolved PL measurements technique. The measurements were performed
using an experimental set-up identical to that described in the previous sec-
tion (Appendix A.2.1) but, in this case, the energy of the laser was tuned in
order to always match the direct-gap absorption. Therefore the excitation
energy was adjusted according to the Varshni’s law [42] (Eq. 1.3).

The 75 as a function of temperature for the sample with a 3.8 nm well
thickness (7864-1, see Table 2.1) is reported in Figure 3.4 (blue dots) to-
gether with the measured electron lifetime (black dash-dotted line). The
latter has been fully discussed in Section 2.6. A monotonic decrease of 7g is

demonstrated as the lattice temperature increases. A similar behaviour was
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found both on the sample with L; = 10 nm and on that with Ly = 22.6 nm,
see Appendix C. Such a 75 relaxation can be attributed to the Elliot-Yafet
mechanism via intervalley electron scattering by shortwave phonon modes
[97]. In Ge, this mechanism is expected to provide a strong contribution in
the high temperature regime, due to the increasing presence of phonons [22].
On the other hand, when T<20 K, the population of these phonon modes
is negligible, so that spin relaxation is governed by the intravalley processes,
whose effect on spin information has been found to be less important with
respect to that of the intervalley scattering [21, 22].

Experimental data shown in Figure 3.4 reveal that it is no more possible
to measure the spin lifetime when the temperature exceeds 150 K, as it

approaches the time resolution of the apparatus.

3.4 Conduction Electron g-factor

So far we have discussed the spin properties of Ge/Si;_Ge, MQWSs het-
erostructures grown on a (001)-oriented Si substrate, showing the spin relax-
ation time dependence on the excitation power density and on the temper-
ature. In the following, we extend our results by carrying out a PL-based
experimental investigation of the Landé g-factor as a function of the well
thickness.

Spin-orbit interaction leads to a deviation from the g-factor value (g
=2.0023) of free electrons [103]. In the particular case of Ge, ellipsoidal con-
stant energy surfaces at the L. points of the Brillouin zone yield a highly
anisotropic g-factor [104, 105], which can be characterized by the two com-
ponents g||, along the main axis of the ellipsoid, and g, , along the directions
perpendicular to the axis of the L-valley ellipsoid.

The control of the electron Landé g-factor in solid state systems is con-
sidered as an important tool to enable the manipulation of spins by external
fields. Investigations of Ge-on-Si heterostructures have been so far focused on
the spin physics of holes (see, e. g. Ref. [106]). Only very recently the con-
duction electron g-factor of Ge/Si;_,Ge, MQWSs samples was experimentally

measured by means of electron spin resonance (ESR) technique [27].



CONDUCTION ELECTRON g-FACTOR o4

a) b) [ T T T T T T T T T
5E =i —
: o TeTK
i _ ES1.117eV
[ ° P.... 50 kW/em?
4t MF =47.5 mT

N

'

A

I

I

1

|

=

I

1

|

1

v
__m
syauden
PL Intensity (a. u.)

o* Laser Excitation

Time (ns)
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In this thesis we will provide the first experimental estimation of the
Landé g-factor of conduction electrons on Ge-based heterostructures by ap-
plying quantum beat spectroscopy (QBS). This technique has been widely
used to determine the Landé g-factor of ITI-V compound semiconductors
[24, 25]. However, to date, it has never been utilized to experimentally in-
vestigate the anisotropic g-factor of group IV semiconductors. QBS relies on
polarization-resolved TRPL measurements under an external magnetic field
(MF). This technique allows one to infer the g-factor from the measurement
of the Larmor precession frequency of the electrons spins.

To briefly explain the method, let us consider a magnetic field perpen-
dicular to the propagation direction of the circularly polarized light [Figure
3.5(a)], which leads to a Larmor precession of CB electrons spins around the
axis of the MF [23]. Under these conditions, the TRPL polarization compo-
nents, o and o, measured separately, will exhibit strong intensity oscilla-

tions with a phase difference of m with respect to each other at a frequency
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Figure 3.6: (a): Experimental time evolution of the PL polarization degree
for five values of applied MF obtained from the 7864-1 sample (Lz=3.8 nm)
(b): Brillouin zone of bulk Ge. 6 is defined as the angle between the (001)
crystallographic direction and the MF (B). In our geometry 6 = 90°. The
ellipsoidal isoenergetic surfaces of the CB at the L-point are also shown.
Figure (b) is taken from Ref. [27].

equal to the Larmor frequency (wy). Oscillations are called spin quantum
beats, since they are interpreted as beatings between spin split (AE = hwy,)
electron levels with the spin quantization axis parallel to the MF [26]. See
for instance Figure 3.5(b), in which the sample with 3.8 nm well thickness
(7864-1) was measured at T=7 K in a x-oriented MF of 47.5 mT. This figure
demonstrates that a coherent spin dynamic of L-valleys CB electrons was
achieved. The Larmor frequency can be obtained from the beatings of the
circular polarization degree and, thus, the g-factor can be calculated using

the following relationship:

(3.1)

where pg is the Bohr’s magneton and B is the magnetic field.

The quantum beats obtained from the (001)-oriented Ge/Si;_ Ge, MQWSs
heterostructure with a well thickness of 3.8 nm (7864-1) at T=7 K and for
different values of the applied MF are shown in Figure 3.6(a). In our ex-

perimental configuration (Voigt configuration), the MF is applied in a plane
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perpendicular to that of the growth axis direction. Since our study deals with
Ge/Si;_Gex MQWSs heterostructures grown on (001)-oriented Si substrate,
it means that, in this case, the MF is applied along the [110] crystallographic
direction (© = 90°), as pointed out in Figure 3.6(b). Apart from the applied
MF, the experimental set-up used to carry out QBS was identical to that
described in the previous section (fully described in Appendix A.2.1). We
also employed a 1.117 eV excitation energy in the case of the sample with
Ly = 3.8 nm, while a 1.165 eV excitation was used to excite both the sample
with Ly = 10 nm and the sample with Ly = 22.6 nm. Here, the time resolu-
tion was set at 64 ps in order to more accurately sample the electrons spin
precession. Furthermore, it should be noted that, differently from the litera-
ture work by Giorgioni et al., in which the g-factor was measured by means
of the ESR technique [27], here a single Larmor frequency is observed, so that
it is not possible to resolve the ¢ anisotropy caused by the four equivalents
L-valleys of the Ge CB. Thus, in this case, we measure an averaged Landé g-
factor, which we will label as g.¢. Beatings of the circular polarization degree
were also obtained measuring the (001)-oriented Ge/Si;_xGe, MQWSs sam-
ples with well thickness of 10 nm and 22.6 nm (not shown), named 7864-10
and 7909-11, respectively (see Table 2.1).

Figure 3.6(a) reveals that the Larmor frequency depends on the strength
of the applied MF. In particular, the dependence of wy, versus B is linear,
as expected [24, 25, 26], for all the samples. According to equation 3.1, the
slope of the straight line provides the Landé g-factor.

Our findings demonstrate that the g depends on the well width. In
particular, a g-factor of 1.59 £ 0.01 is obtained from the sample with L; = 3.8
nm, while the same g-factor of 1.25 4+ 0.01 is obtained for the sample with
Ly =10 nm and from the sample with Ly = 22.6 nm, as shown in upper
panels of Figure 3.7.

Figure 3.7(d) summarizes the gos as a function of the well thickness (violet
circles) obtained from the QBS measurements. A similar behaviour is in
line with the theoretical prediction by Baron et al., and compares well with
recent ESR data [27]. The comparison between our experimental data and

the theoretical prediction provided by Ref. [28] can be appreciated in Figure
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Figure 3.7: Upper panel: Dependence of the electron spin Larmor pulsation
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fits. Lower panel: Landé g-factor dependence of L electrons on the QW
thickness obtained through the linear fits shown in the lower panel (violet
dots). The black dash-dotted line was obtained through digitization of data
from Figure 2(a) of Ref [28] in the case of x=1.

3.7(d). To get a meaningful comparison, we considered the predicted in-plane
component of the electron g-factor in the case of pure Ge QWs (x=1, see
Figure 2(a) of Ref. [28]) for (001)-oriented systems.

This measured dependence can be explained according to the following
physical picture. For sufficiently thick QWs, the g.g approaches the bulk
value of a strained homogeneous material. On the other hand, when the
QWs thickness is reduced down to ~ 4 nm, the quantum confinement effects
lead to an increase of the effective g-factor. According to theory, when the Ly,
value is further reduced below the ~ 4 nm limit, the electron wavefunction is
expected to gradually penetrate into the SiGe barrier layer, which provides a

non-vanishing contribution to the resulting geg of the system [28]. To avoid
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the latter phenomenon, our study does not deal with ultrathin QWs.
Finally we notice that, even though the g-factor dependence on the well
thickness agrees with the theory, a non-negligible difference can be still ap-
preciated. We attribute this to the following reasons. First of all, Baron
et al. [28], considered a non-symmetrical Sip3Geg7/Ge/Sig2Gegs QW sys-
tem, while we studied a symmetric Ge/ Sig15Gegss QWs heterostructures,
which could present a different strain level. Moreover, it should be noted
that the k - p calculation does not take into account the energy distribution
of L-valleys electrons, which is known to lead to non-negligible corrections

to the band edge effective g-factor value [23].



Chapter 4

Ge/SiGe MQWs
(111)-Oriented

In this chapter we investigate electronic structure, optical and spin properties
of a Ge/Si;_xGex Multiple Quantum Wells (MQWs) sample grown on a (111)-
Si substrate. At first we will show the results of a k - p calculation, providing
information on the quantum confined energy levels of the heterostructure.
Afterwards, the optical properties are studied through PL. In particular,
the spin dynamics and the energy relaxation processes of the spin-oriented
photoexcited carriers will be investigated via the PRPL technique. Time-
resolved photoluminescence will provide us the electron lifetime (7,) and
the spin relaxation time (75) of CB electrons. Finally, a first comparison
between nominally identical Ge/Si;_ Gey, MQWs structure grown along the
(111)- and (001)-oriented substrates will be presented.

4.1 Electronic Structure and Optical Proper-
ties

The growth of Ge/Si;_,Gex QWs on high index Si substrate, such the (111)
crystallographic orientation, combined with a proper strain control, opens up
the possibility to tailor the band structure and the spin properties of Ge [107].

Moreover, (111)-oriented Ge-based materials are characterized by a higher

29
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carrier mobility with respect to the (001)-oriented ones [108]. In addition, the
dislocation dynamics strongly depends on the substrate orientation. It has
been demonstrated that the possibility to grow epitaxial SiGe layers under
tensile strain in the (111) plane inhibits stacking fault defects generation
[109] (see Section 2.2) which, on the other hand, is favored in (001)-oriented
systems [110]. For these reasons, the growth on a (111)-oriented surface is
considered a suitable route to improve the quality of the crystal.

Furthermore, although according to former works the scattering among
equivalent L valley is forbidden by symmetry [111], recent theoretical works
suggest the intervalley scattering within the four-fold degenerate L-valleys
of Ge as one of the main spin relaxation channels [21, 22]. In this context,
since heteroepitaxial structures deposited on (111) crystallographic direction
exhibit compressive biaxial strain, the L valley degeneracy is broken, so that
they are expected to be excellent candidates for achieving exceptionally long
spin relaxation times and higher carriers mobility in Ge.

Tang et al. [21] report a tight binding model to calculate the intrinsic spin
relaxation of conduction electrons in Ge as a function of the energy splitting
between the lower conduction valley and the others. In particular, they disen-
tangle intervalley and the intravalley scattering contributions to the electron
spin lifetime, showing that a [111] strain can yield just a single nondegener-
ate valley at the CB edge, thus inhibiting the intervalley scattering process
and leading to a substantial spin lifetime lengthening. In a different paper,
Li et al. [22] employ group theory to obtain the intervalley spin flipping ma-
trix elements for electron scattering between different energy-minima points
in Ge. In this work they show that, due to the uniaxial compressive strain
along [111] crystallographic direction, the L-valley degeneracy is completely
removed, thus resulting in a single low-energy valley oriented along the strain
axis. In this case, if the strain level is large enough, the energy splitting is
sufficient to quench the intervalley spin relaxation mechanism [21]. These
is suggested as the optimal condition to achieve exceptionally long electron
spin lifetime in Ge, since they demonstrate that, under [111] uniaxial strain,
the intervalley spin relaxation rate (1/7sinter, Eq. 10 of Ref.) drops to zero.

Moreover, they also discuss the case of compressive biaxial strain along the
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Figure 4.1: X-ray diffraction spectrum of the Ge/Si;_ Ge, MQWs sample
grown on (111)-oriented Si substrate (red line) and simulation (blue line)
allowing the QW and barrier thickness determination. The subscript L in-
dicates the growth direction.

[111] direction, in which three of the valleys shift down in energy and one
shifts up. This is the case of (111)-oriented Ge/Si;_ Ge, QWs. Although it
does not represent the optimal strain configuration, but the achievable partial
removal of the L-valley degeneracy is suggested to be sufficient to observe a
spin lifetime lengthening with respect to that characteristic of (001)-oriented
Ge.

It is worth noticing however, that the integration of Ge QWs on Si(111)
substrate is challenging. Indeed, in this case, it is not possible to utilize the
conventional graded virtual substrate (GVS) commonly used to grow epitax-
ial Ge-based heterostructures on (001)-oriented Si substrate (see Section 2.2
and e. g. Refs. [112, 113, 114]). In order to obtain Ge-rich layers with a
structural quality comparable to that of GVS on (001) Si substrate, a compo-
sition grading of about 1% per um would be needed, resulting in a markedly
thicker GVSs [112]. For this reason, an alternative viable approach for the
deposition of Ge-rich SiGe layers on (111)-oriented Si was proposed by Gatti
et. al. [115]. It consists in a reverse, double-step virtual substrate. The sam-
ple investigated in this chapter, named 9056-E9, was grown by LEPECVD
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Figure 4.2: (a): Schematic of the analysed sample. (b): Band alignment
of 9056-E9 sample. The square modulus of the wavefunction of the first
confined level is shown for each band. Figures are taken from Ref. [115].

(see Section 2.4) using the recipe of Ref. [115]. The sample is based on a 2
pm thick Ge layer deposited on a 3.5° miscut Si(111) substrate at 500° C,
with a growth rate of 4.2 nm/s. The Ge layer experiences in-situ 6 annealing
cycles (600° — 780° C) at a pressure of ~ 51077 mbar, which allows the
reuction of the density of defects. The growth then proceeds by depositing a
1 pm thick Sig10Geg.go layer at 475° C with a growth rate of 5 nm/s. Finally,
50 Ge/Sig.15Geg g5 QWSs periods are grown at 475° C with a rate of 4.2 nm/s.
The well and barrier thickness, determined by high resolution X-ray diffrac-
tion (Figure 4.1), are ~ 13 nm and ~ 27 nm, respectively!. A schematic
design of the investigated sample is shown in Figure 4.2 (a).

The band alignment and square modulus of the wavefunction of the first
confined levels of each band obtained by an 8 bands k- p calculation are

shown in Figure 4.2 (b) [115]. Strain and confinement effects were evaluated

ISample was grown by Prof. G. Isella and Dr. F. Isa, while X-ray characterization was
performed by Dr. D. Chrastina, at the L-NESS Centre of Como (Italy)
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by means of an 8 band k& - p calculation, while band alignment and confined
states have been calculated using the set of deformation potentials reported
in Ref. [116] and the Nextnano software package [117]. Figure 4.2 (b) clearly
points out the type I band alignment of the direct band gap. Moreover,
there is a character inversion between the top of the VB in well and barrier
regions (see Figure 2.6). This fact has to be ascribed to the different nature
of the strain, which is tensile in the barriers and compressive in the wells
and it leads to a higher offset for HH VB states, as already observed also
in Ge/Si;_xGex QWs grown on (001)-oriented Si substrate and explained in
Section 2.4 [19]. Tt is worth noticing that the L valleys are split. Indeed,
due to the compressive strain along (111) plane, the degeneracy is partially
removed, thus giving rise to a state, cLj, along the [111] direction, and three
degenerate minima, cLj, along the [-111], [1-11] and [11-1] directions. Due
to the compressive strain, clL3 states are the lowest CB levels in the well.
Moreover, while a type-I band alignment is predicted for clLs, cl; is are
characterized by a type-1I band alignment. In the latter case, electrons are
confined in the barrier region, so that these states are not expected to provide
a significant contribution to the optical properties of the system.

The low temperature, CWPL spectrum of 9056-E9 sample is shown in
Figure 4.3. CWPL measurements were performed by using a Nd : YVO,
laser operating at 1.165 eV, while the PL signal was probed through a dis-
persive system equipped with a single channel InGaAs photodiode working
in the 0.516 — 1.127 eV range (a detailed description of the experimental
set-up is provided in Appendix A.1, Line B). In the low energy range, as
expected, the PL spectrum it is dominated by transitions involving electrons
recombining from the L valley (cLsl — HH1). In particular, we ascribe the
prominent feature at 0.732 eV to the longitudinal acoustic (LA) phonon-
assisted transition, while the feature at 0.757 eV arises from the no-phonon
(NP) emission across the indirect-gap [19]. A weaker PL peak related to the
direct-gap emission is found at the high energy side of the spectrum, in the
0.900 — 1.120 eV range. In particular, as underlined in the inset of Figure
4.3 (a), the direct-gap emission has two components. The one at about 0.945
eV is attributed to the direct cI'l — HH1 emission, while the weaker band at
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Figure 4.3: (a): Low temperature CWPL spectrum obtained from the
(111)-oriented Ge/Si;_xGex MQWs sample under 1.165 eV laser excitation.
Phonon mediated indirect transitions are labelled, while the direct-gap tran-
sition magnification is reported in the inset. (b): Direct-to-Indirect PL in-
tensity ratio obtained from the cL3l — HH1 : NP transition as a function of
excitation power density

higher energy stems from the c¢I'2 — HH2 recombination.

Furthermore, from the direct-to-indirect PL intensity ratio as a function
of excitation power density (PD) reported in Figure 4.3 (b), two different
regimes can be distinguished. The first one, when PD > 4 kW /cm?, is char-
acterized by a PL ratio decreasing by increasing the PD. On the other hand,
the measurement performed at PD = 2.5 kW /cm? clearly reveals an increase
of the direct-to-indirect ratio, which in this regime seems to be characterized
by a strong slope enhancement with respect to the one observed in the high
PD regime. Since it is well known that the ultrafast direct-gap transition is
not affected by non-radiative recombination channels, this behaviour is likely
to be caused by the presence of defects states, which act as the main drain
source for carriers residing in the L-valley.

The low temperature decay curves obtained from the indirect-gap emis-
sion of the 9056-E9 sample by means of time-resolved (TR) PL measurements
as a function of excitation power density are shown in Figure 4.4. TRPL mea-
surements were carried out by using a Nd : YVO, Q-switched laser operating
at 1.165 eV and at a frequency of 10 kHz with a temporal width of about
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Figure 4.4: Low temperature decay curves obtained from the cL.; — HH1 : NP
line as a function of excitation power density (a) and as a function of tem-
perature (b). (c): Electron lifetime values in the 4° — 180° K temperature
regime.

7 ns. The PL decay time was probed through a photomultiplier tube with
a cut-of at 0.775 eV coupled with a monochromator (see Appendix A.2.2
for a detailed description of the experimental set-up). These measurements
further corroborate the above-mentioned picture. Indeed, the low temper-
ature decay curves shown in Figure 4.4 (a), demonstrate that the electron
lifetime grows as the excitation P. D. increases. A typical scenario is that in
the low P. D. regime, non-radiative recombination mechanisms dominate the
PL decay curve, thus resulting in a reduction of the electron lifetime. When
the excitation P. D. increases, the higher concentration of photoexcited car-
riers seems to lead to a saturation of defect states. Under this condition,
the weight of radiative recombination events becomes increasingly important
and, as a consequence, the carrier lifetime gradually increases.

The PL decay of the indirect cL.; — HH1 : NP transition has also been
measured as a function of temperature between 4 K and 180 K at PD ~ 17
kW /cm? (Figure 4.4 (b)). In this case, the PD value was suitably chosen in
order, on one hand, to avoid an Auger contribution to the PL decay and, on
the other hand, to minimize the non-radiative recombination mechanisms ef-

fects playing an important role in the low P. D. regime, as already explained
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above. Non-radiative Auger contribution is expected to affect the carrier life-
time at an early stage of the recombination dynamics under pulsed excitation
because of the initial high density of photoexcited carriers [39] and, for this
reason, it is expected to increase as the excitation power density increases.
From the curves reported in Figure 4.4 (b), a slight increase (~ 2 ns) of the
71, value can be appreciated in the 4-90 K temperature range. This behavior,
summarized in Figure 4.4 (c), was never observed on similar (001)-oriented
Ge-based heterostructures [80]. At T = 4 K again it corroborates the picture
according to which non-radiative channels provided by defect states affect the
photoexcited carriers recombination, thus resulting in an overall reduction of
the electron lifetime. The contribution of these non-radiative channels loses
importance as the lattice temperature of the sample increases, so that the 7,
slightly increases between 30 K and 90 K. By further increasing the tempera-
ture, the 7, monotonously decreases. Indeed, a higher temperature can cause
thermal energy activation [118], which leads to an higher exciton mobility.
Under these conditions it is more likely for photoexcited electrons to recom-
bine on defect states, thus leading to a 7, reduction, as already observed
in similar Ge/Si;_xGex MQWs heterostructures grown on (001)-oriented Si
substrates [80]. The decreasing signal-to-noise ratio, besides the fact that
the electron lifetime is shorter than the laser pulse duration, did not allow

us to carry out TRPL measurements at temperature higher than 180 K.

4.2 Investigation of the Spin Properties

In this section we will show a detailed study of the spin properties of the
(111)-oriented Ge/Si;_xGe, MQWs heterostructures. Both indirect-gap and
direct-gap emission will be investigated through PRPL measurements. All
the data discussed in the following were taken under 1.165 eV, right-handed
(07) circularly polarized laser excitation. Thus, in this case, we attribute pos-
itive(negative) values of p to co(counter)-circular polarized PL with respect
to the excitation. In this case, we measured the co-circular (I,+) and the
counter-circular (/,-) component of the PL signal. The circular polarization

degree was calculated using Equation 1.7. The PL signal of the indirect-gap
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Figure 4.5: Low temperature polarization-resolved PL spectra related to
indirect-gap (a) and direct-gap (b) emission of the 9056-E9 sample. The blue
(red) spectrum stems from PL emission co(counter)-polarized with respect
to the laser excitation.

emission was probed by means of a single channel InGaAs photodiode with a
cut-off at 0.516 eV (Appendix A.1, Line B), while an InGaAs array detector
with a cut-off at 0.75 eV was used to investigate the direct-gap PL signal
(Appendix A.1, Line A). The latter guarantees an excellent signal-to-noise
ratio at photon energies corresponding to the direct-gap PL emission, while
the former allows us to gather access to indirect-gap transitions.

PRPL spectra obtained from the Ge/Si;_,Ge, MQWs sample grown on
(111)-oriented Si substrate at T=4 K are shown in Figure 4.5. Blue (red)
curves refer to PL emission co(counter)-polarized with respect to the excita-
tion.

The polarization analysis related to the direct-gap recombination (Fig-
ure 4.5 (b)) reveals a robust optical orientation of spins within the I' valley
at T=4 K. Under o* laser excitation, it has already been shown (Section
1.3) that electrons are injected into |J;m;) = |1/2; —1/2) CB states starting
from |3/2; —3/2) HH states as well as to |1/2;1/2) CB states starting from
13/2; —1/2) LH states (Figure 1.4)2. Since the excitation energy is 1.165 eV,

2Note that the sketch of Figure 1.4 represents the bulk case. Here the compressive
biaxial strain in the wells leds to the removal of the VB degeneracy (see Figure 4.2 (b)).
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carriers are photoexcited away from the first confined HH and LH states.
As pointed out in the literature for (001)-oriented Ge/Si;_xGe, MQWs [13],
according to tight-binding calculations [119] and to data of III-V group SCs
[120], just after excitation the electron spin polarization is expected to be
Py ~ 28% — 34%. Now, assuming complete heavy holes depolarization af-
ter thermalization towards the I' valley bottom, electrons can recombine
with [3/2; —3/2) and with |3/2;3/2) emitting o and o~ circularly polar-
ized light, respectively. Since on this time scale we can neglect electrons
spin depolarization, the degree of circular polarization expected from the
c['l — HH1 transition is P ~ 0.96F,. This value is in very good agreement
with our experimental finding of p = (30% £ 1%) which can be appreciated
at 944 meV.

Moreover, looking at the o~ spectrum (red line) of Figure 4.5, the pres-
ence of a not-well-resolved, counter-polarized feature at 957 meV is seen,
which can be ascribed to the cI'l — LH1 direct-gap transition.

The polarization-resolved spectra in the indirect band-gap (cL — vI) re-
gion are shown in Figure 4.5 (a). It is worth noticing that, under 1.165
eV excitation condition, spin polarized carriers are injected in the I' valley
CB state. Photoexcited electrons are then scattered towards the L valley
absolute minimum on a subpicosecond time scale [118, 11], possibly preserv-
ing their spin orientation. In this case, the small but non-vanishing circular
polarization degree of Figure 4.5 (b) reveals that a non-zero electron spin
polarization was achieved within the L valley®. This represents a first exper-
imental proof that the spin relaxation time is at least comparable with the
recombination time (7¢ ~ 77,) which, at low temperature, lies in the tens of ns
regime (Figure 4.4). The NP feature reveals a circular polarization degree of
3% £ 0.5%, while p = (1.3% +0.4%) is calculated for the LA peak. Both the
transitions are co-polarized with respect to the excitation. A similar behavior
was already observed by F. Pezzoli et. al. on Ge/Si;_,Ge, MQWSs grown on
(001)-oriented Si substrate [13]. Employing a group theory analysis similar to
that of Ref. [121], the authors attribute the slight difference in the measured

3Holes depolarize very quickly. Only spin polarization of electrons provides a polarized
contribution to the PL signal, as pointed out in Section 1.3
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Figure 4.6: Temperature dependence of p for the direct-gap (blue circles),
the cL — vI' : NP (red squares) and the cL. — vI' : LA (green triangles) tran-
sitions.

polarizations of the NP and LA replica to their proximity to the TA and
TO transitions, respectively. On one hand, a phonon assisted LA transition
contribution to the polarized emission is expected to be I,+ : I,- = 3 : 1.
On the other hand, regarding TO and TA, the ratios are 1 : 3 and 1 : 0,
respectively [13]. Furthermore, as we will see in the following paragraph,
the initial polarization at the I" point is ~ 30%. This expectation, together
with the predicted cL — vI" : LA transition rate (I}/IX4 = 3) should result
in a value of p higher than the 1.3% measured. In this case, the observed
low value of p can be attributed to the proximity of the electron-hole pair
in the QW heterostructure, which leads to a strong spin relaxation caused
by exchange interaction of confined exciton states and which is expected to
play an important role at low temperatures and in intrinsic QWs [13, 122].
The temperature dependence of the degree of circular polarization for
the direct-gap (blue circles) and the indirect-gap (red squares and green tri-
angles) is reported in Figure 4.6. The cL — vI': NP and the cL — vI': LA

transitions point out a temperature-dependent depolarization mechanism.
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In particular, the spectra are no longer circularly polarized when the tem-
perature approaches 90 K. This depolarization has to be ascribed to the
spin-flipping caused by the increasing presence of phonons due to the lattice
heating, as predicted by the Elliot-Yafet spin relaxation mechanism [97]. Also
this experimental finding is in line with what was observed on (001)-oriented
Ge/Si;_xGexy MQWs [13], where the temperature-dependent polarization of
the indirect-gap emission was explained in terms of the dependence of the

circular polarization degree on the 7y -over-7g ratio [123]:

Po
. (4.1)
where pg is the initial polarization degree. Equation 4.1 shows that the value
of p depends on the spin relaxation time. As the latter decreases the former
rapidly goes to zero.

We now focus our attention on the temperature dependence of p related
to the direct-gap transition. The blue circles of Figure 4.6 demonstrate that
p decreases as the temperature increases, and that, as a consequence of the
thermal activation of the spin relaxation, it drops to zero as the lattice tem-
perature reaches T=180 K. This is in line with reports for Ge/Si;_Gey
MQWs heterostructures grown on the more conventional (001)-oriented Si
substrate [85]. Surprisingly, by further increasing the temperature above
T=180 K, the PL polarization changes sign, being counter-polarized with
respect to the excitation and reaching a maximum (p ~ —5.5%) at 240 K.
Remarkably, these measurements represent a clear experimental proof of non-
vanishing polarization at room temperature, where a p value of —2.7% is
found.

This finding can be better appreciated in Figure 4.7. Indeed, PRPL spec-
tra obtained from the investigated sample at T=300 K (Figure 4.7(a)), clearly
emphasizes that the direct-gap PL emission stems from the superposition of
two cross-polarized contributions, as we deduced also from low temperature
measurements. The counter-polarized PL peak maximum reveals that in this
case the emission is dominated by recombination involving LH states. No-

tably, the low energy tail is co-polarized with respect to the excitation, thus
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Figure 4.7: (a): Room temperature polarization-resolved direct-gap PL spec-
tra. (b) Colour-coded map showing the behavior of p as a function of tem-
perature. Energy position of the cI' — vI" PL feature is labeled by the black
dash-dotted line.

evidencing the non-trivial contribution of the recombination on HH states.
This experimental evidence elucidates that the direct-gap transition arises
from two different recombination channel, which alternatively dominate the
PL signal depending on the temperature regime, as evidenced by the color-
coded map in Figure 4.7(b). In particular, in the 4-150 K range, the domi-
nance of the c¢I'l — HH1 recombination channel provides a photon emission
co-circular with respect to the excitation (p > 0) while the dominance of
the cI'l — LH1 channel in the 180-300 K temperature is proved by the fact
that the main PL feature is counter-polarized (p < 0). At T=180 K, we
can notice an abrupt redshift of the c¢I' — vI' maximum position, as under-
lined by the S-like shape of the black dot-dashed line in Figure 4.7(b). This
behavior suggests that a change in the dominant recombination channel is
occurring in the direct-gap emission. Hence, at T=180 K, the cI'l — HH1
and the cI'l — LH1 recombination channels provide equal contributions to
the PL signal, leading to a non-circularly polarized photon emission (p ~ 0)
These results were never observed in Ge-based system grown along the
(001)-oriented crystallographic direction. The non-zero circular polarization
degree measured up to room temperature proves that, actually, a partial

removal of the L valley degeneracy possibly limits the inter-valley scattering
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and thus it might represent an efficient tool to enhance the spin lifetime
of the photoexcited carriers. In the following section this suggestion will be
demonstrated by means of polarization-resolved TRPL measurements, which

provide direct access to the spin relaxation time of the photoexcited carriers.

4.3 Spin Relaxation Time

This section is devoted to the direct measurement of the spin relaxation time
by means of polarization-resolved TRPL measurements. A detailed scheme
of the experimental set-up is shown in Appendix A.2.2. As explained above,
it has been theoretically predicted that a system grown on the (111) crystallo-
graphic orientation should possess an intrinsic 75 longer than a (001)-oriented
one. The aim here is to provide an experimental demonstration of this pre-
diction, and to deepen and clarify experimental evidences discussed in the
previous sections. For this reason, the spin lifetime of the (111)-oriented
Ge/Si;_Gex, MQWs sample, named 9056-E9, has been compared with the
spin lifetime of a Ge/Si;_ Ge, MQWs sample grown on (001)-oriented Si
substrate with the same structure, named 7864-6 (see Table 2.1). It is worth
noticing that, since 7g strongly depends on various phenomena, like the
electron-hole exchange interaction [101, 102], we have chosen two samples
with a similar QW thickness (i. e. ~ 10 nm) and measured them under the
same experimental conditions (temperature and excitation power density).

Polarization-resolved TRPL decay curves obtained from the 9056-E9 and
from the (001)-oriented samples at T=4 K are shown in the upper panels of
Figure 4.8 (a) and (b), respectively.

The decay curves related to the circular polarization degrees of the sam-
ples grown along (111) (pink circles) and (001) (green circles) crystallographic
directions, together with their corresponding exponential fits (black lines) are
reported in the lower panels of Figure 4.8 (a) and (b), respectively. It is worth
noticing that, right after excitation, the p value of the (001)-oriented sam-
ple is higher (~ 10%) with respect to that of the (111)-oriented one (~ 8%).
We remind that carriers photexcited via optical method possess an excess

energy with respect to the valley bottom. Since we are considering non-
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Figure 4.8: Upper panels: low temperature polarization-resolved TRPL de-
cay of the (111)-oriented (a) and (001)-oriented (b) Ge-based heterostruc-
tures. Lower panels: corresponding degrees of circular polarization (pink
and green circles) with their relative decreasing exponential fits (black lines).

thermal electrons, the higher the excess energy, the lower the degree of cir-
cular polarization [21, 22]. The smaller p for the (111)-oriented sample is
thus due to this energy relaxation process, as demonstrated by the smaller
emission energy compared to that characteristic of the QWs grown along the
(001)-oriented surface (see Figure 2.7 and 4.3). The partial removal of the
L-valley degeneracy in (111)-oriented heterostructure, limiting the interval-
ley scattering, is thus expected to lead to a longer electron spin lifetime. Our
measurements reveal that the 7¢ value extrapolated from the (111)-oriented
heterostructure is of about 120 ns while is about 30 ns for the (001) crys-
tallographic orientation. Even if the error bars (not reported) exceed 15 ns,
this observation clearly points out that the spin relaxation time measured on
the (111)-oriented sample is almost an order of magnitude longer than the

one measured on the (001)-oriented sample?. This experimental result proves

4Such a big spin lifetime difference can not be ascribed to the small difference in well
thickness. Indeed, in Section 3.2 we revealed 75 between 5 ns and 20 ns on (001)-oriented
heterostructures with Ly ranging from 3.8 nm to 22.6 nm (see Figure 3.2).
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that a partial removal of the L-valley degeneracy can be sufficient to enhance
the spin relaxation time, as suggested by theoretical work of Li et al. in Ref.
[22]. It is worth emphasizing that our evidence stems from experiments at
T=4 K, where the intervalley scattering should be inhibited also in the case
of completely degenerate L states. Thus, in this temperature regime, it would
seem impossible to observe the theoretically predicted increase in 75. In this
case a typical scenario is that, due to the 1.165 eV excitation, non thermal
electrons are photoexcited with an excess energy, so that they have to relax
hundreds of meV before reaching the L-valley bottom. The energy loss due
to this thermalization process is mediated by electron-phonon interaction,
possibly opening up intravalley scattering as an effective a spin relaxation

channel also at low temperatures.



Conclusions

In the last decade, the integration of Ge within the complementary metal-
oxide semiconductor (CMOS) technology stimulated detailed investigations
of its structural and electrical properties. Notably, the multivalley nature of
the Ge band structure has been pointed out to be a key factor to gather access
to its optical processes. In this thesis, we exploited the quasi-direct behaviour
of Ge to study the spin physics of bulk and low dimensional heterostructures.

In particular, polarization-resolved PL measurements of the direct-gap
emission of a bulk Ge wafer revealed that it is possible to control the polar-
ization of the emitted light by tailoring the pump condition at T=4 K. It has
been shown that, exploiting the pivotal role played by scattering towards the
satellite X-valleys during the energy relaxation process [38], it is possible to
tune the density of photoexcited carriers occupying the two subspin states
at the I'-valley. This finally allows us to switch the chirality of the emit-
ted photons without the use of any external magnetic fields or optical delay
modulators. These findings possibly provide new routes for the realization of
novel SOE devices, although the cryogenic temperature regime employed in
this proof of concept experiments does not allows an immediate development
of a spin-based light emitting device.

In this thesis, we have also carried out an experimental study of Ge
QWs embedded in Ge-rich SiGe barriers. These heteroepitaxial systems have
been widely investigated in recent years, since they demonstrate a type-I
band alignment, thus offering the opportunity to achieve efficient radiative
transitions [19]. In this work we reported a comprehensive study of the spin
dynamics of the photoexcited carriers in Ge/Si;_yGe, MQws grown along

two surfaces orientations; We employed different experimental parameters,

5
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such as QW thickness, lattice temperature and excitation energy.

In particular, we showed that it is possible to obtain high degree of circular
polarization (p = 23%) for the indirect-gap emission by matching the direct-
gap resonance. We investigated the spin relaxation time as a function of
the well thickness and of the lattice temperature on (001)-oriented systems
by means of polarization- and time-resolved PL technique. Measurements
at T =7 K revealed spin lifetime between 5 ns and 20 ns. Considering the
different experimental conditions, these values are in good agreement with
those provided by independent experiments [27]. In addition, the reduction
of spin lifetime with increasing temperature allowed us to probe the effect of
electron-phonon scattering interactions, theoretically predicted to dominate
the spin relaxation when T > 30 K [22]. This thesis furthermore provides
an estimation of the Landé g-factor of conduction band electrons achieved
by means of quantum beat spectroscopy. This experimental technique, never
applied to date to group-IV semiconductors, was used to unveil the coherent
dynamics of L-valleys CB electrons, and to address the g-factor dependence
on the well thickness. Our findings are in agreement with k - p calculations
[28] and electron spin resonance data of very similar samples [27].

Finally, it is worth noticing that literature works suggested the possibility
to remove the L-valley degeneracy in Ge and achieve long spin lifetimes by
inhibiting the intervalley scattering [22, 21]. Inspired by these predictions, we
carried out an all-optical investigation of the spin properties of Ge/Si;_xGex
QWs epitaxially grown on a (111)-oriented Si substrate. This allowed us to
achieve non-zero polarization of the direct-gap emission at room temperature.
By measuring the spin relaxation time via polarization- and time-resolved
PL, we revealed that, thanks to (111) surface orientation, it was possible to
achieve a 7g of about 120 ns. This is almost an order of magnitude longer than
the 7¢ obtained on a similar heterostructure grown along the (001) direction.

In conclusion, this work is devoted to an all-optical study of the spin
properties of Ge-based systems. Original results obtained in this thesis, both
on bulk Ge and on Ge/Si;_,Ge, MQWSs heterostructures, can represent a
step forward in the comprehension of the relaxation and dynamics of spin

polarized electrons in group IV materials.



Appendix A

Methods

This chapter is devoted to the description of the experimental set-ups used
in this thesis to perform PL measurements. At first, we will describe the
experimental set-up used for CWPL, then we will show details about those
used for TRPL.

A.1 Continuous Wave PL

A schematic drawing of the experimental set-up used in this thesis to perform
continuous wave (CW) polarization-resolved photoluminescence (PRPL) is
reported in Figure A.1. A continuous wave (CW) Nd — YVO, laser (CNI
Lasers) emits linearly polarized light at 1.165 eV (i. e. 1064 nm). The power
ranges from a few mW to ~ 500 mW. The exciting beam, filtered through
two 1064 nm band-pass (BP) filters and a 850 nm long-pass (LP) filter, is
directed towards a half waveplate (A/2) and on a quarter waveplate (\/4)
allowing the light incident on the sample to be right-handed (¢7) circularly
polarized. PRPL is carried out in backscattering geometry: the direction
of luminescence detection is the same along which we excite the sample and
perpendicular to the sample surface. The reflecting mirror for the laser beam
is a circular, 3 mm diameter, silver mirror, mounted on a 5 cm diameter
gimball support. In this way, most of the PL signal can reach the detection

system. The laser light is focused on the sample surface by means of an

7
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Figure A.1: Sketch of the experimental set-up used for polarization-resolved
PL measurements described in Chapter 1.

achromatic doublet with 100 mm focal length. The focused spot diameter
was measured to be ~ 45 pm.

The sample is mounted on the cold finger of a cryostat cooled by a closed
cycle helium refrigerator (Oxford Optistat AC-V12). Vacuum is obtained by
means of a set of pumps (HiCube Classic, produced by Pfeiffer Vacuum).

The PL signal emitted from the sample is collimated by an achromatic
doublet in front of the cryostat in a 2.5 cm diameter beam and sent to the
analyser, consisting of a rotating \/4 waveplate followed by a linear polarizer.
The rotating holder on which the quarter waveplate is synchronized with the
detection system. This allows us to achieve a complete overview about the
PL polarization. Two 1064 nm razor edge (RE) filters eliminate the scattered
laser light.

The PL signal then reaches a mirror that can be removed (flipping mirror),
so that one can choose the spectrometer (A or B) and, thus, the detector.

We will separately describe the two optical paths.
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Figure A.2: (a): Quantum efficiency of the 100 lines/mm holographic diffrac-
tion grating, blazed at 1.2 um. P and S stem from transverse-magnetic (TM)
and transverse-electric (TE) polarizations [124]. (b): Quantum efficiency of
the Andor iDus InGaAs 1.7 um detector as a function of wavelength [125].

A.1.1 Line A

An achromatic doublet (150 mm focal length) focuses the signal on the en-
trance slit of a spectrometer with a focal length of 300 mm. The spectrometer
(JASCO, TRS-300) is equipped with a 100 lines/mm holographic diffraction
grating (Shimadzu company), having a blaze at 1.2 um. The spectral re-
sponse of this grating is shown in Figure A.2 (a).

The dispersed light is measured by a thermoelectrically cooled InGaAs
array multichannel detector (DU492A-1.7, produced by Andor Technology)
consisting of 512 pixels and with a cut-off energy at 0.75 eV. The spectral
response of the InGaAs array detector is shown in Figure A.2 (b). This
detector, was used to perform direct-gap PRPL measurements of bulk Ge

and of the (111)-oriented Ge/Si;_ Gey MQWSs sample, reported in Chapters
1 and 4, respectively.

A.1.2 Line B

A gold-coated parabolic mirror (100 mm focal length) focuses the signal on

the entrance slit of a spectrometer with a focal length of 320 mm. The
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Figure A.3: (a): Quantum efficiency of the 150 lines/mm holographic diffrac-
tion grating. Blaze is at 2 ym. (b): Quantum efficiency of DSSIGA2.2 LN
InGaAs 2.2 pm detector as a function of wavelength [126].

Table A.1: Characteristics of holographic diffraction gratings mounted on
the turret of the HORIBA iHR 320 spectrometer.

Groove Density (I/mm) Blaze (nm) Blaze Angle (deg)

150 2000 8238
600 1000 17°27
600 2000 36°52/

monochromator (HORIBA iHR 320) is equipped with 3 holographic diffrac-
tion gratings, mounted on a turret (see Table A.1). In this work only that
with a 150 lines/mm groove density, blaze at 2 um, was used. Its spectral
response is shown in Figure A.3(a).

The dispersed light is then measured by a liquid nitrogen cooled InGaAs
single channel detector (DSSIGA2.2 LN, produced by HORIBA Jobin Yvon)
with a cut-off energy at about 0.52 eV. Its spectral response is shown in
Figure A.3. Finally, the output detector signal is filtered by means of a
SR510 Stanford lock-in amplifier. This light-chopped technique allows us
to increase the signal-to-noise ratio. This detector was used to reveal the

indirect-gap emission of Ge/Si;_,Ge, MQWs samples in Chapters 2 and 4.
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A.2 Time Resolved PL

A.2.1 Bench A

A schematic drawing of the experimental set-up used to carry out polarization-
and time-resolved PL with a resolution in the ps time scale is reported in Fig-
ure A.4. An APE optical parameter oscillator (OPO) pumped by a Tsunami
1 ps Ti:Sa laser, produced by Spectra Physics, was used as a tunable excita-
tion source between about 1000 nm and 1400 nm. The temporal width and
the repetition rate of the laser were 1.5-2 ps and 80 MHz, respectively. In this
work the excitation wavelength was tuned from 1000 nm to 1280 nm. The
exciting beam, filtered through a 1300 nm short-pass (SP) filter, is directed
towards a linear polarizer and a A\/4 waveplate allowing the light incident
on the sample to be circularly polarized. Time- and polarization-resolved
PL was carried out in backscattering geometry. A quartz systems is used
to compensate the polarization loss on the sample surface caused by the re-
flecting prism. The laser light is focused on the sample surface by means of
two achromatic doublets in series, so that the total focal length is close to 21
mm. Under these conditions the focused spot diameter is calculated to be
~ 7 pm.

The sample is mounted on the cold finger of a cryostat cooled by a closed
helium refrigerator (CTI-Cryogenics).

The PL signal emitted from the sample is collimated by the achromatic
doublet in front of the cryostat and sent to the analyser, consisting of a
rotating \/4 waveplate followed by a linear polarizer. The combination of
LP, SP and BP filters is used to eliminate the scattered laser light and allows
us to measure the indirect-gap emission of the sample under investigation.

An achromatic doublet (75 mm focal length) focuses the emitted PL signal
on the entrance of an optic fiber, chosen to match the spectral window of the
PL (for the list of utilized optic fibers see Table A.2).

The signal is then measured by a superconducting nanowire single-photon
system (SNSPD), produced by Single Quantum [127], equipped with 4 de-

tectors, cooled at 2.6 K using a helium compressor (HC4E Sumimoto cryo-
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Figure A.4: Sketch of the experimental set-up used for polarization- and
time-resolved PL measurements with nanosecond resolution.

Table A.2: Optic Fibers used to transmit the PL signal, produced by Thor-
labs.

Name Operating wavelength (nm) Mode Field Diameter (pm)

P3-2000-FC2 1700-2300 13 pm @ 1996 nm
SMF28E 1260-1625 10.4 pm @ 1550 nm
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Figure A.5: (a): Superconducting nanowire single-photon detector spectral
response. (b): Typical efficiency of the superconducting nanowire single-
photon detector at 1310 nm as a function of the applied bias current. [127]

genics). The quantum efficiency of the detector is shown in Figure A.5(a).
This kind of devices has rapidly emerged since it offers high efficiency, low
dark counts and excellent time-resolution [128]. The typical dark count effi-
ciency of these devices is shown in Figure A.5(b). A beam splitter set after
the OPO cavity is used to send the signal of the laser to the PicoHarp 300
Electronic card. In this way the laser pulse is correlated with the PL sig-
nal. The time resolution was about 50 ps. The signal is then analysed by a
~ 65000 channels PicoQuant electronic card (PicoHarp 300) driven by a PC.
The experimental set-up described in this section was employed to carry out

measurements reported in Chapters 2 and 3.

A.2.2 Bench B

A schematic drawing of the experimental set-up used to carry out polarization-
and time-resolved PL with a resolution in the ns time scale is reported in
Figure A.6. The excitation source is a 1.165 eV (1064 nm) DTL-324QT
Nd: YAG Q-switch pulsed laser with a repetition rate of 10 kHz, produced

2

by Laser-export, with an average power density of 6.8 kW/cm?® and a peak
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Figure A.6: Sketch of the experimental set-up used for the polarization- and
time-resolved PL measurements with nanosecond time resolution.
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Figure A.7: (a): Photomultiplier spectral response [129]. (b): Laser pulse
temporal width (black line) and Gaussian fit (red dashed line). The FWHM
obtained from the fit is indicated.
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power density! of 4.9 - 10* kW /cm?. The temporal width of the laser is about
15 ns (Figure A.7). Excitation and emission lines are identical to those de-
scribed in Appendix A.1 and A.1.2, respectively.

Emission is collected by a monochromator equipped with a 150 1/mm
holographic grating (see Table A.1) whose position, in this case, is kept fix.
This allows us to measure the decay curve at a selected emission energy. Two
silver-coated parabolic mirrors (100 mm focal length) focus the PL signal on
the photocathode of a liquid nitrogen cooled Hamamatsu R5509-73 photo-
multiplier tube (PMT) with a cut-off energy at about 0.77 ¢V, whose spectral
response is shown in Figure A.7. The cut-off is defined by the material of
the PMT window (borosilicate glass), and by the photocathode, consisting of
InP/InGaAs. Finally the signal is recorded by a FAST ComTec P7888-1(E)
multi-stop acquisition board, working in single photon counting mode. The
signal is displayed by means of an oscilloscope, and a trigger coming from
the laser provides the start acquisition. The experimental set-up described

in this section was employed to carry out measurements reported in chapter
4.

IThe peak power density was calculate using the following formula:
Ppyjse = P/A : 1/F : 1/At,

where P is the average laser power, A is the spot dimension of the laser beam focused on
the surface of the sample, F' is the laser repetition rate and At is the laser temporal width.



Appendix B

Stokes Analysis

In this chapter we will provide details about full-Stokes analysis, which was
exploited to determine the polarization state of the direct-gap PL of bulk Ge
(Chapter 1).

Polarization of the emitted luminescence analysis shown in Chapter 1
was evaluated by means of full Stokes analysis [13]. To introduce the Stokes
parameters we consider a monochromatic optical beam propagating along

the z direction and having the following components at z = 0:

E.(t) = Eoy, - cos(wt + 0x)

E

(B.1)
() = Eyy - cos(wt + 6y),

where ¢ represents the time, w the angular frequency, while £y, and FEy, are
the amplitudes. The Stokes polarization parameters S;, with i = 0,1, 2, 3, are
measurable observables that completely characterize the polarization state of
an optical field. If now we write the wave equations in the complex form, we

get:

E.(t) = E, - exp(iwt)

(B.2)
E,(t) = E, - exp(iw?),

86
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where

E, = Ey, - exp(idzx)

. (B.3)
E, = Eqy, - exp(idy),

are the complex amplitudes. It can be shown that Stokes parameters can be
defined as [130]:

So = E,E: + B E}
Si = E,E: — B,E}

(B.4)
Sy = E.E, + E,E;
Sz = i(E.E, — E,E}),
where the asterisk indicates the complex conjugate, ¢ = v/—1 and
Sg =S+ 53 + 53 (B.5)

which holds for completely polarized light. S, represents the total inten-
sity of the optical field, while 57, S5 and S3 determine the degree of linear
(horizontal or vertical) polarization, linear (+45° or —45°) polarization and
circular (right or left) polarization, respectively.

Stokes parameters can be also combined into a vector, called Stokes vec-

tor, defined as:

So Eg, + EG,

- S E? — E2

S=|7 =" " (B.6)
S 2Ey, Eyy cosd
S3 2E0x EOy sin d

Starting from Equation B.6 it is possible to obtain all states of light polar-

ization and, in particular:

e Linear horizontal polarization:

So =S, = E},

(B.7)
Sy=S5=0
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e Linear vertical polarization:

SO =-5 = E(Q)y (B 8)
Sy =93 =0 '
e Right circular polarization:
Si=8=0 '
e Left circular polarization:

31252:0

Let us now consider the case of partially polarized light, which can be
considered as a superposition of unpolarized and completely polarized light.

In this case, the Stokes parameters satisfy the following relation [131]:
Sg > St +S; + 53 (B.11)

and the polarization degree (p) can be defined as:

I olarize 52 82 S2
p = Lpolarized _ ¥ 1Ty 03 (B.12)

)
ITotal SO

where 0 < P < 1, while Iy and Ipgerizeq are the total intensity and the
intensity of the polarized component, respectively. It is worth noticing that,
when the polarization type is circular, Equation B.12 coincides with Equation

1.7, that we introduced in Section 1.3 to define the PL circular polarization
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degree. The Stokes vector can be now written as:

So S() S()
o Sy S1
S = =(1-— + B.13
S, (1—p) 0 ar (B.13)
Sg 0 SS
We can therefore consider the normalized Stokes vector:
So So 1
52 SQ SQ/pSO
Sé 53 53/,050

as a representation of the polarized component of light. The normalized

Stokes vector defines a point on a surface of a sphere of unit radius: the

Poincaré sphere, where (x, y, z)=(S, S2, S3).

The Poincaré sphere (Figure B.1 (a)) is a convenient graphical method

to visualize light polarization:

Right-handed circular polarization (|R)) is localized on the north pole
of the sphere;

Left-handed circular polarization (|L)) is localized on the south pole of
the sphere;
1

V2

Linear polarization state (—=(|R £ L))) is localized on the equator

sphere;

Elliptically polarized states are represented everywhere else on the

sphere surface.

In this thesis, the Stokes polarization parameters were measured by an

optical retarder followed by a linear polarizer (Figure B.1 (b)). The retarder

(A/4 waveplate) rotates at an angular frequency w, whereas the polarizer is

kept fixed (see Appendix A.1.1). The PL intensity is then probed by means

of a multiple channel detector at each angle of the rotating optical element.
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(IR) + |L))

Rotating retarder

Linear polarizer

Detector

L)

Figure B.1: (a): Poincaré sphere: blue(red) dot on the north(south) pole
represents right(left)-handed circularly polarized light emission, while green
dot on equator line represents linearly polarized light emission. (b): Stokes
parameters measurements by means of a rotating retarder followed by a linear
polarizer [131].

A Fourier analysis of the peak amplitude modulation (I(wt)) allows us to
obtain Stokes parameters via the determination of the Fourier coefficients
[130, 131]. In particular, the Stokes parameters were found by a least square
fit of I(wt) with a function containing the sum of trigonometric functions.
The function is defined by:

Fra(0) = %[A _ Bsin(76/90) + cos(r6/45) + Dsin(8/45)].  (B.15)

The Stokes parameters are then calculated from the values of Fy; as follows:

So=A—C
S, =20

(B.16)
Sy = 2D
Sy =B

Moreover, since in our case the emitted PL is always partially polarized, we
employed the normalized Stokes parameters described above (Equation B.14)
to plot our data through the polarized component of the Poincaré sphere.

The modulation intensity as a function of the quarter waveplate retarder
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Figure B.2: PL peak intensity modulation as a function of the \/4 retarder
angle (0). A phase profile of 37/4 stems from right-handed (o) circularly
polarized light (a) and (c), while a phase profile of 7/4 indicates that helicity
of emitted photons is linear (b).

angle thus allows us to determine the polarization type of the PL. In par-
ticular, the polarization type is defined by the 6 position of the maximum
intensity (Ipzq,) of the PL peak: a sinusoidal behaviour is the feature of cir-
cular polarization (Figure B.2). The phase of the sinusoidal profile (7/4 or
3m/4) is directly related to the circularly polarized light helicity: we have
that for Iy, at 8 = 135°, 315°, the emitted photons helicity is right-handed
circularly polarized (Figure B.2 (a)), while for I, at 6 = 45°, 225°, the
emission is left-handed circularly polarized (Figure B.2 (¢)). On the other
hand, Iy, at 8 = 0°, 90°, 180°, 270°, corresponds to linearly polarized light
emission (Figure B.2 (b)). It is worth noticing that, in the case of o~ laser
excitation, Iy, at 6 = 45°, 225° means co-polarized emission, while for .,

at § = 135°, 315° the photon helicity is counter-polarized.
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Figure C.1: Upper panel: 7864-6 sample (Lz=10 nm), lower panel: 7909-11
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dependence of the electron lifetime (7).
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