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Chapter 1
Introduction

It has been known since a long time that the properties ofstaunciured materials
can be very different from those of the bulk. Quantum confieethremoval or
changes in the symmetries of the system, and breaking okoaatfon rules are
examples of the factors which can lead to dramatic moditioatin the electronic,
optical and mechanical characteristics when the physio#sions are shrinked
in the nanometer range. Not only, it must also be remindetthieareduced di-
mensions make nanostrustured systems sensitive to effbath are completely
negligible (and thus inaccessible) at longer length scHteés can be both an op-
portunity or an hindrance, depending on which factors werdegested in. In any
case, this new accessible world opens a wide range of neweeggf freedom in
the investigation and application of fundamental physplanomena by means
of nanostructures.

The effects arising in nanostructured materials have balgjest of theoretical
studies since the beginning of quantum mechanics: verylsigyantum mechan-
ical models can be used to outline the behaviour of partobedined in a space
with size in the nanometer length scale, starting from tliactic particle-in-a-
box, and going up to more complicated potentials. Now, wathdevelopment of
the growth and fabrication techniques, the simple systemshnappeared just as
academic simplifications can be realized in practice, withgossibility of creat-
ing artificial potentials: this enables us to confine theiessrin a controlled way,
and possibly to exploit and tailor the new properties giveithe nanometer scale
miniaturization. This is nanotechnology.



In addition to the increased sensitivity to the tiniest pbgkinteractions,
nanostructures provide systems in which also the couplatgéden these interac-
tions becomes stronger: this explains the interest in usamgpstructures both for
fundamental studies and possible new applications. Butdiratl, this explains
the intrinsic multidisciplinary character of nanotechomy, in which knowledge
is gathered from many different branches of science andagether in order to
build, understand and engineer the properties of the system

Semiconductor nanostructures in particular have gainexctasing attention
in the last decades: in addition to the general consideraiiiven above, semi-
conductors (and especially silicon) are among the mostieduthaterials, both
from the fundamental and applicative point of view. The apyaity of taking
advantage of the deep knowledge of the materials and theitgaitithe fabrica-
tion technology explains the fast development of this binamfcnanotechnology.
In this thesis, we concentrate in particular on group IV smductors, and in
particular Si, Ge and their alloy, SixGe .

Sip_xGe, is a solid solution of Si and Ge: the atomic sites of a diamawyd-c
talline structure, typical of both Si and Ge, are filled ramiip by the atoms of
the two elements, with the proportion specified by the Ge nfodationx. Si and
Ge are completely miscible: this means that the Ge molatira¢also called Ge
content, or alloy composition) can vary continuously betwéhe values O (pure
Si)and 1 (pure Ge). The key value of SiGg, is that its structural, electronic and
optical properties vary continuously with the compositiand are also affected
by strain: these features bring additional degrees of &wed the engineering of
nanostructures. From the applicative point of view, thel Webwn compatibility
of Siy_xGeg, with CMOS technology has naturally oriented the perspedive-
searchers towards a possible integration in microeleictsarf devices based on
Si1—xGe nanostructures.

Nowadays, the fabrication of integrated circuits in mideséonics has a mat-
ter of fact already reached a point which fully stands wittna domain of nan-
otechnology, with dimensions of the transistors lying ia tange of few tens of
nanometers. New concepts are elaborated and materialstereéuced and opti-
mized in the attempt to overcome or at least compensate ysqgalh limitations
due to the extreme miniaturization of the devices, whichrgmenore and more
severely. Strain engineering, for example, is a well eghét building block for



the miniaturization of CMOS devices, and SiGe, was already introduced many
years ago for the fabrication of stressor structures. Hewemore ambitious ob-
jectives in the field of Si_xGe, integrated structures in CMOS technology have
been defined and pursued by researchers in the last decdaest Isased opto-
electronics is one of these. Nanostructuring has been searpassible way to
overcome the well known deficiency of the silicon emittingfpemances, mainly
due to its indirect bandgap; SikGe, based optoelectronic devices, like optical
modulators [1], quantum well infrared photodetectors [2Yl @uantum cascade
lasers [3] have been already demostrated. In more futirgions, spintronics
and quantum computing by means of SiGe; nanostructures are under investi-
gation.

One advantage of §iyGe, nanostructures lies in the characteristic tendency
to form self assembled aggregates during heteroepitaxgrdmainly by the at-
tempt of relaxing the elastic energy originated from théidatmismatch. The
impact on the applications is given by the fact that a bottgnajpproach for the
fabrication of these structures seems to be possible. M#agtewere payed
in the recent past in order to control this process and olstanostructures with
uniform and tuned properties. Knowledge and compreherdditre mechanisms
regulating the growth and influencing the internal progsrof the structures have
been deepened through a systematic study of the growthgzaceler the varia-
tion of deposition techniques, experimental parameteis sabstrates. Theoreti-
cal models and simulations have been developed in ordederstand, reproduce
and predict the behaviour of the nanostructures, in theictiral, electronic and
optical features. Last, but not least, several experinheatiniques have been
applied, optimized or even created in order to allow for tharacterization of the
structures.

Raman spectroscopy has been successfully applied to thacté@zation of
semiconductors: in the case of pure Si, for example, it s&TEs a unique tool
for the characterization of stress in microelectronic desi Stresses induced by
oxide and nitride layers and strips, thermal processeantilanismatched mate-
rials, bonding, Through Silicon Vias (TSV) fabricationgetan be measured with
sensitivity of few tens of MPa. In the case of SiGg, , Raman spectroscopy has
been optimized in order to give a valid way to measure botlttmeposition and
the strain in the alloy. The method, originally conceivedtfte analysis of bulk



Sip_xGe, or heterostructures, has been extended also to the study QG sys-
tems with low dimensions. This has made Raman spectroscopgeaused tool
in Si1_xGe, nanotechnology for a fast and non destructive charactaizaf the
structures.

One of the most known and useful features of Raman spectrpstcemi-
conductors is that the surface sensivity can be tuned byingtye excitation
wavelength. Excitation light at higher energy is more sgtgrabsorbed by the
material: as a consequence, the depth of the illuminatathwlwhich is in fact
the probed portion of the sample) is reduced. In the case0fSg; , due to
the dependence of the bands on the alloy composition, the@timn coefficients
depends strongly also on Several examples of Raman experiments performed at
different excitation light wavelengths onSiGeg, micro- and nanostructured sys-
tems can be found in the literature, but the effect of theamm in the absorption
coefficients is always rather qualitative. Moreover, apoimportant energy and
alloy composition dependent parameter is representedeoigdman efficiency of
Si_xGe , which is expected to show resonances in corrispondendedfitect
transitions in the material, in analogy with the well knowases of pure Si and
Ge. Also this point, though already known in principle, isvays treated in a
qualitative way due to the absence in the literature of aesyatic study of the
Si1_xGeg Raman cross section as a function of both the alloy composatial the
excitation light energy.

In this work, this systematic study will be presented. Th&or@ant Raman
effect in Si_xGe; will be experimentally characterized and quantified, arel th
results will be discussed with reference to the theory. Tingeict of the resonance
effects on several Raman experiments performed onGig, nanostructures will
be discussed with some examples.

Another point which is often only partially discussed in fiterature is the
effect of compositional distributions. As will be presemt@ the introductory
chapter, substantial composition inhomogeity can be faan8i;_yGe; nanos-
tructures, and in particular in self assembled ones, dugéomixing between Ge
and Si coming from the substrate or the matrix surroundiegsthuctures. Inter-
mixing leads to the broadening of the bands in the Raman spedfthe sample:
this is generally attributed to “compositional disordeafid only average informa-
tion about the nanostructures is usually extracted fronRidn@an spectra. In this



thesis, however, we want to go beyond and extract informatimut the compo-
sition distribution within the nanostructures by means qéiantitative analysis of
the broadening of the peaks, with the aid of the knowledgdef3i ,Ge, Ra-
man cross section previously measured. Hence, a novelagpfor the analysis

of Raman spectra of compositionally inhomogeneoys,&e, samples will be
presented, with the possibility (under several conditmirgstimating the compo-
sition profile of Si_xGec nanostructures by means of a single Raman spectrum.
Several case studies will be presented and the results evitbmpared to those
obtained by means of other well established techniques.

In this thesis, a brief general introduction tq SiGe, nanostructures will be
given in the first chapter: in particular, the case of seléagded Si_»Ge islands
will be treated. The growth mechanisms will be explained, thie mainstreams in
the growth research will be outlined. The intermixing preses occurring during
the growth, and influencing the electronic and optical proge of the nanostruc-
tures, will be addressed. Finally, some examples of agpmitsof Si_xGe, dots
and islands in microelectronics and optoelectronics valshown.

Chapter 3 will introduce the reader to several of the most tsgthiques for
the characterization of §iyGe, islands. Raman spectroscopy will be presented
as well.

In chapter 4, the resonant Raman effect in 3G, will be studied. After a
brief theoretical introduction to the Raman effect and thginrof Raman reso-
nance in Si_yGe, alloys, the experiment will be presented, and the data edabo
tion will be treated in detail. The experimental resultd i shown and compared
to the results of a semiempirical calculation of the Ramasg®ction. Then,
several Raman experiments performed with different illiation conditions on
Sip_xGeg, islands will be presented and discussed on the basis of ihel&dge
of the Raman resonance effects.

Chapter 5 will be dedicated to the explanation of the metraglofor the anal-
ysis of the Raman spectra of compositionally inhomogeneousSe, samples,
and the determination of the internal composition profildhe Thethod will be
validated on a test sample and applied again to the study; ofSeg, islands.



Chapter 2

Si1_xGe nanostructures

2.1 Si,_xGe, : basic properties

Sip_xGe alloy consists of a random distribution of Si and Ge atomshensites
of a diamond crystalline lattice, with an occupation prabibspecified by the
relative molar fractionX for Ge, 1—x for Si, wherex, the Ge molar fraction, is also
referred to as Ge content or alloy composition). The cubligsélled by 8 atoms:
each atom is placed in the center of a tetrahedron formedsh¥/fitst neighbors
atoms. The next nearest neighbors are twelve. The latticamierag, ,ce,
of the bulk (without deformation) material depends on tHeyatompositionx,
and varies almost linearly [4] from the lattice parameteBbfx=0) to that of Ge
(x=1), which is 4.17% larger. The relationship between theyatbmposition and
the lattice parameter is given by the following relationfhw@ccuracy to about
1041, 5, 6]:

as, ,Ge, = 0.54310+0.0199X — 0.002733% 2.1)

Under the effect of an applied stress, the cubic cell is distb the lattice
deformation is described by the strain tensgy defined as:

1 /duy,  duy,
Euv = 5 (dXV + E) (2.2)

The relationship between the stress tenggr and the strain tensor is given
by the generalized Hooke’s law [7, 8]:




2.1Sih_xGe : basic properties 7

O = Capvéuv (2.3)

where the stiffness tensog, ,, can be described by only three distinct non-
zero components (elastic constants), usually referred @ a C1» andCy4: the
complete form of the tensor is obtained by means of symmeingiderations
[7]. In Siy_xGe, the elastic constants depend on the composition through th
following relations (at the temperature of 300 K) [9]:

C11(x) = 1658 —-37.3x GPa (2.4)
Ci2(X) =639—156x GPa (2.5)
Cua(X) =79.6—128x GPa (2.6)

Also the band structure of §ixGe, depends on the alloy composition, with a
continuous variation from the band structure of Si to thabef In both Siand Ge,
the valence band edgk% 0, ",z symmetry) is given by two degenerate light hole
(LH) and heavy hole (HH) bands plus another split-off (SO)dwhich is lower
in energy by an amoukg (split-off energy), depending axthrough the relation
[10]:

Do(X) = 0.044-+ 0.254[eV] 2.7)

In Si, the conduction band minima are sixfold degenerate they are found
along the [100] directions close to the X points in the Brilloaone; in Ge, the
conduction minima are eightfold degenerate, and they a&iagda at the L points
in the Brillouin zone, along the [111] directions. Thereftine fundamental gap
in both Si and Ge is indirect, and this is the major limitingtta to the emis-
sion properties of group IV semiconductors with respecth® direct gap ma-
terials of the IlI-V group. In Si_xGe, the energy gap is also indirect, and it
changes with the alloy composition, with a discontinuitgarrespondence of the
crossover from the silicon-like to the germanium-like bataicture, which oc-
curs atx ~ 0.85 (see figure 2.1). The relationship betweenxfand the energy
gap in Si_xGeg, can be written as [12]:
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Figure 2.1: Panel (a): energy gap of SiGe, as a function of the compositioq

for the relaxed material and the alloy grown pseudomorligioa Si. From [11].
Panel (b): band structure of Si. The direct transitionsH and E are shown in
the diagram.

1.17-0.43x+0.2062 E{(x) forx < 0.85

2.010—-1.27% Eg’'(x) forx>0.85

Egap(X)[eV] = {
Also the energy of the direct electronic transitions vatiesarly with the
composition. The transitions are defined in the following,[14] (also see panel
(b) in figure 2.1):

( Eo/Eo+D0 Tog — Ty
E(/) rzg — I’15

wherel\q is the split-off energy and is the lattice parameter. As will be shown,
the direct electronic transitions play a crucial role in tirggin of the Raman
resonance: therefore, their behaviour with respect toltbg @omposition will be
analyzed in detail in chapter 4. We just list in the followitg relationgE (x) for
theEp and thek; /E; + Az electronic transitions [6, 15]:
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Eo = 4.185—3.296x [eV] (2.10)
E; = 3.395— 1.440«+ 0.153¢ [eV] (2.11)
E1+ Ay = 3.428—1.294x+0.062¢ [eV] (2.12)

Finally, as can be seen in figure 2.1, also strain influence®dmd structure
of Si;_xGe : in particular, the curves reported in figure 2.1 displaylthaedgap
value in a Sj_xGe alloy grown pseudomorphically on Si (i.e. mantaining the in
plane Si lattice parameter). The strain lowers the bandgle\and splits the light
hole and heavy hole bands (due to the lowered symmetry ofdf@rded crys-
tal). For small values of the strain, the band edges are ptiopal to the strain
through linear coefficients called deformation potentja& 17]. For Si and Ge,
the deformation potentials have been widely studied. in,&e, , in principle,
the deformation potentials depend again on the alloy comipos however, it
seems from the literature that no relations have been detednfior these quanti-
ties. Very few data are available in the literature, mostiyesults of theoretical
calculations [18].

2.2 SiGe islands and dots

The formation during heteroepitaxy of self-assembled 30cstires on the surface
of the sample has been known for a long time: originally corezkas a detrimen-
tal effect on the quality of surfaces and interfaces in theitation of quantum
wells, it was gradually accepted as a possible way to fateri@a Sy Ge, hanos-
tructures on Si. The detailed experimental and theoretiwaktigation of the as-
sembling mechanisms have turned the surface rougheningeafample surface
from a completely random and undesirable hindrance to higllity heteroepi-
taxy to a well understood and controllable growth processo spatial ordering
and narrow statistical distribution of the structural paesers of the structures
have been obtained by means of substrate patterning. Thghgnoechanism of
Sip_xGe islands and dots will be now presented in its basic featuResnarks
about the modellization of the growth will be given here, \@hihe experimental
aspects of the structure characterization will be treatdte next chapter.
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Two-dimensional Three-dimensional Combined 2D and 3D
growth growth growth

——— DN\ D/ N\

O e e

(1) (b) (c)

Figure 2.2: Growth modes in heteroepitaxy. Panel (a): Volileber; panel (b):
Frank-van der Merve; (c): Stranski-Krastanov.

2.2.1 Growth mechanism

The possible growth modalities defined by the thermodynaimory of het-
eroepitaxy are three (figure 2.2) [19]: in the so called Valweber (VW) process
(a), the growth occurs layer by layer; in the Frank-van derid€FM) process
(b), three dimensional islands are nucleated directly enstibstrate surface; in
the Stranski-Krastanov (SK) growth (c), a thin highly stied flat layer covers the
substrate surface (wetting layer), up to a thickness of fematayers, then 3D
islands are formed on top of it. The driving forces of the gioare the inter-
nal energy of the epilayer (mainly represented by its elastiergy), the surface
energy of the epilayer and the epilayer/substrate interémergy.

For values of the composition mismatch beyond 0.1, the ssiémbling of
Sip_xGe nanostructures on Si occurs through the Stranski-Krastanocess,
due to a combined effect of the lattice mismatch and the sgi&@é/Si interface
energy [16]. In the first stages of the growth, it is energgifcconvenient for
the epitaxial (wetting) layer to assume in the growth pldme game lattice pa-
rameter of the underlying material (pseudomorphic growdk)the WL thickness
increases, the surface energy of the sample is lowered ten$i{001) surface
energy to the Ge(001) surface energy. In the meantime, dtleettattice mis-
match, the growing crystal accumulates elastic energychvis proportional to
the crystal volume and quadratic in the strain. As the epil@lyickness increases,
mechanisms of lattice relaxation are activated in ordegleEase the elastic energy.
This is achieved by means of competing plastic and eladaga&on processes.

In the first case, misfit dislocations are nucleated at thetsate/layer inter-
face, locally restoring the natural lattice parameter eftiblk in the epilayer. This
occurs when the epilayer thickness grows beyond a certéie Manown as criti-
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Figure 2.3: Plot of the critical thickness for;SiGe, layers grown pseudomor-
phically on Si. From [11].

cal thicknes$. Many works were devoted to the modellization and calcoitetif
this critical value [20, 21, 22, 23]. As a general reshitjs found to be inversely
proportional to the misfit strain in the epilayer: in the cadeSi; _xGec on Si,
this means that the critical thickness is inversely prapodl to the composition
of the Si_xGe layer, since the lattice mismatch is linear in the alloy cosip
tion: this is illustrated in figure 2.3, where the solid cudescribes the behaviour
of he according to the calculations by Matthews and Blakeslee 22(), Above
the critical thickness curve a region of metastability iarfd, in which pseudo-
morphically grown films can be realized under particulamgtoconditions [24].
However, they are unstable and nucleate dislocations wiiged to post growth
annealing [25, 26].

In the Stranski-Krastanov growth, the plastic relaxatopreceeded by elastic
mechanisms of strain relaxation: the formation of cohefeat without disloca-
tions) strained 3D islands is part of these processes. Ttarfechanisms, which
occurs in the very first stages of the growth, is represenyetthd change in the
surface reconstruction of Si. On the Si(001) surface, a 2ebnstruction is ob-
served: with reference to figure 2.4, the topmost atoms agatied from the
position they usually assume in the bulk, in order to formalisnaligned to the
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[001]
unreconstructed T_’ [T 10] reconstructed

coscivece

Figure 2.4: Scheme of the 2x1 reconstruction of a Si(00Olfpsar The topmost
atoms share one of their dangling bonds in order to form a datfigned along
the [110] direction.

[IlO] direction. The formation of the dimer bond, though inumg a local dis-
tortion of the lattice with respect to the bulk configuratigactually favourable
with respect to having two more dangling bonds at the surfabe dimers form
lines parallel to the [110] direction. Real substrate sw$adn practice, are not
perfectly flat (i.e. they do not coincide perfectly with a stgllographic plane),
due to a finite misorientation called angle of miscut; as aseqnence, the surface
of a real substrate is formed by a sequence of atomicallyetedtes with mono-
layer steps: the dimer lines belonging to one terrace aepéicular to those of
the adjacent terraces.

When Ge is deposited on a 2x1 reconstructed Si(001) surfaee;¢ atoms
are incorporated in the Si surface by means of the formatidsuokled dimers
[27]; as the coverage increases, the WL surface switches &viadic 2xN re-
construction, in which every N-th dimer line is missing. Tiperiod N of the
reconstruction decreases with the Ge coverage [28]. Up td.2 &f Ge cover-
age, a periodical interruption of the dimer lines also appdaading to a MxN
reconstruction in which the wetting layer surface is givgrat2D distribution of
rectangular patches.

Beyond 2 ML Ge coverage, 3D island formation becomes favderaith
respect to WL thickening. Experimentally, shallow moundsdqaeferred to as
prepyramids) appear first [29, 30] as direct evolution of plaéches on the sur-
face. Shallow mounds are characterized by an aspect rafméd as the ratio
between the island height and the square root of the basg lzekav 0.1. As
the Ge coverage increases, the mounds evolve into square pasmids or rect-
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Figure 2.5: AFM image of Si xGeg islands grown on a flat Si substrate. Islands
with different size and shape can be observed.

angular huts, with side walls oriented along the (105) ety@graphic directions
[31]; rectangular huts, in particular, are obtained at lemperature. The aspect
ratio (A.R.) of the pyramids is equal to 0.1. Then, as the gnoproceeds, a
transition is observed beyond a critical value of the voluroen the pyramidal
shape to a multifaceted dome shape [32, 33, 34], charagtky the presence of
(105),(113) and (15 3 23) facets, with a (001) top facet: teeer facets lead
to an higher value of the aspect ratio, between 0.22 and @étoluminescence
measurements (see section 3.4) interestingly demoshrat¢hte material needed
for the formation of the islands is not taken only from theaming atoms on
the substrate surface, but is also provided by a thinninp@MW.L. The surface
of domes undergoes a further transformation with the Gereges leading to the
shape transition to even steeper barns [35], with A.R. indhge 0.26-0.32. If the
deposition of Ge is carried on, the accumulation of materiahe islands make
plastic relaxation favourable, and dislocations are tej@¢an the islands body:
the islands become large dislocated superdomes [36, 375t8Bgxhibiting side
walls aligned along crystallographic facets, but with a enoregular shape.

It must be pointed out that the shape transitions betweediffezent island
configurations (pyramids, domes, barns and superdomes)sagdly not collec-
tive, and islands with different shapes can be observedeasdme time on the
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surface of the sample, leading to multimodal distributidrire size [34]. On

flat surfaces, the nucleation is a random process, and tnertfere is no spatial
ordering of the structures on the substrate surface (seeef@6). The islands
interfere one with each other: they exchange material (lysadvantaging larger
islands with respect to smaller ones) and they are repetiedrom each other by
the strain fields surrounding their base [39].

The mechanisms through which the islands are able to repeasef the stress
in the epitaxial system are mainly three. The first is a refistion of the stress
between the island and the substrate: the island sidesthalisubstrate, induc-
ing a compressive strain around the island base [40]. Tlssinto the island
is then partially transferred to the substrate. The secoechanism is the elastic
relaxation of the lattice at the island top [41], where théeral is more free to ex-
pand: this process is more and more effective as the islgretamtio increases.
The last relaxation mechanism, namely intermixing, isrgifp dependent on the
growth conditions: Si atoms from the substrate surfacegrelled from the area
at the perimeter of the island base, and diffuse into thecstras [42]. The al-
loying of Ge with Si, corresponding to a decrease in thedatiarameter of the
material in the islands, is able to reduce the lattice misimahd hence the strain.
The expulsion of material around the island perimeter idifated by the high
compression exerted by the nanostructure, and it is reydslehe creation of
trenches around the islands [43, 44]. The exchange of Sisat@s been found
to be limited to the surface and subsurface layers, whildthie diffusion plays
almost no role [45]. As will be seen in more detalil, the intexing process leads
to a highly inhomogeneous composition profile in the islavdsh average Ge
content decreasing with the growth temperature.

The nucleation of islands, though reducing the elastigrsinghe system, has
a cost in terms of surface energy, i.e. the formation enefdiieisland facets.
The critical point beyond which the 3D growth is favourablghwespect to the
thickening of the wetting layer is determined by a balandgvben volume and
surface energy terms [46].

The energy differenc@ between the island and the (N+1) wetting layer, N
being the number of Ge monolayers, can be written as [40]:

A=V (pis—pr) + Syis — Ay (2.13)
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Figure 2.6: Panel (a): plot of the variation with the islamdme of the quantity

A defined in equation 2.13, for a stable island. For volumegelathan a critical
value V, the growth of the islands is energetically favoured. Thkeaerve cor-
responds to islands with higher aspect ratio. The criticdlime increases with
the aspect ratio: M < V. Panel (b): the same plot for unstable islands. The
formation of 3D structures is allowdst ow the critical volume V.

wherep;s andp; are the elastic energy density in the island and in the welkdiyer
respectivelyyV is the volume Sthe surface and the base area of the islangg,

is the surface energy density of the islands ggd the surface energy density of
the wetting layer. 1A < O for some values of the volumé islands are nucleated
with that volume. For an island growing without shape change= sv2/2 and

A = av?/3, with s anda being geometrical parameters depending on the island
shape. Therefore the following relation holds:

A=DV +EV?3 (2.14)

whereD = (pis— pr) andE = (Syis— aywL)-

For large volumes, therefore, the signumiaf determined by the signum of
D. D is usually negative, due to the capability of the islandselax the elastic
energy; for a positive surface energy term, as it happepsaf yv. the shape of
the functionA(V) is displayed in figure 2.6, panel (a). The curve shows a maxi-
mum, which corresponds to an activation energy for the dlaurcleation, and a
critical value of the volum¥, defined by the conditioA(\;) = 0, beyond which
the island formation starts. In panel (a) of figure 2.6, the plotted curves cor-
respond to facets with different inclination. In partiaulde red curve is related
to an island with higher aspect ratio [16]. This illustratieat islands with higher
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Figure 2.7: Stability diagram for $iyGe; islands grown on a flat Si substrate,
displaying the curves of the critical volume as functionshe&f Ge coverage. (D:
domes; SP: stable pyramids; MP: metastable pyramids). drgthy zones no
islands can exist. From [40].

aspect ratio have also higher activation energy and dritmdame. This explains
the observed sequence of transitions between island shépeacreasing aspect
ratio during the growth.

In the evaluation of equation 2.13, the energy density tggrasd y must be
quantified for both the island and the wetting layer. Thisssally achieved by
means of theoretical calculations. For the surface enengyd, Density Func-
tional Theory (DFT) is used. The surface energy of the WL cacabeulated as a
function of both the numbeX of deposited layers and the strain [47, 48, 49, 50],
while the calculations for the crystallographic facetsifssmore demanding due
to the difficulty in modelling the strain field at the surfadetlve islands. Works
about the (001), (105) and (113) facets, in particular, @afolbnd in the literature
[51, 47, 49, 50].

It must be pointed out that in equation 2.13 the surface gnefrthe wetting
layer yyi, has been considered independent fiéne. the number of Ge mono-
layers in the WL. This is valid whei is beyond 3 MLs approximately, when
the WL surface does not feel anymore the presence of the Siratéosterface.
However, forN < 3, the surface energy of the WL decreases substantiallyNvith
this changes the energy balance in equation 2.14, allowmfptrmation of small
metastable islands [27]: the typical variation of the egéxan this case is plotted
in 2.6, panel (b). As the Ge coverage increases, the mekasstédnds are desta-
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Figure 2.8: Experimental composition in a; SiGe;, island obtained by AFM
tomography. From [53].

bilized and dissolve. Small unstable pyramids have beambtgtobserved by
Atomic Force Microscopy (AFM) for coverages between 2 ardd\8ls [52], with
experiments carried out at relatively low temperature (82bin order to increase
the lifetime of the metastable structures. A stability deag resuming the results
of the growth model is displayed in figure 2.7[40]: the curdescribing the crit-
ical volume values of three different kinds of islands (MRetastable pyramids;
SP: stable pyramids; D: domes) are plotted as functionseoGil coverage.

2.2.2 Composition inhomogeneity

In the above description, only the surface and volume eneogyributions have
been considered. As it was pointed out previously, howesother strain re-
laxation channel is given by the Si/Ge intermixing, leadioghe formation of
inhomogeneous $ixGe, islands. The incorporation of Si in the island body de-
creases the elastic energy and thus increases the value offitical volume for
the structure nucleation. Since the internal compositimfilp determines the
shape of the confining potential for the carriers, its charézation is crucial for
the applications. This is achieved by a number of differeabhiques, which will
be discussed in the next chapter. In figure 2.8 we show thétseguen by one
of the most sensitive techniques, namely AFM tomography (88 section 3.2
for details). The composition profile of a barn shaped islgraivn at 740 °C is
displayed: the Ge content is found to increase toward thefttipe island.
Several simulation techniques have been elaborated in tvdmlculate the
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Figure 2.9: Simulation of the composition distribution imlame (panel (a)) and
a barn (panel (b)) shaped islands, for two values of the geecampositiorc in
the structure. From [54].

internal composition distribution in the islands: this sually achieved by looking
for the composition distribution which is able to minimizetinternal free energy,
given by the sum of the elastic energy due to the strain, aogotterm, and the
Ge/Si enthalpy of mixing, keeping the average compositene/in the island as
a constraint for the minimization. The different methodgegsimilar results in

the prediction of the features of the internal compositiatistribution. We show
in figure 2.9 the results of the recent Finite Element Mod&NF simulations

elaborated in [54]: the composition profiles in a dome andra bahped island
with two different values of the average Ge composition dottgd. Ge-richer
alloy is correctly found at the top of the island, where thitida parameter is
closer to the bulk value; the Ge content decreases towaltubtivem, where strain
driven intermixing occurs during the growth.

The results of the simulations are in fair agreement withettperimental char-
acterization of the islands for values of the average coitippsabove 0.4 [55];
for an average composition below 0.4, on the contrary, tlieeagent is lost: in
figure [54], too high values of the composition at the islaop &re found with
respect to the experimental results. This has been agdtotthe neglection of
the kinetic barriers in the thermodynamic models [40].

2.2.3 Spatial ordering

In the perspective of using SixGe islands for electronic and optoelectronic ap-
plications, uniformity of their structural properties aactered spatial arrange-
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Figure 2.10: AFM images of $ixGe, islands grown on patterned (left) and flat
Si substrates (center). Right: size distribution of thendigrown on the two
substrates. From Dais [60].

ment must be achieved. In recent years, substrate patjehiais been individ-
uated as a reliable method to better control the growth of,&e, islands and
dots. Ordered patterns of pits can be obtained in the Siubdty lithography
[27]; the pits are found to be preferential sites for thendlaucleation: actually,
in addition to reducing the exposed surface, the growth énpits allows for a
more efficient strain relaxation in the islands [56]. In thetfsteps of the growth,
inverted islands are formed in the pits, with facets defingthb pit walls [57]. It
was demonstrated by simulation of the elastic fields thatgepmetry allows for
a higher redistribution of the stress between the invedkohd and the substrate.
Therefore, the lattice mismatch at the inverted island m&®ver than it would
be for the growth on a flat substrate. Moreover, the pit gepnaso enhances
the intermixing of Si and Ge, thus increasing the strainxagian: it was demon-
strated experimentally that lower average compositionsanoother composition
profiles are present in §iyGe, islands grown on patterned substrates with re-
spect to those deposited on unpatterned surfaces. As aqummsze of the more
efficient strain relaxation, the nucleation of dislocasian the islands is delayed,
and larger critical values are found for the onset of plastfi@xation [58, 59]. This
allows creating coherent islands which are larger and wghédr aspect ratio.
The growth on the pits creates a well controlled environrf@arthe nucleation
of the islands: the pattern defines separated capture are#isef Ge adatoms,
which are attracted to the center of the pits where the chamaential is mini-
mum [61]. Islands nucleating in different pits do not inexgf one with each other:
this leads to the suppression of Ostwald ripening, whichboadening factor for
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Figure 2.11: TEM image of a self aligned stack of SiGeg, islands with Si spac-
ers. The spontaneous growth of one island on top of the oghdre to the strain
field induced by the structures in the overlaying Si spacer.

the size distribution of $i xGe islands grown on flat [61]. Consequently, narrow
and monomodal island size distributions are obtained aepeed substrates [60],
differently from the flat on which the coexistence of diffetly shaped islands is
observed with broader size dispersion (see figure 2.10)dditian, the compo-
sition profile homogeneity is substantially improved. Timescomposition and
relaxation of the islands can be addressed by varying thengemal parame-
ters of the pattern (pit size, spacing, depth, shape), thesilon parameters (Ge
coverage and temperature), and postgrowth annealing [62].

Accurate vertical ordering of the islands can be also aeuigwithout any
lithographic aligment procedure [16]. Multilayers of,SiGe islands can be
grown by alternating depositions of Ge and Si, in order tqokibe island layers
separated by thin Si spacers, whose thickness can reachldewns of nanometers
[63]: the Si_xGe, islands tend spontaneously to nucleate aligned to thetstasc
below, as shown in figure 2.11. This is again an effect of tredrsfield induced
in the Si spacer by the buriedSiGe, islands. The tensily strained Si above
the islands exhibits in the growth plane a lattice parametech is closer to the
value of Ge: therefore, the lattice misfit for the Ge atoms@peieposited is lower
in correspondence of the buried islands. This creates d ioitamum of the
chemical potential and thus defines preferential siteshi@istructure nucleation.
A dependence of this self aligning behaviour on the Si speskness is observed
[63]: for very thick Si layers, the influence of the buriedaists is lost and the
island nucleation at the top becomes again uncorrelated.
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Figure 2.12: Panel (a): SEM image of the dotFET device faddicn the work
of Jovanovic et al. [65]. Panels (c) and (d): TEM details & thin strained Si
channel on the $1,Geg, island stressor.

2.2.4 Applications

Several applications based on the properties of nanostaetsi ,Ge have been
proposed: we now report briefly three examples, in which &g, islands are
used as stressors in high mobility MOSFETS, as emittingezsrior CMOS com-
patible optoelectronics, and as phonon barriers for theteatric applications. A
thorough review can be found in [64].

The mobility of electrons and holes in silicon can be enhdrne means of
stress [66]: hence, several solutions have been implechémt@icroelectronics
in order to introduce strain in MOSFET channels [67, 68]. g6, blocks in the
source and drain regions are used to stress the channelessiyaly [69], while
biaxial tensile strain can be achieved through the epitaxiawth of silicon on
an embedded $ixGe, stressor [70, 71]. However, limits exist to the scalability
of the structure and the maximum strain achievable in theméla In order to
overcome these limits, self assembled $Geg, islands have been proposed as
stressors elements both for introducing compressive [fi@}ansile [73] strain in
the channel. In the latter case, this means that a MOSFETicshewuilt directly
on the dots (the so-called dotFET): for this kind of applmat the in-plane or-
dering of the Si_yGeg islands is mandatory. The strain of a thin film of silicon
pseudomorphically grown on SixGe, islands was simulated [74] and character-
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Figure 2.13: Panel (a): SEM image of the optoelectronicaepresented in [78].
Panel (b): cross-view scheme of the device. Panels (c) gnth@bretical and ex-
perimental electroluminescence spectra of the device nalhew emission peaks
are due to whispering gallery resonating modes in the cgitraptical cavity. The
stationary fields of the resonating modes are shown in tletgns

ized by several techniques including X-Ray diffraction [#5jd Raman scattering
[76]; the variation of the strain with respect to the Si epdlathickness was also
investigated. As a result, it was found that SiIGe, islands are able to introduce
higher levels of strain in the Si channel with respect to tfevipus techniques
with a delayed nucleation of dislocations. A prototype ofFd&T was recently
demostrated [65, 77], in which a 100 nm channel MOSFET wasdated on top
of Si;_xGe islands grown on a patterned substrate by Electron Beamdrigho
phy (EBL): in figure 2.12, an image of the device is shown. Ineorid prevent
the diffusion of Ge into the Si channel, all the process stegre kept below 400
°C after the islands formation. The Si epilayer thickness set at 30 nm, with
an maximum expected strain level about 0.7%. The electcicatacteristics of
the MOSFET were measured, evidencing an enhancement indhaitsnup to
22% with respect to the reference devices grown on flat Sirderado make this
process compatible with the CMOS process flow, which incldss high tem-
perature process steps, it has been proposed to remove; th&&i island after
the MOSFET formation by selective chemical etch (dispasdbtiotFET [77]).
Sii_xGe, islands have been used also in optoelectronics, as confting-
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tures used in order to increase the poor recombination exfftyi of silicon. We
report here the fabrication of a photodiode in which a g, islands multilayer
(with N = 15) has been embedded in a p-i-n junction [78]. The junstigiows
injecting a carrier current through the islands multilay#se confining potential
inside and around the islands due to the tuning of the gamdgyehe alloy com-
position and strain brings electron and holes close in thectspace and relaxes
the selection rules for momentum conservation. As a rebidtadiative emission
efficiency is expected to increase. The multilayer is shased microdisk (see
figure 2.13), in which resonating whispering gallery modas be established:
this solution is used in order to shape the emission speatfiihe dots, which are
grown randomly in each layer. Electroluminescence from device was actually
observed, with emission peaks related to different resagatodes, as evidenced
in figure 2.13. References to other solutions for increasiegadiative efficiency
in optoelectronic devices through;SiGe, dots can be found in the same paper.

Multilayers of randomly arranged SixGe, dots have been recently demon-
strated to represent also efficient structures for stoppianons in materials: the
Sih_xGe island layers act as diffusive barriers for the phonons aedent their
propagation [79]. This results in exceedingly low thern@iductance in stacks of
Sii_xGe island layers separated by Si spacers. Not only it was pedsilobtain
a thermal conductance below the amorphous limit, but als@#& demonstrated
that the thermal conductance can be precisely tuned byngthie thickness of
the Si spacers. In [79], very small hut and pyramids islandsewgrown ran-
domly on a flat Si surface in order to achieve a high densityaofostructures at
the SiGe/Ge interfaces, and increase the scattering efficief the barriers. The
growth parameters were chosen in order to prevent the fawmat dislocations
in the structure, which results to be completely crystallifeven lower thermal
conductivity is expected if a SiGe matrix is used insteadioffTBese results are
particularly interesting for applications in thermoetagty [80], where the main
issue lies in obtaining materials having simultaneouslkydyelectrical conductiv-
ity and poor thermal conductivity: this allows mantainingaod thermal gradient
in the thermoelectric device while allowing carriers flogi@asily from the hot to
the cold area, thus increasing the thermoelectric figureesftm



Chapter 3
Characterization techniques

In this chapter we will focus our attention on the experimaécharacterization
of Siy_xGe islands, with a review of the principal techniques used ler $tudy
of their physical features. The knowledge of the mechanigmkég the growth
parameters to the structural properties (shape, sizenaitdistribution of alloy
composition and strain) allows predicting and tailoring #lectronic and opti-
cal properties of the sample, according to the desired egtpdn. The analysis of
these nanostructured systems is achieved through the catidn of several com-
plementary methods, each one providing pieces of infoonatbout morphology,
internal structure, and electronic and optical propertis will consider in par-
ticular electron microscopy, scanning probe microscopyRay diffraction, and
optical techniques such as photoluminescence (PL) and Recattering. It must
be pointed out, however, that each one of these generalrasincludes usually
a wide series of particular sub-techniques, each one deaized by a particular
experimental setup. The description of all the differentfgurations which have
been developed so far is beyond the scope of this work: eatimitpie will be
therefore exemplified by few most commonly employed versiomhis will be
enough to understand which kind of information is accessias well as the in-
trinsic powers and limitations of each technique. Exampfegoplications will be
presented, in particular in the study of the SiGe islands introduced in the first
chapter.

24
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3.1 Electron microscopy (TEM)

Electron microscopy is a powerful tool, able to give infotroa about the mor-

phology and the internal structural properties of nanastmes. On the basis of
the wave/patrticle relations given by de Broglie, a chartiewavelength can be
assigned to electrons travelling with kinetic eneEyaccording to the relation:

[ 2

wherem is the mass of the electron (511ké&#). Electrons with energy in the
order of 10 keV have an associated wavelenght in the orderloa@gstroms.
This gives an indication of the power of using electrons far &inalysis of the
sample: in principle, they could probe physical properéied interactions with a
resolution beyond the atomic length scale, if the resatuvere only diffraction-

limited.

In all electron microscopy tools, an electronic beam withl wentrolled en-
ergy E is sent to the sample by means of a so-called electron guctré&ihs are
emitted from a thermoionic source; then, they are colleatetimated and ac-
celerated by a sequence of anodes put at increasing levetdtage. In order
to drive, shape and focalize the electronic beam, eleettiosind magnetic fields
are used (electron optics). The aberrations related toldwtren optics are the
limiting factor of the imaging resolution. Another factohieh affects the actual
resolution of the technique is the strong interaction betwine electrons in the
beam and the charges in the material, as well as among theosle the beam
itself. This means that the actual resolution which can theesed by the elec-
trons is much below the diffraction limit. In order to havemic resolution, the
electrons must be accelerated to energies in the range efadévindreds of keV.

The electron beam interacts with the analysed materialigireeveral chan-
nels: the electrons can be partially transmitted throughstimple, they can be
elastically or inestically scattered, or even be subjedtitivaction phenomena,
due to their wave-like behaviour. A wide variety of tools Hsen created in
order to extract information from the analysis of each ondhele scattering
mechanisms: each one individuates a different techniqtlenthe wide domain
of electron microscopy. In particular, for the study of SiGe; nanostructures,
Transmission Electron Microscopy (TEM) is very commonlgds The diffrac-
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Figure 3.1: HAADF - STEM images of two self assembled SiGandk grown
by SK process on a flat Si substrate. Left: dome shaped istagitt; pyramid
shaped island.

tion pattern given by the transmitted electrons is propajand recombined by
the electronic optics in a focal plane, in order to recortstitoe image of the sam-
ple in the real space. Due to the strong interaction of thetrles with solids,
leading to high stopping power, only very thin slabs of materan be analysed.
Therefore, the sample must be cut in thin slices, severaldénm thick, which
can be parallel to the substrate surface (top view TEM) opgaicular to it: in
this case, a cross view of the sample is obtained. Convenfided is able to
provide images with the resolution of several nm, providiffgrmation about the
structure morphology; in High Resolution TEM (HRTEM), moveg an accurate
correction of the aberrations is able to give images witmataesolution, which
can be digitally elaborated in order to measure locally dltiecle parameter and the
unit cell distortion. In Si_xGe, nanostructures, changes in the lattice parameter
and unit cell symmetry are given by a combined effect of cositmm and strain.
The separation of the two effects needs the support of fifler@ent simulations
of the structure; as a result, a mapping of the internal &iracan be achieved.
A variation of the technique is given by Scanning Transrois$tlectron Mi-
croscopy (STEM), in which the beam is tightly focused on fieesurface with a
spot diameter which can be smaller than 1 angstrom. The bednven in order
to scan the sample in a rectangular field. The scatteringeofrimsmitted elec-
trons is partially coherent and partially incoherent, duéhe fact that the atoms
are enlighted at different times and scatter the electrattsrandom phase. De-
tectors placed at different angles with respect to the tioeof the incident beam
are able to detect signals in which the ratio between coligrand incoherently
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scattered electrons is different. Bright field (BF), dark fiéld=) and High An-

gle Annular Dark Field (HAADF) images are formed with detgstat increasing
angles with respect to the direction of the incident electtsteam. In particular,
HAADF TEM signal is mostly given by incoherent Rutherford geang, which

is very sensitive to the Z number of the atoms: thereforejin, &g, nanostruc-
tures, the constrast is given by the variations in the allmyposition. STEM is
able to individuate defects, composition inhomogeneitied discontinuities in
Si;_xGe hanostructures.

TEM or STEM characterizations of SixGeg, nanostructures are very com-
monly found in the works about §ixGe; islands; they provide very useful in-
formation about the morphology and the interdiffusion ofaBd Ge during the
growth and the capping of the islands. In figure 3.1, two HAABHEM images
of one dome shaped island (left) and one pyramid shapedligtayiht) are shown
(from [81]). TEM was used by Rastelli et al. in order to monitbe effect of
temperature on the capping of;SjGe islands with Si. Figure 3.2 shows one
dome shaped island after three capping processes cartiatidifferent values of
the Si growth temperaturFsi: at 300 °C, the TEM image evidences a sharp inter-
face between the cap and the island, demonstrating the @bsémtermixing at
this temperature. At higher capping temperatures, Si andddetermix and the
island dissolves [82].

We report one last example of TEM images, taken from the wgrklmang
et al. [83]: in this case, $ixGeg, islands were grown on a pit-patterned Si sub-
strate, and then covered at relatively high temperatur@ {623 by a thin (12 nm)
Si spacer; then, another island growth was performed, mbtaa second layer of
islands perfectly aligned with the first ones. The authoideuime how this pro-
cess is able to provide coherent islands at higher averagpasition values with
respect to the case of structures directly grown on Si. Thil TieRage reported
in figure 3.3 evidences the sensivity of the technique to lllog aomposition: the
difference between the Si and the SiGe, alloy in the first and second island
layer is evident. These structures have been proposed lastnggn stressors for
the fabrication of high mobility transistors.

TEM techniques, though very powerful for the imaging of nstnactured ma-
terials, present the obvious drawback of being destructivey also require a
long time and sophisticated tools for the preparation ostraple, which must be



3.1 Electron microscopy (TEM) 28

S, (7= 300°C)

Figure 3.2: TEM images of one island capped with Si at inangpgalues of the
temperature, indicated in the panels. Panel (a): no iniengnioccurs; panel (b):
partial intermixing modifies the shape of the island; paoglthe island is mostly
completely dissolved in the surrounding Si. From [82].

carefully thinned in order to permit the transmission ofeélextrons. The thinning
process can represent also a perturbation of the samgplie @sewing a partial
relaxation of the strain. Finally, TEM is able to give a vepcarate description
of one single structure, but it lacks the capability of pariong statistics on the
sample.

Figure 3.3: TEM image of two stacked SiGe islands, from [83].
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3.2 Scanning probe microscopy (STM/AFM)

In scanning probe microscopy techniques, a sharp tip widlusain the order of
10 nm is put in the proximity of the sample surface. In Atomizde Microscopy
(AFM) the force acting between the atoms of the surface aedighis retrieved
by measuring the deflection of a cantilever (contact modef)yanonitoring the
change in its resonance vibration frequency (tapping moadé&canning Tunnel-
ing Microscopy (STM), the tunneling current flowing betweka sample and the
tip is measured. An image of the surface is obtained by maviagdip from point
to point, scanning a given area of the sample. Both AFM and SfEMible to give
an accurate description of the surface morphology. In amgiboth techniques
are non destructive and do not require any special preparatithe sample. In the
study of Si_xGe, islands, AFM images are usually taken after the deposition i
order to characterize the shape and size of the grown stasctthe capability of
AFM of measuring relatively large areas (in the order of L@ x 100um) gives
the possibility of performing statistic analysis. Its ea$@se and speed makes it
a routine characterization tool. Several AFM images wilfggorted throughout
this work, and therefore will be not shown here. STM, on theeohand, is able
to achieve atomic resolution, and it can also be used in dodperform in situ
measurements during the growth: in the case of &g, islands, STM measure-
ments are able to monitor the evolution of the Ge wettingrayel give useful
information about the onset of the structure formation [8¥4 interesting STM
image is shown in figure 3.4, taken from [82]: a dome shaped,Sie, island
is imaged before (panel (a)) and after (panel (b)) the gravfith 4 ML Si cap at
300 °C. The STM measurement evidences how the shape of thdssamostly
preserved during the capping at low temperature: this caoiyelated to the ab-
sence of intermixing observed by means of the TEM measuresmeported in
the previous section.

It is important to mention a particular application of theMREechnique, im-
plemented by Rastelli et al. in order to study the internal position profile of
the islands. After the growth, the islands are progresgikaioved by mean of
wet etching in a chemical bath in a solution of NBH and BO,. For Si_xGe, ,
the solvent has a characteristic etching rate which styodgpends on the al-
loy composition [85], while it is independent from the straiBy alternating
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Figure 3.4: STM images of a dome island uncapped (a) and dajevith 4

ML of Si grown at 300 °C, as reported in [82]. The shape is alnposserved,
meaning that no intermixing occurred. The island facetsvapped with atomic
resolution.

etching steps with fixed time and AFM measurements, it isiptesso closely
monitor the removal of the alloy from the islands. Then, frib@ relationship be-
tween the alloy composition and the etching rate, it is gmet0 directly obtain a
three-dimensional description of the compositional ates inside the structures
(AFM tomography). Figure 3.5 shows the result of this kincanalysis on three
self assembled islands with different size and shape (D =eddiB = transition
barn; SD = superdome). AFM tomography was applied also tstilndy islands
grown on pit patterned substrates, evidencing the diffegenvith the growth on
flat substrates. In general, the growth on patterned suesti@ads to more uni-
form composition profiles in the islands, and increases ttegage Ge content
of the structures [86], [83]; higher uniformity of the sizfape and composition
profile is also achieved. Collective shape oscillations ketwdome and barn con-
figurations were observed for islands growing on patteroddtsates [87]: AFM
tomography was able to characterize the correlation betwlee shape change
and the modifications in the internal Ge distribution. Dedp#ormation about
the islands shown in figure 3.3 was extracted with the santeigee [83]. The
different behaviour of the WL on flat and patterned substrai@s also investi-
gated [88]. The technique is therefore very powerful sibhgeves 3D information
with a thickness resolution in the order of 1 nm; statistialgsis on a large en-
semble of structures is possible; the drawback is that iesrdctive and quite
time requiring.
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Figure 3.5: Application of AFM tomography (from [53]). 3D epositional pro-
files for different nanostructures are extracted by menguhe etching rate of the
islands, alternating wet etching steps and AFM measuresnent

3.3 X-Ray diffraction (GID/GISAXS/AXRS)

X-Ray diffraction (XRD) is diffusely used as a bulk techniqueprder to inves-
tigate the structure of crystalline materials. Howeveresal techniques based on
XRD have been developed in order to allow for the study of sedaand nanos-
tructures. The surface sensitivity is usually achievedlloyninating the sample
with very low incidence angle (grazing incidence). The pmgbdepth can be
tuned by varying the incidence angle and the beam energy. Y{Ratons inter-
act quite weakly with matter with respect to other probdg klectrons, which
feel strongly the presence of all the charges in the samplas rEpresents si-
multaneously a limit and a unique advantage of the techniqneone hand, the
signal which carries information about the sample surfacpiite weak, and syn-
chrotrons are needed in order to have an intense x-ray ilatoin; on the other
hand, the technique does not influence the growth of the sgraptl can be used
thereforein situ: moreover, it is compatible with any growth environmentgga
vacuum, even liquids), and does not require any particularpée preparation.
A very high 3D resolution can be achieved, and quantitatiterpretation of the
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experiments can be obtained through relatively simpleetich treatment of the
scattering process. Differently from electrons, the tégina does not suffer from
the presence of non-conductive materials in the sample.

Among the several techniques based on X-Ray, we considertinydar three
cases, namely Grazing Incidence Diffraction (GID), Grgdimcidence Small An-
gle X-Ray Scattering (GISAXS), and Anomalous X-Ray Scatte(mXRS) [27].

A combination of the three techniques was able to give a ratbeplete char-
acterization of the mechanisms occuring during the Stiakskstanov growth of
Sip_xGeg on Si: the modification of the surface reconstruction, trewgin of the
wetting layer, the onset of the 3D island formation, and thepgs change of the
structures with increasing Ge coverage can be observedlrtinge during the
growth. Moreover, information about the internal disttibn of Ge in the islands
can be obtained. Several experiments were carried out in MBECA/D growth
tools coupled to syncrothrons facilities: the limited daility of such special
instrumentations represents the major drawback of thisxgntal approach.

In X-Ray diffraction, no image in the direct space is obtairteé intensity dis-
tribution of the scattered radiation is recorded insteati@reciprocal space. We
consider a plane wave with waveveckprincident on an ensemble df scatterer
centers located at positiong the intensity of the scattered wave, with wavevector
Ks, is given by the following time averaged expression:

{2 ) <[ foee]

whereQ = k1 —k; is the momentum transfep(r) is the scattering density defined
asy Ao (r—rj), and the brackets$), denote the time average. Equation 3.2
shows that the intensity of the scattered radiation is th&iEotransform of the
scattering density in real space. With reference to thelgcaprepresentation
given in figure 3.6 (from [89]), we see that for infinite crylstdhe density of
electrons in the solid can be written as the convolution efdlectron density of
one atom with the crystal lattice (panels (a) and (b)). Frbengroperties of the
Fourier transform, the scattering intensity is given by:

| = fa (Q) Y €97 (3.3)

wheref4(Q) is the Fourier transform of the atomic electronic densibatgering
form factor) andQ is a vector of the reciprocal space, corresponding to the@kry

ZAe‘ (ki—ki)-rj gt (3.2)
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Figure 3.6: Construction in real space (top) and recipropats (bottom) of a
crystalline thin film. From [89].

lattice described by the coordinateFor thin films and nanostructures, the crys-
tal lattice in real space is truncated at some point: thisleadescribed in real
space by the multiplication of a step function which cuts ldtéce outside the
nanostructure (panel (c), (d) and (f) in figure 3.6). In theipecal space, this
is equivalent to convoluting the Fourier transform of thénite lattice with the
Fourier transform of the step function.

From the properties of the Fourier transform, the point@reciprocal space
become broadened kj with a widthAk which is given by:

AKAX ~ 1 (3.4)

whereAx is the thickness of the thin film in the real space. For a siagbenic
monolayer {x ~ 0), the points in reciprocal space become infinitely extende
(lines, or streaks) in the direction perpendicular to thmdation surface. For a
Si(Ge) surface, a portion of the reciprocal space is showigime 3.7. Both the
points of the reciprocal space corresponding to an infimgstal and the streaks
due to the truncation in the (001) direction are displayedordver, additional
streaks are reported (red lines) due to the additional symme/en by the 2x1
reconstruction of the (001) surface of Si(Ge). The poinksteel to Si and Ge are
located differently in the reciprocal space due to the difé lattice parameter of
the two crystals. Strain also modifies the position of théprecal space points,
by deforming the crystalline unit cell.
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Figure 3.7: lllustration of the reciprocal space for a Si\Gelk (solid spheres)
and a Si surface (rods). From [89].

In Grazing Incidence X-Ray Diffraction (GID), the intensity the scattered
radiation is mapped along one direction in the reciprocatsp For instance, if
the reciprocal space is probed along the (110) directiowdst (000) and (220)
on a 2x1 reconstructed surface, four peaks given by thesetéon with the four
streaks located in the path will be observed. During the sigipa of Ge on Si,
the change in the surface reconstruction and the formafiterraces can be mon-
itored by following the modifications of the peaks. The tidaos to 2xN recon-
struction brings additional streaks, while the width of geaks gives quantitative
data about the spatial extension of the terraces. As far ag@es pseudomorphi-
cally on Si, it keeps the same lattice parameter of the saieséind the (220) peak
remains unchanged; when the Stranski-Krastanov 3D groegdinb, a partial re-
laxation of the strain occurs, leading to the broadeninfpei{220) peak. This can
be directly observed during the GID experiments for Ge cages beyond 4 ML.

In Grazing Incidence Angle Small Angle X-Ray Scattering, theiprocal
space is probed close to the (000) point (forward scattgriormation about
the morphology of the nanostructures can be achieved by srdaBISAXS dur-
ing the growth. Streaks perpendicular to the island fagepear, whose orienta-
tion can be straightforwrdly obtained; the width of the alkg moreover, bring in-
formation about the size of the facets. Figure 3.8 repontsexample of GISAXS
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Figure 3.8: Panel (a): the typical GISAXS pattern of pyrarsidhped islands;
streaks perpendicular to the (105) facets are evidencertl Bg: GISAXS mea-

surement of dome islands; in this case the streaks evidaegarésence of (113)
oriented facets. In the inset (c) a profile of the streak isitgns reported: the size
L of the facet can be inferred from the streak wi@fy. From [89].

measurements taken in the (110) plane at two different stafjéhe growth of
Sip_xGeg islands on a (001) Si substrate. In the top panel, two strasksle-
tected, related to two (105) oriented surfaces, which acsvkrto be characteris-
tic of pyramid shaped islands. As the growth proceeds, atneaks appear, now
related to the (113) facets of dome shaped islands. In theefigive intensity of
one streak is plotted in order to obtain its widt®,,, which is linked to the size
L of the (113) facet through the relatid@,, = 2m/L.

In Anomalous X-Ray Scattering (AXRS), the chemical dependaiche x-
ray atomic scattering factor is exploited in order to obiafiormation about the
Ge content in a 3ixGe nanostructure. In particular, the energy of the x-ray
photons is tuned close to tleabsorption edge of Ge (anomalous dispersion): in
proximity of the edge, the atomic form factor of Gg(Q) depends strongly on
the photon energi:

fa(Q) = fo(Q) + f'(E) +if”(E) (35)

where the two term$’(E) and f”(E) express the real and imaginary parts of the
energy dependent correction due to the absorption givehdgdreK electrons.
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Figure 3.9: Panel (a): X-Ray form factor of Ge in proximity b&t absorption
edge. Panel (b): intensity of a diffraction curve close te (400) point in the
reciprocal space, for two different energy of the X-Ray bekrom [89].

The two functions are plotted in panel (a) of figure 3.9. As assmuence, a
variation of the intensity of the diffraction curves receddwith x-ray energies
close to theK edge is observed when Ge is present in the sample (panel (b) in
figure 3.9). Since Si does not exhibit absorption edges irsdimee energy range,

its scattering power can be considered constant; this nteahthe change in the
diffraction curve intensity in proximity of the absorpti@age is only due to Ge.
The composition inside the islands can be obtained diréaiiy the ratio of the
intensities of two diffraction curves taken at differentues of the energy.

3.4 Photoluminescence

In photoluminescence [90], the charge carriers in the sarap@ excited by the
absorption of photons with energy above the gap (typicallhe visible and UV
range). Electron-hole pairs are created, and the carrist$dse energy by means
of scattering with the phonons (thermalization) until tmegich a stationary point
in the respective bands (a minimum in the conduction banceléctrons; a max-
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imum of the valence band, for holes). Then, part of the e-tspacombine radia-
tively, with the emission of a photon. The emitted photorsthtings information
about the energy of the transitions between states clodeetbdnd edges. In-
direct transitions (i.e. requiring the exchange of momemtoan occur with the
participation of phonons. Indirect recombination is insically less efficient than
direct recombination, since it involves one more partithede particle process):
this explains why indirect gap materials (for instance S, ddd Si_,Ge, ) ex-
hibit lower photoluminescence efficiency with respect teedi gap compounds
(I11-V semiconductiors). Time-resolved photoluminescemxperiments investi-
gate the decay with time of the PL signal, after an impulsixetation: deeper
insight in the radiative emission mechanism can be achibydte individuation
of competing radiative processes with different decay time

Other recombination mechanisms exist which do not invdheedreation of a
photon (non-radiative recombination): in the case of nanotires grown on the
surface of Si, the most important site of non radiative relmioiation lies at the
surface of the sample. For the study of SIGe, nhanostructures, therefore, the
sample is usually capped with a thin layer of Si in order taussdthe quenching
of the photoluminescence due to the surface recombination.

The energy of the bands (and consequently of the PL signalifested by
several factors: for $i,Ge, , the energy of the indirect and direct electronic
transitions is strongly dependent on the alloy compositi#) 15]; the indirect
band gap is also very sensitive to the strain. . gbe, nanostructures, the effect
of quantum confinement must be also considered: in the c&&ig glGe, islands,
the holes are confined inside the islands due to the typeall Bignment with Si
[91] while the electrons are confined in the tensily straiBedround the islands.
The confinement of the carriers in a small volume of the reatsorresponds
to a higher uncertainty in thikespace, thus increasing the probability of optical
transitions without the participation of phonons. As a @ngence, the radiative
efficiency is increased: this effect has been consideredpassible way to over-
come the poor emitting properties of IV type semicondugtiorshe perspective
of merging Si/Ge/Si xGe emitters in the standard CMOS technology, which
is fully compatible. The compositional gradients, the shapd the size of the
islands determine the carrier confinement, and have a deggcinon the opto-
electronic properties of the nanostructures. Therefomynstudies of the link
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Figure 3.10: Evolution of the PL spectrum of randomly nutddaself assembled
Si1—xGe islands grown on a flat Si substrate, as illustrated in [52].

between the structural properties of the islands and tmeisson features were
achieved in the last years.

A very good description of the island nucleation onset caffolied in [52],
in which the growth of self assembled;SiGe; island was closely followed by
recording PL spectra of the sample at different coverageldewith very high
resolution (0.025 MLs). As shown in figure 3.10, in the firgps of the island
growth, the PL signal of the WL appears first, with two peake (o Phonon
(NP) emission and the Transverse Optical (TO) phonon askeshission) located
about 0.1 eV below the Si bulk phonon replica [92, 27]. As the dverage
rises, the WL signal redshifts due to the increasing thicknesich lowers the
confinement energy. After a critical value of the Ge coverageich depends
on the temperature, the island signal appears as a banddretweé5 and 0.85
eV, while the energy of the WL related band blueshifts in thentiene, which
corresponds to the thinning of the wetting layer: this iaths the transfer of
material from the WL to the islands. The NP and TO peaks in tledssignal
cannot be resolved due to the band broadening caused bygpersion in the
composition and size of the randomly nucleated islandsg%B,

The connection between the island composition and the Ptirgme was in-
vestigated by several authors (see [95, 93, 96] and theerefes therein); as the
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Figure 3.11: From [94]. Panel (a) and (b): AFM images of twg Jie island
samples, grown on patterned and flat Si substrate resplgctRanel(c): PL emis-
sion of the two samples. Islands grown on pits exhibit twdiits peaks in the
PL band (NP and TO transitions); the signal from the WL (in toege 0.85 - 1.05
meV) is lower with respect to the randomly nucleated isladde to the fact that
the material transfer from the WL to the islands is more effica@ the patterned
substrate.

average composition in the islands is raised, the enerdyed?L band is lowered:

this gives the possibility of tailoring the emission energgge of the islands. The
effect of the internal inhomogeneity of the Ge content inih@nds was investi-

gated, [96, 97], by comparing the experimental PL data todkelts of theoretical

simulations of the carrier distribution in and around thagstructures. Effect of

capping with Si and intermixing was also studied for varidaposition tempera-

tures [98, 93, 99]: coherently with the observations givgmother techniques, at
high capping temperatures the PL emission efficiency deeseand the broaden-
ing increases, due to the partial loss of confinement caugduehintermixing of
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Si and Ge at the island boundaries. Tuning of the PL emissisitipn and band-
width of randomly nucleated islands between two tensilgis&d Si thin films
depending on the Si thickness and temperature was studjg&@0hand [101].

The increased uniformity in size, shape and compositioreael by ordered
growth of Si_xGe islands on patterned Si substrate finds correspondence in th
emission properties of the islands [102]: a comparison éetwthe PL emission
of Siy_xGe, islands grown on flat and patterned substrates can be fouiglne
3.11: the NP and TO contributions to the photoluminescemnasson are sub-
stantially sharper for islands grown on patterned sulesnatith respect to random
nucleated islands, so that they can be resolved [60]. THeatewo of Si_xGe is-
lands grown on patterned substrates under variations ipdtiern and annealing
conditions was studied by means of PL in [103]; the quenckiifect of plastic
relaxation in the islands was also investigated in [104].

3.5 Raman scattering

In this section some introductory and phenomenologicalarémwill be given
about the Raman effect in SiGe: only the aspects strictly ed:¢o understand
the method for the Raman characterisation of 866, nanostructures will be
presented. A more systematic treatment of the Raman effédienintroduced in
the next chapter.

The first order Raman spectrum of a SiGe alloy presents thrdedefned
structures, each one related to the vibration of a diffepant of first neighbors
atoms in the material: Ge-Ge, Si-Ge and Si-Si atom pairs,[106]. The three
modes are located around 300 thm400 cnt! and 500 cm? respectively. The
difference in the atom pair reduced mass is the main resplerfsr the separation
in energy of the three bands. Figure 3.12 shows three tyRaaian spectra of
relaxed SiGe for three different alloy compositionss 0.16 (top), 0.46 and 0.85
(bottom). The Ge content (also called composition) of the alloy has a strong
influence on the aspect of the Raman spectrum. Wigoing from O (pure Si)
to 1 (pure Ge), the Si-Si peak intensity decreases accotditige lower number
of Si-Si pairs in the material, while the Ge-Ge band risesespondingly. On
the other hand, the Si-Ge band has a symmetrical behaviavindits relative
maximum around = 0.5. An accurate discussion of the intensity ratios of the
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Figure 3.12: Three Raman spectra of relaxed gbg, alloys for different val-

ues of the compositior, as indicated in the panels. Three peaks are observed
near 300, 400 and 500 crh, related to Ge-Ge, Si-Ge and Si-Si vibrations respec-
tively. Their spectral position and relative intensitidsacly depend on the alloy
composition.

peaks as a function of composition can be found in [107]. TgexBum aix =
0.46 also evidences an extended band between the Si-Siea8d®&e peak, whose
presence can be individuated alreadyx at0.16. A comprehensive treatment of
the fine structures of the spectrum can be found in [108].

Finally, it is also evident from figure 3.12 that the frequemd the peaks
changes with the composition. The origin of this effect iplained in detail in
[110]. Measurements of the variation of thg SiGe, Raman peaks frequencies
depending on the alloy composition were performed by séwardnors in the
literature [111, 105, 106, 112, 109, 113], while theordtaculations can be
found in [114, 109]. In figure 3.13 the results from the mosterg work are
reported [113]. The variation is linear for the Si-Si and Ge-mode, while the
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Figure 3.13: The frequency of each SiGe Raman peak is plogtedfanction of
the Ge contert, for a strain-free alloy. From [109].

Si-Ge peak exhibits a non linear behaviour. The fit of the ¢&dfd lines) gives:

ws-g(X, € =0) =5207 — 66.9x
ws_ce(X, € = 0) = 4001+ 24.5x — 4.5x* — 33.5¢° (3.6)

The presence of strain also gives a contribution by chanti@dpond spring con-
stants, and shifting all the peaks in frequency [115, 11Bic&all the components
of the strain tensor contribute to the shift of the Raman mgtthesmathematical
relations which describe the effect of strain can be gelyevary complicated
[117], except in some particular cases in which the probkesimplified by the
presence of particular symmetries in the system. As an ebearfgy symmetri-
cal biaxial strain in the (001) plane (which is very commoefhcountered in the
heteroepitaxy of Si xGe, due to the reticular mismatch between alloys with dif-
ferent composition) we have that the only nonzero compan&fithe strain tensor
aregi1 = &2 = ¢, andesz = €, : they are the parallel and perpendicular compo-
nents of strain with respect to the [001] direction. In these, the shift of the
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Raman peaks in the strained alloy with respect to their frequan the strain free
material is simply proportional te, with a different linear coefficiertti (called
phonon strain coefficient) for each one of the thrge b6, Raman modes. Many
studies in the literature were devoted to the precise measmt of the strain co-
efficientsb; [116, 111, 118, 119, 120, 121, 122]. From [113] the threeeslof
the strain coefficients are -730 cf) -570 cntland -470 cmfor the Si-Si, Si-
Ge and Ge-Ge peaks respectively. The frequencies of the 8irg.Gg, Raman
peaks as functions of both composition and strain are giverefore by:

ws-si(X,€)) = 5207 — 66.9x — 730,
Ws—ce(X, &) = 4001+ 24.5x — 4.5x° — 335x> — 570, (3.7)
wGe—Ge(X; EH) =2803+194x— 4708”

The values of the strain coefficients given by Pezzoli et &lL3] are indepen-
dent from the alloy composition, consistently with the pcédns of a theoretical
calculation performed by the same authors [123]. Howevecudsion in the lit-
erature about this point is still open [121, 122].

A method was proposed by Tsang [107] aimed at determiningah®position
and strain of an unknown §ixGeg, sample from the frequencies of the Raman
peaks. When the Raman spectrum of a sample is taken, the vathedr@quency
in equations 3.7 are fixed. A system of three equations in kmown parameters
(i.e. xandg)) is obtained. It is usually convenient to solve it grapHicatach
equation defines a curve in theg| plane (figure 3.14), given by the ensemble
of couples x.g) for which the equation is solved. If the peak frequencied an
the calibration were determined without errors, the thiewes would cross in a
single point in thex-¢ plane, corresponding to the properties of the sample. In
practice, due to the uncertainties in the method, the thneees are replaced by
bands with finite width in the-¢ plane. The intersection of the curves will be a
finite area rather than a single point (see the inset in figui4) 3its centroid gives
the expected value of the sample properties, while its sidenn thex-¢, plane
gives an estimation of the experimental uncertainty on titained values.

Even if the calibration was obtained on bulk samples, thehowtvas suc-
cessfully applied also to nanostructured alloys, and itiqdar to self assembled
Si1_xGe islands and dots [124, 125, 126, 127, 128, 129, 95, 130]. Wert¢he
results from [127], in which $i xGe, islands were grown randomly on a flat Si
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Figure 3.14:x — ¢ plot for the determination of the composition and strainesta
of an unknown SiGe alloy from a single Raman measurement. Ariee turves
are related to the three SiGe Raman peaks. The bands repitesemicertainty
on the position of the curves: they are due to the unceré&smihich affect both
the measurement of the peak frequencies and the calibnatpmrted in 3.7. In
the inset, the crossing point of the three curves is plottedetail: it represents
the couple of valuesx(€) which are able to simultaneously give the observed
positions of the three Raman peaks.

substrate and progressively etched in a wet chemical bdith.RBman spectrum
of the nanostructures was taken after several etching,stepshift of the Raman
peaks was recorded and the method explained above wasdippdieler to obtain
the average composition and strain of the material at tHaseir The results are
averaged because the laser spot on the sample includes tnactyres with dif-
ferent morphology, dimensions, and composition. In figulé 3he experimental
data are shown.

It's worth noting that only two peaks (Ge-Ge and Si-Ge) aeua this work,
due to the fact that the third peak (Si-Si) belonging to ti@nid signal is com-
pletely covered by the Si-Si signal coming from the Si sidist(see the inset in
figure 3.15, left panel). The presence of the intense sigmairg from the sub-
strate is almost always present in the Raman analysis; 0fSg hanostructures
grown on Si [131].
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Figure 3.15: Results of the Raman analysis of Ge-rich se#rabked islands, as
reported in [127]. Left: variation of the Ge -Ge and Si-Ge Rarmpaaks position
as the etching of the islands proceeds. The typical Ramairspeof the nanos-
tructures is displayed in the inset. Right, panel (a) anddtnposition and strain
of the nanostructured alloys, obtained from the Raman pesikiqus (black dots)
and from ellipsometry measurements (white dots)



Chapter 4
Raman efficiency of Si_,Ge,

In this chapter, a brief introduction to the basic featurethe Raman effect in
Sip_xGe will be given. The origin of the Raman resonance in $Ge; will be
explained, and the results from the literature related eéadwo particular cases of
pure Si &=0) and Ge Xx=1) will be reported. Then, in section 4.3 the experimental
method for our measurement of the SiGe Raman efficiency witirbsented; the
experiment and the elaboration of the data will be describel@tail. The results
will be shown in section 4.4, and they will be compared to theoty. Finally,
several experiments on SiGe nanostructures will be predemtd the influence of
Raman resonance effects dependent on the alloy compositidrevihighlighted

in the interpretation of the results.

4.1 Theory of the Raman effect

4.1.1 Classical description

The Raman effect is originated from the inelastic scattesirtge incident photons
due to the interaction with the vibrations of the crystal.lAssical picture of this
interaction is given in the following. The vibrations of theystal are described
in terms of collective motions of the atoms, called normalde® or phonons:
each normal modg is characterized by a wavevectpy and a frequency;. At
positionr, the amplitudej of the vibration is given by:

£ = AjeliaT—a)] (4.2)

46
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whereA| is a constanté; is called normal coordinate of the phonon. The incident
photon, with wavevectok; and frequencyu, is described as an oscillating field
Ei expressed as:

E — Eoe[ii(ki~r—oqt)] (4.2)

The polarizatiorP induced by the electric field related to the incident photon i
given by:
P = goxEpelt! kit (4.3)

where x is the electrical susceptibility tensor. This tensor delseon the fre-
guency of the radiation, and expresses the response of tiegiah#o the incident
field.

The presence of the phonons introduces a distortion of fstairattice: as a
consequence, the electrical susceptibility tensor mayfbetad. We expang in
powers of the phonon normal coordinde

2
= =& +... 4.4
X=Xo+ 98, &+ (4.4)
whereyg is the susceptibility of the unperturbed crystal. The ginadiefined as:
ox
R: = &
J afj J

is a second rank tensor, called Raman tensor, related to phjoiiie substitution
of this equation in the expression of the polarization givesiediately:

P= Xo€o- Eoe[ii(ki'r*mt)] + SOEOS_?_AJ- e[*i(mim})t]e[i(kiiqj)'r} +... (45)
J

The above expression shows that the scattered photons lv@eedomponents,
with different frequencies: one (Rayleigh scattering) lesgame frequency of
the incident radiation, while the other two have lower orh@igfrequency with

respect to the incident photons. The amount of gained oflegtiency is equal
to the frequency of the phonon involved in the scatteringe fiitst case is referred
to as Stokes process, while the second is usually called@tokies process. Ex-
change of more phonons is possible, and this can be includ#teitheory by

considering the higher order terms in the expansion of teeeqtibility.

Equation 4.5 includes the conservation of momentum:

hKks = fiKi £ hqj (4.6)
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and energy:
hews = ha + ho, (4.7)

As a consequence of the momentum conservation, it can betlgiseen that the
only phonons which can be involved in a first-order inelastiattering are those
located in the vicinity of the phonon Brillouin zone.

The scattered intensity, is linked to the polarization vectors of the incident
and the scattered fieldg,andes, through the following relation:

10y Je-Rj-esf? (4.8)
J

whereR;j is the Raman tensor related to the phonoithe shape oRj has been

obtained by Loudon [132] for all the 32 crystal classes. InG& and SiGe, three
distinct Raman tensors exist, related to each one of the tpteal phonons at
the center of the Brillouin zone. In the basis given by the vedtors [100], [010]

and [001], their are represented as:

000 0 0 d 0do
Ri=| 0 0 d R=| 000]|] Rs=| d 0O (4.9)
0do d 00 000

4.1.2 Effect of strain in FCC crystals

In the relaxed material, the three phonons are degeneraeergy, due to the
symmetry of the crystal. When strain is present, the degepeasapartially or
completely lifted due to the loss of symmetry of the deformpgtal [115]. The
frequencies of the three optical modes can be obtained fnerautovalued of
the following matrix (secular equation) [115, 133]:

PE11+ O(E22+ £33) 2regn 2regg
2regn Pe22+ (€33 £11) 2res (4.10)
2res 2reos pe3z+ (€11 + £22)

where theg;,, are the components of the strain tensor, pngl andr are material
related constants, called deformation potentials [134f fequenciesy; of the
optical modes are given by:

Aj = wj — Wjo (4.11)
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wherewjo is the frequency of the phonons in the unstrained materkik dan be
approximated by:
Aj

Awj =
J 2wjo

(4.12)

For biaxial strain in the (001) planeif = &2 = E||; €33 = €1, other components
null), the solution of the secular equation gives:

A100010 — (p 4 q)g +qe. (4.13)
A00% = 2q¢ + pe | (4.14)
which leads to:
1 C
100,/010 _ 12 _ 1[100,[01
Awoot — L q— C—lzp g = bl0%%g (4.16)
=97, P)a=bTre -

where theC,,, are components of the stiffness tensor. Equation 4.16 ibesdhe
proportionality between the biaxial strain and the shifthaf [001] phonon, which
was mentioned in section 3.5, and included in equationsd8.d@dcounting for the
presence of the strain.

In the deformed material, the polarization dependent selecules change as
well [117]. This is again described by means of the Raman tensdhich are
modified according to the following equation:

R| = Z BikRk (4.17)

where theRy are the Raman tensors of the unstrained material given intiequa
4.9, andBji is thek-th component of thg-th eigenvector of matrix 4.10.

4.2 Raman efficiency and Raman resonance

Returning to equation 4.8, we better specify the relation ropprtionality by
expliciting the expression of the Raman scattediffgrential cross section [135]:

dS 2

Qiwr (4

(n+ 1)iA(ap— Wy) (4.18)

I O
0 20y

ws? dx
n)%‘*‘eSE‘es
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where ws is the frequency of the scattered photaw, is the frequency of the
phonon involved in the scattering process, agds the Raman shiftes ande are
the polarization unit vectors of the scattered and the amtidight, (n+ 1) is the
Bose factor related to the phonon frequengy andA(wr — wy) is a function with
unitary area which gives the shape of the Raman spectrum. Ufer$ and Ge,
it is a Lorentzian shape function. The link between the d#ffitial Raman shift
and the measured intensity of the Raman signal is given byrthygepies of the
material and the experimental apparatus, and will be dsszlig section 4.3.1.

A detailed treatment of the theory of resonant Raman can bedfou[135]:
for our purposes it is enough to give some simple introdyctemarks. From
equations 4.5 and 4.18 it is evident that all the physics effifst order Raman
effect is embedded in the derivative of the susceptibityith respect to the
phonon normal coordinaté. In a very simplified picture we can think about a
center zone phonon as a homogenedus Q) deformation which changes the
symmetry of the crystal and shifts the eneEgypf the electronic transitions in the
material, so we write:

Jx(w) 0 de(w) de(w)dE  1de(w)dE
0¢ 0¢& JE 0¢ h Jdw 09¢
wheree¢ is the dielectric function of the material. The te/d¢& is the
definition of deformation potential, which is a material stant. The other term
shows that the Raman scattering is large when the derivdtthe dielectric func-
tion with respect tde is large: this occurs in the proximity of peaks of the dielec-
tric function, due to the electronic transitions. In Si, Gad SiGe, the most
prominent structures in the dielectric functions are du¢ht direct electronic
transitions, as shown in figure 4.2.
It is evident from the figures that the energy of the directmic transitions
is strongly dependent on the SiGe alloy composition. Figuteplots this depen-
dence for four transitions, namely thg/E; + A1, Eg/Ep + Ao, EE), andE,. Itis
clear from figure 4.1 that Raman resonance effects are expémt&si, Ge and
SiGe if the energy of the excitation light lies in the visilaled near UV ranges.
This was experimentally verified in Si and Ge by Renucci [13&] &€erdeira
[137]. The Raman efficiency for Si and Ge as a function of thetaton light
energy is reported in the two figures 4.3.

(4.19)
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Figure 4.1: Energy of the direct electronic transitions i@&as a function of the
alloy composition, from [6].

For Sh_xGe , the resonance conditions depend on the alloy composition
as direct consequence of the curves plotted in figure 4.1s dpens an inter-
esting problem: for a given excitation wavelength, the nesee conditions are
met for some values of the composition and not for otherso #is region of
the compositional range in which the resonance is expeoteddur depends on
the used wavelength. This becomes patrticularly intergstininhomogeneous
Sip_xGe samples, in which regions of alloy characterized by diffiéralues of
the composition are probédgether. In such systems, depending on the used exci-
tation light energy, we can expect that some parts of the lawip be resonating
and will contribute more to the Raman signal than others irctvkte resonance
conditions are not fulfilled. By changing the excitation ligimergy, it could be
also possible to selectively probe different parts of thaa.

These experimental approaches require the knowledge Bfathrean efficiency
of Siy_xGe, as a function of both the alloy compositiarand the excitation light
energyE. However, very few data are available in the literature. 8@cattered
measurements of the Raman efficiency in bulk g6, as a function of the ex-
citation energy (which is the most common approach) can beddorx = 0.77
in the range 2.4 eV - 2.6 eV (at room temperature) [138], amck o 0.6 in the
range 2.0 eV - 3.0 eV (at 100 K) [139]. All the data that can keeeed in the
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Figure 4.2: Dielectric function of $i4Ge,, as a function of frequency, for several
values of the alloy composition. The direct transitionpoessible for the struc-
tures in the dielectric function are evidenced. The dataalken from the work
by Humlicek et al. [15]. The red parts of the curves fox 0.5 are regions of
unreliable data.
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Figure 4.3: Raman cross section in Si (a) and Ge (b), meassraduaction of
the excitation light frequency. A resonance peak is obskm@responding to the
energy of theE; /E; + A; transitions in Si and Ge respectively.

literature are incomplete and cannot be directly compaf@dr first purpose is
therefore to bridge the gap between the existing data fa Buand pure Ge, by
means of a systematic measurement of the,&e, Raman efficiency over all the
compositional range, for several excitation light enesgie

4.3 Measurement of the Raman efficiency

4.3.1 From the theory to the experiment

The physical quantity which can be immediately determimed Raman experi-
ment is the intensity of the Raman spectrum. In order to obtain the Raman effi-
ciency, it is necessary to link the expression of the dified Raman efficiency,
which we report again in the following:

9S 2

h
0Qduwr (4 (N+1)5;—A(wr—ay)  (4.20)

2ay

ws? dx
m2ch ‘%E‘es

to the experimentally measured intensity. Both the progeif the sample and
the experimental configuration must be taken into accountst Bf all, we set
the polarizations of the scattered and incident intensitith reference to our
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experimentgs =g = [110]. Under this geometrical configuration, we have:

& Ri-=0
&-Ry-¢=0 (4.21)
e-R3-g=d

where the Raman tensors of the relaxed material, given intieqgsa4.9, have
been used. The justification of this choice will become cleaection 4.4. From
equations 4.21, it turns out that only the phonon along tB&]@direction is vis-
ible in the adopted experimental configuration, and the ﬂegm‘(]}—%( - e/ can be
substituted in equation 4.20 simply hy?.

Equation 4.20, integrated over a Raman shift raRgehich completely in-
cludes the lineshape functiai(wr — ay) (with unitary area) and over the col-
lection solid angle, gives the Raman efficiency S, defined as the ratio between
the scattered and the incident photons per unit length ensid material. The
collection angleQq outside the sample is constant: it is defined by the numerical
aperture of the optical element used for collecting theaigm our experiment,

a microscope objective was used. The collection angdele the sample, which
is the correct paramet€l to insert in the previous equation, is different fr@pg
due to the light refraction at the sample surface, ruled byShell's law. Due to
the high index of refraction of SiGe (about 4 in the opticaige) the solid angle
Q inside the material is quite small even for a N.A. equal tcd(typical of our
microscope objectives) and the integral can be approxonatdl by the simple
multiplication byQ.

The scattered observable intensity, i.e. the number ofeseatphotons emerg-
ing from the sample, is limited by the optical absorptiondeghe material and the
trasmissivity of the sample surface. In our experimentafigoration (backscat-
tering), the number of observable photaii$ coming from a thin slab with thick-
nessdzand located at depthbeneath the sample surface is given by the following
expression:

dif =S-1o- T2 e %tdz (4.22)

wherelg is the incident light intensity, is the penetration depth of the light in-
side the material, and is the optical trasmissivity of the sample surface. Both the
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trasmissivity and the optical absorption are counted twooee for the incoming
light and once for the backscattered signal. The total oladée intensity of the
Raman signal is obtained from the integration of the aboveatguwith respect
todz

(1_ e—2D/L)

I"=1p-S"=lp- | S
0 0 5

L-T? (4.23)

whereD is the physical thickness of the sample. The dimensionks#s $*
between the total observable Raman intensity and the inciebasitation light
intensitylg is called observable Raman efficiency.

Finally, themeasured signal intensityl is related to the observable intensity
through the efficiency) of the optical system used for the collection of the signal
(lenses, mirrors, filters, monochromator, detectbg: nl*.

Two cases are particularly interesting: in the first, whigiplees to opaque
bulk samplesl. << D. The intensity is given by the expression:

I:Io~r7«S*:I0~r/~(S~%T2) (4.24)

In this case, the measured intensity of the scattered sigrsainply propor-
tional to the penetration depth of the light and the Ramanieffay, while the
sample thickness plays no role. The second situation indiyethe opposite
limit, L >> D, corresponding to samples in which the penetration deptiglof
is much longer than the sample thickness; after taking thesexpansion of the

exponential at the numerator of equation 4.23, we obtain:
1*=1p-n-S =lp-n-(S-D-T? (4.25)

where the series expansion has been truncated after tlae teven inD/L. The
intensity of the scattered signal is now simply proportidasghe Raman efficiency
and the sample thickness.

In order to measure the Raman cross section pf,&le,, a series of Raman
spectra of the alloy must be recorded for different valugb@icompositiorx and
the excitation light frequencg. The intensity of the Raman signal must be found
by properly integrating the Raman spectra with respect t(Ri@aman shift, and
then corrected for all the factors which appear in the abguagons.
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However, there is a way to reduce the number of parametershwhust be
estimated. This is achieved by meanseabétive measurements of the Raman effi-
ciency [135]. Areference sample with known Raman efficiesepeasured under
the same experimental conditions used for the sample uha®yr. 3Vhen the ratio
between the intensities of the Raman signals of the sampléhendeference is
taken, several common factors are canceled out: in paatidhle excitation light
intensitylg, the optical system efficienay, the fourth power of the scattered light
frequencyw® and all the constants appearing in expression 4.20. Thig®m
substantial simplification in the elaboration of the expemntal data.

In the literature, high bandgap materials like calcite (Cgand fluorite
(CakR,) are commonly used as reference samples. This choice isl lmaséhe
fact that the energy of the electronic transitions in theatenmls (about 5 and 10
eV respectively) is well above the energy of the excitatightlin the visible and
UV range (2 - 4 eV): due to the absence of structures in theechiet function
in the entire visible and near UV spectrum range, the Ramariezftiy remains
constant (though small) over all the energy range. Thisshaldo for the opti-
cal constants entering the expression of the Raman intedsstya consequence,
the use of the same reference for all the measurements vifighedtit excitation
energies allows comparing directly the results.

4.3.2 Experiment

The experimental strategy for the determination of the &g, Raman effi-
ciency for several excitation wavelengths over the wholapasitional range is
based on the use ofsingle sample, which consists of a thick (20m) graded
Sip_xGe buffer grown on a flat (001) Si wafer by Low Energy Plasma Eclean
Chemical Vapour Deposition (LEPECVD) [140, 141, 142]. Durihg growth the
fluxes of silane (Sikl) and germane (Gejl in the reactor chamber were varied
in order to obtain a linear variation of the alloy compositiowith respect to the
film thickness, between O (pure Si) and 1 (pure Ge). The coitipoal gradient
in the graded buffer is therefore constant and equal to Qrd5/An additional
micron of pure Ge was finally added at the surface of the sgraplthat the total
thickness of the sample is 21m. In figure 4.4 an optical microscope image of
the sample, cleaved and observed in cross section, is eehpadogether with the
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composition x

Figure 4.4: Microscope image of the cleaved lateral surfdd®) of the sam-
ple. Superimposed to the optical image, the compositiofilpraong the growth
direction is shown.

plot of the internal alloy composition with respect to thekimess.

Thex', y', andZ vectors in the figure represent the [110]1.¢1 and the [001]
crystallographic directions respectively. The roughr&dshe cleaved surface is
indicative of the high density of dislocations inside thadgd buffer, whose thick-
ness is well beyond the critical value for plastic relaxatidhe Raman spectra
of Si;_xGe at different composition values can be directly measurestlayning
the graded buffer along the growth direction with a Ramantspeeter in micro
configuration, i.e. in which the laser light used for the &doon is focused on the
sample surface by means of a microscope objective. For ealymicroscope ob-
jective with a numerical aperture equal to 0.75, and for \engths in the optical
range, the diameter of the laser spot is in the rangepahl

The Raman experiments are enormously simplified: actudlhemeasure-
ments over the whole compositional range for a given excitavavelength are
carried out in only one run. This also makes sure that thererpatal conditions
(focus, sample orientation) are the same for all the valdebe composition.
Moreover, the resolution of the sampling is a free parametbich can be set
directly by choosing the scanning stApalong the growth direction: the Raman
efficiency vs alloy compositior is sampled with intervals in composition given
by Ax = 0.05um~1- Az. The uncertainty on the value of the compositicat po-
sition zis given by the composition interval included in the diametkethe spot;
for a diameter around um, the uncertainty is about 0.05. Finally, it is worth
noting that this experimental approach naturally leadsue the variation of the
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Si1—xGec Raman efficiency with respect to the alloy composition, thasiging
a direct picture of how the Raman resonance plays its roleagsgorce of com-
position inhomogeneities. The same scans, performed wifdreht excitation
energies, give a complete view of the variations of the .35, alloy resonance
behaviour under different illuminations. In this work, teeperiments were car-
ried out for 6 different excitation energies in the UV andiogttrange: 3.40 eV
(364 nm), 3.08 eV (402 nm), 2.71 eV (458 nm), 2.54 eV (488 nn83 2V (532
nm) and 1.96 eV (633 nm).

4.3.3 Experimental details

The graded buffer, cleaved along the [110] crystallograpuliection, was kept
vertical by means of a sample holder mounted on a piezomlegtr stage (Physik
Instrumente NanoCube). The piezoelectric stage had a maxitmavel range of
100 um along the xyz directions, with a spatial resolution of 10. ifhe scans
were performed along thg direction with steps of 0.3:m, corresponding to
intervals of about 0.015 in the alloy composition. The stgrpoint of the scan
was placed in the Si substrate region; the line scan endedadewicrons outside
the sample, after crossing all the graded buffer. The lagensity was always
limited in order to prevent the sample from heating, sineettfermal conduction
of a Sh_xGe, graded buffer is known to be quite poor [109]. a laser intignsi
at the sample surface in the order of 1 mW was found to be lowagmo The
geometrical configuration of the Raman measurementx@@sy’)x’ in Porto’s
notation [143].

The Raman spectra were recorded with a Jasco R800 doublevadspec-
trometer with a notch filter to reject the laser light, andhatHoriba Jobin-Yvon
T64000 triple spectrometer with the first two monochromabosubtractive mode
when a notch filter was not available (in particular, at 4029.nithe entrance slit
of the monochromators was set at 10®. Both instruments were equipped with
a Charge Coupled Device (CCD) for multichannel acquisition.

4.3.4 Experimental data and remarks

Figure 4.5 shows the result of one line scan, performed wiB 2V excitation
energy. Only 21 spectra are plotted for clarity, shiftechglthe y-axis in order
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Figure 4.5: Series of spectra taken on the graded bufferamtéxcitation energy
of 2.33 eV. The variation of the position and the intensitjhaf SiGe Raman peaks
depending on the alloy composition are well visible and jitidced. The spectra
shown in the figure are sampled with steps of 0.05 in the GeeobniThe three
curves plotted in figure 3.13 can be directly individuatedha sequence of the
spectra. It is worth noting that the intensity of the sigmgbure Ge is of the same
order of magnitude than in Si, even if the penetration degid Consequently the
scattering volume) is about 50 times lower (see equatiof)4his is due to the
resonance effect in Ge, which actually occurs at this etioitaenergy.

to highlight their variation with respect to the positiontlre graded buffer. In
the inset, the geometrical configuration of the experimsneported. The Ra-
man spectra exhibit the typical shape of a crystalline &g, alloy; the Raman
peaks change in intensity and frequency along the line $odawing the vari-
ation of the local composition. It can be noted that the maxohthe Raman
bands nicely draw the curves plotted in figure 3.13, desugithie variation of the
Raman frequency versus the alloy composition in the relaxamal. The alloy
composition and strain in each point can be directly exttdhdtom the Raman
spectra, by means of the calibration reported in section &ctually, as it was
shown in section 4.3.1, the phonons considered in the adilior are the same
probed in our experimental configuration.

In figure 4.6, panel (a), the values of the alloy composik) obtained from
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Figure 4.6: Panel (a): comparison between the measuredgyamd nominal (x-
axis) composition profiles(z) in the graded buffer. Each point relates to the same
value ofz. The red line gives the condition x=y. Panel (b): residuedistin the
graded buffer, measured from the Raman spectra. The str@inays compatible
with zero within the experimental uncertainty.

the Raman spectra are plotted versus the expected compogitioes (i.e. in-
ferred by the nominally constant composition gradientdaghe graded buffer);
the red line displays the=y condition. The linear behaviour of the composition
profile inside the buffer is confirmed by the Raman data. In b@)ethe in-plane
strain found in the buffer is plotted vs the position along lihe scan: the strain is
always compatible with O over the entire buffer, as expefitau the fact that the
thickness of the sample is far beyond the critical value fastic relaxation. This
suggests the use of the Raman tensors for the relaxed mésegadection 4.3.1.
The tendency to slightly tensile strain values could be @xpld by the thermal
strain induced by the post growth cooling of the sample, dukéd dependence of
the thermal expansion coefficient of,SjGe, on the alloy composition [9].

A source of random errors is given from the variations in s conditions
on the sample caused by the surface roughness. It was cloperfarm several
line scans starting from different point in the sample, idesrto directly estimate
the intensity fluctuations caused by the randomly varyingu$oconditions and
local strain. The integrated intensity of the spectra wasdébto be repeatible
within 5%.
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4.3.5 Data elaboration

According to section 4.3.1, the Raman spectra collectedyalom graded buffer
are integrated in order to obtain the total intendity, w), wherex is the al-
loy composition andw is the frequency of the excitation light. This point is
not straightforward and requires a discussion. In secti@ril4a single phonon
with frequencywy, was considered (see equation 4.20), with an associatettapec
shape functiol\(wr — ay), with unitary area, wherex is the Raman shift, or the
abscissa of the spectrumg; enters also the Bose factor+1). For a Si_xGe al-
loy the framework is a bit more complicated because threeriphs’are present,
each one located at different Raman shift values. This méans different value
of the Bose facto(n+ 1) and phonon frequenayy in equation 4.20 is associated
to each one. Then, the three peaks must be integrated sdpaoaer three dis-
tinct spectral ranges: their intensities are correctedHerrespective Bose factor
and phonon frequency, and then summed again. For each phgnen Si-Si,
Si-Ge and Ge-Ge), the correcting factor will be given by #aprocal of:

(ni+1) 1 1
o \awme1t) aw (4.26)

where the functionsy (x) are given by equations 3.6, and whé&fieat room tem-
perature (0.025 eV) has been expressed as 2006.ch quick estimation of the
correcting factor for each phonon can be obtained by conegléhe typical fre-
quencies of 500, 400 and 300 cifor the Si-Si, Si-Ge and Ge-Ge phonons re-
spectively: the related correcting factors are about 468, 350 cnt. When the
correction is taken separately for each distinct phonagretiore, there is an en-
hancement of the contribution of the Si-Si mode with respetitie Ge-Ge mode.
An approximated treatment is given by neglecting the d#ffiee in the Bose
factors and phonon frequencies, directly integratingredlRaman peaks together.
Though less rigorous, this approach gives results whicinare easily usable for
the practical applications that will be presented in Chapt& comparison of the
results given by following the two procedures will be prdserin section 4.4.2.
The remaining corrections are the same for both cases. Agnwvaduced in
section 4.3.4, a sample of Cawas used as reference for the Raman efficiency for
all the used excitation energies. In particular, a 3 mmktisignthetically grown
single crystal of Caj; cleaved along the (110) plane, was measured under the
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same experimental conditions used for the graded bufferceSihe Raman ten-
sors of fluorite have the same form than in Si, Ge and,&eg [135], the same
polarization selection rules hold. In order to obtain themsity of the Caf Ra-
man signal, therefore, the same equations given in sectih dan be applied.
We write in the following the intensities of the;SiGeg, and the Caksamples
(they are meant to have been already corrected for the raspBose factors):

fie® L
100) = (X @0 0 3 U T o (@) (@.27)
4
|Ca|:2 (X) - &%dgaﬁQCaﬁ DcanTCanzn(Q)) (428)

The dependence of all the factors appearing in the two abmqvatens on the
Sip_xGe, compositionx and the excitation light frequenay has been explicited:
as introduced previously, all the optical functions of fiteican be considered
constant in the visible and near UV range. In equation 4.@idition 4.24 was
used, while for Caf; which is transparent, equation 4.25 was included. In equa-
tion 4.28, finally, it must be pointed out that the Ga®aman signal is limited by
the microscope objective depth of focus (D.O.F.) rathen thhathe Cak sample
thicknesDcgr,. The D.O.F. can be estimated through the following expogssi

/\on

D.OF.= 15 (4.29)

For Ag in the visible range, a numerical aperture equal to 0.75ta@dndex
of refraction of Cak taken equal to 1.43, the D.O.F. is in the range of (8.
This is much less than the thickness of the £s&mple (3 mm). So we substitute
Dcar, in equation 4.28 with the quantiQOF (w, NA).

The ratio between equations 4.27 and 4.28 gives:

(X, w) 1 d?(x, ) Q(x, w)L(x, ) T?(x, w)
lcar,  2Qcar, Ty, B, DOF (w,NA) B
_ Q(X7 O))L(X, w>T2<X7 OO) 2
=K DOF (. NA) d“(X, w) (4.30)

where all the common factors have been canceled out, andriine tndependent
from x andw have been grouped into a singlanstant K.

The denominator in equation 4.30 can be calculated throggat®n 4.29;
the other parameters, i.e. the SiGe, surface trasmissivity, the collection solid
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angle and the penetration depth of the light in the matesi@,determined from
the Si_xGe, optical constants through the following expressions:

(n(x, @) — 1)% 4+ K2(x, w)

T(X w) = (Nx.@) 121X ) (4.31)
2

Q(X,w) =2m(1—4/1— %) (4.32)

L(x,w) = M (4.33)

wheren(x, w) andk(x, w) are the real and imaginary part of the SiGe, index of
refraction, whileA, the excitation light wavelength, is relateddoby the relation
A =2/ w, ¢ being the speed of light in vacuum.

In order to perform these corrections, the valuesi(ef w) andk(x, w) have
to be known. Many works dedicated to the measurement of theabgonstants
of Siy_xGe, can be found in the literature (see [15, 144, 145] and theertes
therein). The optical constants were usually measured @anmef ellipsometry
and reflectometry in the visible and UV range. The data avkalen the literature
were collected and discussed in two reviews which can bedanifl46, 147],
which were taken as our source of values for the 366, index of refraction.
In particular, the data from [15] and [144] are in good agreetrand are listed
in the review, while discrepancies with the data from [14&k€ due mainly to
the preparation of the sample surface. However, no dataoltad be reliable
for Si1_xGe for low values of the absorption coefficiemt below 0.01 nmt no
values are reported, except for Si.

Infigure 4.7, the available values of the penetration defliglut are displayed
as a function of the alloy composition The black spots are the data: the lack of
points for low excitation energy is evident. However, in@rtb correct the Raman
intensity| (x, w) for the penetration depth(x, w) we need values throughout all
the compositional range. The spaces between the expesghpamits have been
filled by a shape-preserving interpolation with MatLab (wwise Cubic Hermite
Interpolating Polinomial). For the upper excitation enesy3.40 eV, 3.08 eV,
2.71 eV and 2.54 eV), the interpolation of the data is ablelltedsily the space
between the known values of the penetration depth. For 2/38nel 1.96 eV,
the curves found with this interpolation are somehow mobgtrary; in lack of
alternatives, we decided anyway to proceed with these trasction 4.4.1 it will
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Figure 4.7: Penetration depth of light as a function of tH@escompositiorx and
the excitation light energy. The black dots are the valuésaeted from the data
given by [146], while the continuous lines show the integpioin of the data.

be shown that the results turn out to be consistent with aesapirical calculation
of the behaviour of the Raman efficiency with respect to theyatbomposition,
for all the excitation energies.

4.4 Results

The results of the data elaboration depicted in the pre\deatons are displayed
in figure 4.8. Six curves of efficiency are obtained, one fahealue of the ex-
citation light energy, from the UV (3.40 eV, panel (a)) to tleel (1.96 eV, panel
(f)). Due to the overall constaid in equation 4.30, the y-axes have the same
scale, though in arbitrary units, and the curves are directinparable. A strong
modulation of the Si yGe, Raman efficiency actually exists depending on the
alloy composition and excitation energy. A main resonarezakwith half width

at half maximum between 0.10 and 0.15 in composition is ofeserits maxi-
mum moving toward Ge-richer composition values as the atiort light energy
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Figure 4.8: Raman efficiency of SiGe as a function of the altmygositionx, for
different values of the excitation energy: (a) 3.40 eV, ({83xV, (c) 2.71 eV, (d)
2.54 eV, (e) 2.33 eV and (f) 1.96 eV. The insets in panelsfid)t(t into evidence
the minor resonance peak due to g Eg + Ag direct electronic transitions: the
lines are guides to the eye.

decreases. At 3.40 eV, the maximum of the resonance peakdtlyiocated at

x = 0; at 1.96 eV, the maximum of the resonance peak seemsl toutside the
compositional range. The maximum width of the peak is ole@iior 2.71 eV, in
correspondence of which the resonance peak is in the mifithe compositional
range. This suggests that the broader width is connectdtetalloy disorder in
the material, which is maximum for= 0.5. In the insets of the three last panels,
the presence of a secondary resonance is highlighted, fortimeof a little shoul-
der on the main peak at 2.54 and 2.33 eV, and of a well definexhdacy peak at
1.96 eV excitation wavelength. Also this secondary peaftsdioward Ge-richer
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Energy [eV]| Main peak| Secondary peak
3.40 0 -
3.08 0.23 -
2.71 0.51 -
2.54 0.67 0.46
2.33 0.86 0.49
1.96 - 0.59

Table 4.1: Position of the main and secondary resonancespesathe energy of
the excitation light used for the experiment

energy (eV)

1f——E,E+A, e resonance *-l:-
F------ E,E+A, ®m resonance

0L . 1 . 1 . 1 . 1 . 1
0.0 0.2 0.4 0.6 0.8 1.0

concentration x

Figure 4.9: Comparison of the position of the Raman resonaeakspin SiGe,
depending on the excitation energy, and the behaviour oEth&; + A; and
Eo/Eo+ Ag direct electronic transitions in SiGe.

composition values with decreasing excitation energy.tiAdse observations are
directly related to the properties of the dielectric fuontof Sy _xGe, , which was
discussed in section 4.1.1, as we show in detail in the fatigwin table 4.1, the
position of the resonance structures (main and secondianyy ghe composition
axis are listed with respect to each value of the excitaigint Energy:

The data listed in table 4.1 can be directly compared to tlkeggrof the direct
transitions in Si_yGe, depending on the alloy composition, as reported in figure
4.1: the data are summarized in figure 4.9. The agreementbatthe position
of the main resonance peak and the behaviour ofghéE; + A; transitions is
very good, while the secondary peak seems to follow the surgkated to the
Eo/Eo + Ao direct electronic transitions. In this case the agreenservidently
worse, but the attribution to thEy/Ep + Ag transition can be considered valid.
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Figure 4.10: Raman efficiency of SiGe, as a function of theyatlampositionx
and excitation light energy, in logarithmic scale. The legihmodulation is found
for an excitation energy equal to 3.40 eV (3 orders of magitinroughout the
entire compositional range), while the lowest effect isfddior 1.96 eV.

The vicinity of theE; /E; + A1 andEg/Eg + A transitions forx < 0.5 explains
why it is not possible to observe the secondary peak for eesgual or higher
than 2.71 eV. Moreover, the lower height of the secondark péth respect to
the main one is fully explained by the lower oscillator sgrgnof theEq/Eg + Ag
transitions, as can be directly understood from figure 4.Be §ood matching
with the E;/E; + A transitions in the bulk gives also a direct confirmation that
the residual strain in the graded buffer is low enough to hange the energy of
the bands, as it was guessed from the estimation of the gfikagn in figure 4.6.
By plotting all the curves in logarithmic scale on the sameQrdigure 4.10)
it is possible to more easily visualize the relationshipstexg between the Ra-
man efficiency curves. The height of the Raman resonance paak iconstant
throughout the compositional range: it presents a maxinmnaiie Si for 3.40 eV,
and a minimum for 2.71 eV. A factor 10 exists between the rasoe peak heights
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Figure 4.11: Comparison between the Raman efficiency valu&s (@anel (a))
and Ge (panel (b)) found in this work and the results from itezdture ([136],
[137]).

in Si and Ge (see the curve related to 2.33 eV excitation ghefidhe efficiency
varies up to 2 orders of magnitude with varying compositmref given excitation
energy; on the other hand, the variation with respect to xbéaion energy for a
fixed composition is between 2 and 3 orders of magnitude (dvaémum effect is
seen forx = 0). A doublecheck on the validity of our results can be paedi by
the comparison of our data for pure Si and Ge, expressed exdi@tion energy,
to the results from the literature plotted in figures 4.3.ufgy4.11 demonstrates a
good agreement between our data (red spots) and the resthitsliterature.

4.4.1 Comparison with the theory

In order to understand the principal features of the Ramamneexe effect in
Sih_xGeg (i.e. position and height of the main resonance peak), iseful to

consider the indications coming from the theory of the Rangmomance given
by theE;/E; + Az direct electronic transitions. The theory applied to theesa
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of Si and Ge can be found in [136] and [137], while a more gdriezatment is
given by [135]. The matrix elemewtwhich appears in the Raman tensors given
in equations 4.9 is proportional to the quantity:

V2 2(x+—x)] d?o dy

Ax 0 ~=d2 A
X /3 3,0[ AL 2J/3h dw

which expresses the variation of the susceptibility underdeformation induced
by the phonon. In the above equatidé0 anddi0 are deformation potentialg,”
andy— are the contributions to the susceptibility function givsrtheE; +A; and
E; transitions respectivelyy; is the split-off energy andy /dw is the derivative
of the susceptibility function with respect to the frequgrithe first term involves
electron and hole transitions among three bands (the twisa$plalence bands
and the conduction band), while the second term is given pdand process, in
which only one interband transition occurs (from valencedonduction) together
with another transition in the same band [148]. The susk#iptiis related to the
dielectric function by the relatioa= &y(x +1). Therefore, in the two above equa-
tions the susceptibility can be directly substituted bydietectric function. From
theoretical calculations [137], in Ge the first term is doating on the second one
due to the ratio between the deformation potentidds (d? , ~ 5). By neglecting
the second term, the Raman efficiency data can be interprgtaetebns of the
comparison to the quantitg™ — £~ |2. This was done in [137]. The two functions
eT ande™ must be available: in the case of Ge, they were experimgrdater-
mined by Sell and Kane [149] by means of piezoreflectance uneasnts. In Si,
on the other hand, the split-off energy is small enough to allow approximating
also the first term with the derivative of the susceptibjly that we obtain:

\/E 5 dZIE.)O dX
oxU | —=d30+—= | == 4.35
X (\/§ 3,0 2\/:3’ dow ( )

and the variation of the susceptibility is simply propon@bto its derivative with
respect to the frequency. The dielectric function of Si asgrecfion of frequency
has been accurately measured by means of optical ellipsgnitstderivative can
be easily calculated from the experimental data, and itareqmodulus can be
used to interpret the Raman resonance data, as it was doriz6in [1

In Siy_xGeg, we can reasonably expect an intermediate situation bettiteen
two above cases: the two terms in equation 4.34 will progrelyschange their

(4.34)
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respective weight, depending on the alloy composition. écugate treatment of
how these modifications occur is however extremely difficattd would require
a specific investigation which is beyond the scope of thiskwor

An approximated evaluation of equation 4.34 was carried thubugh the

relation:
£ (w) =& (w+A1)

similarly to what Sell and Kane state in their work [149]. éndhis assumption,
a second approximation follows:

(et (w)—&e (W) 2 (w+b1) - (w) _de

A - A ~dw

so that we come back to a form similar to equation 4.35. Theeefwithin this
approximation, we only need the dielectric functigfx, w) of Si;_xGe, and the
deformation potentials. We finally choose to directly comepaur experimental
results with the square modulus of the dielectric functimeglecting the compo-
sition dependent modulation given by the deformation pitaen The values of
the real and imaginary part of the dielectric function weteen from the work of
Humlicek et al. [15]. In figure 4.12 the Raman efficiency da@again plotted
in logarithmic scale, with the solid curves representirgggamiempirical quantity
|de /dw|?. All the solid curves are rescaled to the experimental détative same
factor.

Figure 4.12 shows that this approximated approach stidg& satisfactory
explanation of the observed features in the Raman efficietheyposition of the
peaks is satisfactorily reproduced, as well as the ratitvgdsn the resonance peak
heights in Si and Ge-rich alloys, while a major differenceliserved for 2.71 eV.
All the discrepancies are within a factor 2, which is readd@mavhen considering
the uncertainties on the plotted quantities and the appratkons taken in this
treatment. Similar discrepancies can be observed alsceinvidrk about Si by
Renucci et al. [136]. The larger resonance effect in Si is exgllained now by
considering again the plots of the dielectric function m@ad in figure 4.2: the
structure due to th&; andE; + A; direct electronic transitions simply shifts in
energy with varying alloy composition up o= 0.2, then it becomes higher and
sharper. This leads to an increase in the square modulug afefivative of the
dielectric function which gives a good description of thecpe in the Raman
resonance peak height.




4.4 Results 71

T T T T T T T T T T T
"y = 340eV * 3.08eV
1000 | '-_ v 271eV A 254eV E
[ - e 233eV ¢ 195eV ]
. |dy/doo|”
L]
L]
L Pl
* L] *"*
[] Adas
. * & A .ﬂ-"oq
100 - L] Fe AAAA ‘A ... ® -
—~ r . * F) Q ]
:'(1:) ** l. :vvv":,ﬁvv N o.
C LA v > 4 ]
S * T\ ¥y & v °
* ~ 4 M) A
.d * o AA* v" A ¢
= MR Y 4 D 04
© * S oY A &
~ V‘ A o vv A 0‘
Y 4 ** o :.
i/ A o v, o A
%] VV" AAA "... v ‘0’ 4
| A 2 v _
> 10 v A o
LC) A A o i 4 ]
S v P JPvove ..o &% &
— A o« REER A\
9 AA‘A d O 2 /) v“
= « d » fad
O o ‘0
0% R
% 4 +% 00004’
A
* o ’0.‘
T et .
| 1 | 1 | 1 | 1 | 1 |
0.0 0.2 0.4 0.6 0.8 1.0

composition x

Figure 4.12: Raman efficiency of SiGe as a function of the aflognposition

x and the excitation light energy, together with the semieirgli calculation of
10X /dw|? (solid lines), which approximates the square modulus ofohantity

given by equation 4.34. The solid lines are rescaled to tperaxental data by
the same factor.

Finally, the comparison with the theory is able to give a comdition of the
validity of the procedure for the data elaboration, withtjgatar reference to the
correction for the penetration depth of the light in the yallespecially at low val-
ues of the composition and low energy, see section 4.3.8)aky, the resonance
curves follow quite well the theoretical behaviours %ot 0.5 for mostly all the
values of the excitation light energy. The agreement at 2\83s remarkable.
This confirms the validity of the fitting curves plotted in frgu.7.
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4.4.2 Results of the approximated data elaboration

In this section the results of the approximated data elaiooranentioned in sec-
tion 4.3.5 are shown and compared to the data reported aMigeaemind that
the approximation lies in neglecting the presence of a iiffeBose factor and
phonon frequency for each of the threq SiGe; phonons, which is equivalent
to considering each §iyGeg, Raman spectrum as a lineshape function with uni-
tary area multiplied by a overall intensity factor. Thisansity, corrected for the
parameters listed in section 4.3.5, gives the resultsalysol in the following fig-
ures. Figure 4.13 shows the resonance curves in logaritboaile, analogously
to figure 4.12, with the same theoretical curves. As a coresszpiof neglecting
the difference between the correcting factors for eaclewdfit phonon, the ex-
perimental curves are raised for Ge-rich alloys and lowése&i-rich ones. The
matching between theory and experiment is still satisfgctthe ratios between
the resonance peak heights do not change considerablg thikipositions of the
resonance bands do have a small variation. The matchingthétg; /E; + Aq
direct electronic transitions is still very good.

4.4.3 Single Raman mode analysis

So far, the analysis of the Raman efficiency has been carriebdyoconsidering
the sum of the intensities of the threq SiGe, Raman peaks; it is also interesting
to see the behaviour of each single peak: we report here, ésaample, the mea-
surement of the Raman efficiency at 2.71 eV excitation ligletgyn The intensity
of each Raman mode is considered separately and correctéwftactors listed
in section 4.3.5: in figure 4.14, panel (a), the obtained Ragffamency is plotted
separately for each Raman mode, together with the sum ofiibe, thiving the to-
tal Raman efficiency. Each Raman mode exhibits a resonant ioeinalaowever,
the resonance occurs at slightly different values of theyatomposition. Ac-
tually, the intensity of each mode depends on the alloy caitipa through the
number of the respective atom pairs which can be found in gaemal: the Si-Si,
Si-Ge and Ge-Ge mode intensities are then proportiondl tax)2, 2x(1— x) and
x? respectively. Panel (b) of figure 4.14 shows the same reseranves reported
in panel (a), divided by the three factors listed above. Ameted, the maxima of
the curves are found at the same value of the alloy compositio
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Figure 4.13: Raman efficiency of SiGe as a function of the atlognposition
x and the excitation light energy, as given by the approxichajgproach which
neglects the difference in the Bose factor for the three Rareakgof SiGe. The
solid curves give again the semiempirical calculationdgf/dw|? (solid lines).

4.5 Raman experiments on inhomogeneous samples

In the following sections we will show and examine the reswit several Ra-
man experiments carried out on inhomogeneous nanosteactir ,Geg, sam-
ples, in particular Si_xGe, islands grown with different growth parameters and
substrates. The effect of the Raman resonance in these systi#inibe high-
lighted: it will be shown how the knowledge of the Raman efficiecan help the
experimenter have a deeper understanding of the Ramanapectindividuate
which information can be extracted.
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Figure 4.14: Panel (a): Raman efficiency for the three SiGe Ran@des, con-
sidered separately. Panel (b): the curves reported in fahalre corrected for
the probabilityp of finding Si-Si, Si-Ge or Ge-Ge atom pairs in the materiah as
function of the compositionpg g = (1 —X)?; ps_ce = 2X(1—X); Pee_ce = X°.

4.5.1 Multiwavelength analysis of SiGe islands

The first case study is given by an ensemble ef b, islands grown randomly
on a flat p-Si (001) substrate by Stranski-Krastanov pro(sss section 2.2.1).
The substrate was cleaned and covered by a 100 nm thick Sirlgibwn by
MBE. Then 8.7 monolayers of pure Ge were deposited by MBE at Z0ddme-
shaped islands were obtained with diameter about 150 nghh&b nm, and a
density on the sample surface of 10 islands per square mabrca Finally, the
sample was exposed to a sequence of chemical baths in aveettchant solution
of NH4OH and HO, (according to the recipe given in [85]): the;SjGe islands
were therefore progressively etched, as it is shown by thd Afofiles displayed
in panel (a) of figure 4.15.

Raman spectra were measured on the freshly grown sample tanceath
etching step, with excitation light at four different wagegths: 364 nm (3.40
eV), 458 nm (2.71 eV), 532 nm (2.33 eV), and 633 nm (1.96 eVEe Raman
spectra are shown in panels (b), (c), (d) and (e) of figure.4Sme colours in
figure 4.15 are related to the same etching time.

The spectrum of the sample changes noticeably under thetieariof the ex-
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Figure 4.15: Raman experiments on self assembled SiGe ss|®adiel (a): AFM
profiles of the islands after several etching steps. Pabgl&lf: Raman spectra
of the sample taken at four different wavelengths. Sameucslio the figure refer
to the same etching step.

citation light wavelength. An intense peak located at 520071 is present in all
the spectra: this is the signal coming from the Si substratee first important
observation is that the signal from the islands is visibley amder 532 and 458
nm excitation light: three peaks can be individuated, ledas usual near 300,
400 and 500 cmt. Their amplitude is between 2 and 3 orders of magnitude lower
than the substrate signal (note the logarithmic scale owy-ves); however, the
ratio between the two signals is clearly higher at 458 nm #te682 nm. In the
first case, actually, it is also possible to resolve the tw&iSieaks belonging to
the island and the substrate Raman spectra: at 532 nm, thiep8als coming
from the islands is only a shoulder on the more intense Sipedik. On the other
hand, no contributions to the Raman spectrum coming from ithg Se; islands
are observed both at 633 and 364 nm, even on the unetchedesa®ply two
very feeble peaks might be individuated near 300 tim panel (b), but the s/n
ratio is too bad to give safe considerations. In any casealiffezence with respect
to panels (c) and (d) is evident.

A second source of information is the change in the Raman rgpastthe
etching proceeds. Obviously, only the spectra taken wi® d®H and 532 nm
excitation light wavelength will be considered. In gengaglcan be expected, the



4.5 Raman experiments on inhomogeneous samples 76

intensity of the island Raman signal decreases as the etphmegeds. However,
the decay of the signal seems to be faster with the excitati®32 nm than with
the 458 nm. Moreover, it is not proportional to the decredsbevolume of the
islands: this could be due to a variation of the compositimide the island.

From the direct observation of the position of the peaksyvanage alloy com-
position about 0.4 is obtained. The inspection of the Raméaiezicy curves
reported in section 4.4 gives an immediate qualitative angtion of the major
features in the signal intensities. Actually,»atz 0.4, the maximum efficiency
corresponds exactly to the 458 nm excitation; then, the 582atiows, but with
almost one order of magnitude of difference. The 633 nm atioit wavelength
gives a Raman efficiency even lower, and not so different frane |i; finally, at
364 nm, the efficiency in pure Siis much higher thar at0.4, for two orders of
magnitude: this suggests that the signal from the Si substrii be much more
intense with respect to the islands one.

More quantitative considerations, in which all the facl@t®d in section 4.3.1
are taken into account, can be given by the simulation of thedRaspectra, con-
sidering the data presented in the previous sections. &6 shows the com-
parison between the experimental and the simulated spefdine structures: the
simulation is carried out with the method which will be expkd in detail in sec-
tion 5.2. In order to have a realistic simulation of the samfiie size and surface
density of the islands were taken into account: they werainbtl from the AFM
images of the sample. About the internal composition praifiléhe islands, we
make an anticipated use of the results which will be presentdetail in sections
5.4.1 and 5.4.2. The spectra are simulated both for theeeatid the etched is-
lands: this can be numerically achieved just by removingttipenost layers in
the simulated structure. The agreement between the expetahand the simu-
lated data is quite good: the absence of detectable sigmaltie islands at 633
and 364 nm is explained, and the difference between thelsighd58 and 532
nm wavelength is well reproduced. This gives a confirmatibthe validity of
our data: a further discussion on the internal compositiafilp and the etching
process will be given in section 5.4.2.
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Figure 4.16: Experimental (left) and simulated (right) Rarspectra of self as-
sembled SiGe islands, with diameter, height and surfacgityegiven by the AFM
measurements of the sample. The internal composition eraffithe islands ob-
tained in chapter 5 has been used. All the spectra are naedah order to allow

a direct comparison. The noise in the calculated spectrevés dpy the fact that
experimental spectra of Si_xGe, are weighted and summed in the spectral simu-
lation (see section 5.2).
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Figure 4.17: Optical image of the sample of SiGe islands growa pit patterned
Si substrate.

4.5.2 Strain induced by SiGe islands grown on patterned sub-
strates

Another interesting case is a sample of orderad, &g islands grown on a pat-
terned Si substrate. Squared patterns of pits (figure 4.2 fabricated by elec-
tron beam lithography (EBL) followed by wet etching on a (O@&L)substrate
[150]. The distance between the pits was 800 nm. The pits sramothed with
the growth of 22 nm of pure Si; then, 12 MLs of pure Ge were dipddy MBE
at 700 °C. On the basis of the growth parameters, thg&ig, alloy on the islands
is expected to be about 0.4 in composition.

In this case, several 2D Raman mappings of the sample wer@med, with
excitation at two different wavelengths, namely 458 nm a&dl 8m. The use of
these wavelengths allows probing selectively differemtgpaf the sample, which
we can individuate on the basis of the knowledge of the Rantésiesfcy. The
first excitation (458 nm), as it was confirmed by the resultthefprevious sec-
tion, is able to enhance the signal coming from the islaridss providing useful
structural information. The second excitation (364 nmpig&o probe a very thin
layer of the Si substrate, while suppressing the signal egrinom the islands: ac-

tually, the Si_xGe islands are out of resonance and they do not contribute to the

Raman signal. Therefore, from these measurements, it waihf$so measure
the compressive strain in the Si substrate induced by tteepoe of the islands in
the pits. The short penetration of the UV light in siliconyides a high sensitivity
to the strain in the surface layers.

The Raman maps measured with the 458 nm excitation light wagét are
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Figure 4.18: Raman maps of SiGe islands grown on a pit pattesnbstrate,
illuminated with 458 nm excitation light. Panel (a): intég®f the Si bulk Raman
peak; panel (b): AFM image of a region of the sample with theesdimensions
of the Raman maps. Panels (c), (d) and (e), (f): intensity aeguency of the
Ge-Ge (Si-Ge) Raman peaks related to the islands.
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Figure 4.19: Raman maps of SiGe islands grown on a pit pattesnbstrate,
illuminated with 364 nm excitation light. Only the signalmimg from the Si
substrate is visible in this case, due to the resonance womsli In particular,
a very thin (10 nm) layer of the Si substrate contributes éoRaman emission.
Corresponding modulations of the intensity and frequenapefbulk Si Raman
mode are clearly visible. The frequency of the Raman peak Wisred by a fit-
ting procedure which allows detecting very small variasiofthe peak frequency
(down to 0.02 cm?).

displayed in figure 4.18. The scanning step was 200 nm. Thelsamas rotated
and analyzed in HV polarization configuration in order to m&ss the contri-
bution from the 2TA Raman mode of the Si substrate [151]. InrGgu18 the
Raman maps obtained from the plot of the intensity and thdipnsif the main
Raman peaks found in the spectra are compared to the AFM infdlge sample,
in panel (b). Minima in the signal from the Si substrate cgpend to maxima
in the signal from the islands, due to the optical absorpiticihe islands. Figure
4.18 demonstrate the possibility of spatially resolving idslands on the substrate
surface, and this gives the opportunity of studying sepéraach single dot by
Raman spectroscopy. From the frequency of the island Rama&s,pe@ompo-
sition value about 0.36- 0.03 is obtained, and a strain value compatible with 0
within the experimental uncertainty.

Figure 4.19 shows the Raman map of the sample illuminated Wfttexci-
tation light: the probed area is close to the border of théepa¢d zone. In this
case no signal from the islands was detected, and theirrpress revealed by
the minima in the Raman signal from the Si substrate (pangl (a)panel (b),
a map obtained by plotting the position of the Si bulk Ramarkpgahown: a
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Figure 4.20: Raman line scan of the sample, along the [108ttiim, entering

the patterned zone. The Raman peak of the bulk Si shifts toligieer Raman

shift values, which is indicative of the presence of comgikesstrain around the
islands. The bar named (a) gives the distance between #resgiven by the

pattern lattice parameter along the [100] direction; tltkaned blue points are the
experimental data about the Raman shift and the intensityedbt bulk peak. The
lines (b) and (c) are interpolations of the experimentahdat

modulation of the Si Raman peak frequency exists, with maxirdisplacements
placed in correspondence to the positions of the islands.sitall differences in
the peak frequency (in the order of 0.05 cthhwere detected by fitting the Si-Si
peak with a Voigt function. The shift of the Si bulk peak in th&tterned area is
toward higher values of the Raman shift, corresponding topressive strain.

A more guantitative information is given in figure 4.20, wihidisplays a line
scan performed on the same sample with 364 nm excitation, ligken along
the [100] direction: the line started from the unpatternegion and ended in
the area occupied by the islands. The frequency of the Siedk outside the
patterned area corresponds to null strain. An average @ssipe strain around
0.05% is present in the pattern, with the tendency to ineregsve move inside.
As usual, the strain is considered symmetric and biaxidiéngrowth plane. The
corresponding stressy + 0y is in the order of 180 MPa. The islands give an ad-
ditional contribution to the strain in their immediate ngigrhood about 0.007%,
corresponding to a stress about 25 MPa.
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4.5.3 Strain in the Si cap layer

The Raman resonance in Si at 3.40 eV, together with the shoetaion depth
(=~ 10 nm) allows also characterizing the strain of a thin Si @@t deposited
on top of self assembled SiGeg; islands. A sample of randomly nucleated
Sip_xGe, islands grown by MBE deposition of 6.7 MLs Ge at 620 °C on a flat
Si(001) substrate was capped by 5, 10, and 20 nm of pure Scagmevas also
grown by MBE, at low temperature (300 °C) in order to prevergrimixing. The
islands are domes with base diameter about 90 nm, and hdight 20 nm; 10
structures are probed simultaneously for a laser spot danrethe range of 1
pm.

The Raman spectrum of the sample (panel (a) in figure 4.21)srdded as
usual by a strong Si bulk peak coming from the relaxed regodrike Si cap: in
particular, these regions correspond to the free area®diuhstrate between the
islands. Differently from the patterned sample analyzetheprevious section
(4.5.2), here the islands are small and distanced enoughote eelaxing the
strain in the substrate regions around them. In additiohedulk peak, a minor
structure is observed at substantially lower Raman shi# {Be inset in figure
4.21 for details): this minor band progressively moves tolwthe Raman peak
of Si as the cap thickness increases. According to the resenzonditions and
the cap thickness, it is clear that this band at lower Ramdhczmnot be related
to the Si_xGe alloy of the islands: a confirmation to this consideratiomes
also from the spectrum of the uncapped sample (labelled asi@ figure 4.21):
no differences with respect to the bulk Si signal are detk@s it was expected.
Therefore, it is evident that the Sk Ge alloy in the island is not responsible for
the existence of the small band in the spectra of the cappegisa.

Therefore, the only explanation for the presence of thersgany Raman band
relies in the presence of highly stressed areas in the Siicgaurticular, the strain
seems to be tensile, which is consistent with the predictietteof the buried
Sii_xGe island. In order to better put in evidence the signal fromdhap, the
spectrum of a bulk Si sample was subtracted: the resultsea$lectral subtrac-
tion are plotted in panel (b) of figure 4.21. As the thicknegseases, progressive
elastic relaxation in the Si cap shifts the Raman signal tdsvéine Si bulk Ra-
man frequency. In the subtracted spectra, some subtraatidects appear in the
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Figure 4.21: Panel (a): Raman spectra of self assembleg&a, islands capped
with a thin Si cap, with different thickness. The 0 nm labders to uncapped
islands. A Raman band (details in the inset) is observed arli&aman shift with
respect to the Si bulk, coming from tensily strained areafiéncap. Panel (b):
the Si bulk spectrum was subtracted from the spectra in gahetvidencing the
Raman signal of the cap. High strain is obtained in the 5 nm |gi The orange
lines show the results of the Finite Element Model simulatéthe strain in the
cap (see the text).

vicinity of 520.7 cnt: they are generated by very small differences in the in-
tense signal from the Si bulk. Though very small compareti¢dritensity of the
Si bulk, they result comparable to the intensity of the s&diSi areas on top of
the islands. Therefore, the spectral structures in theycof the original posi-
tion of the Si bulk peak should be not considered meaningfuparticular, the
spectral region of the artifacts was estimated to be in thge®20.7+ 5.0 cn L.
Outside this range, the observed spectral structures caafbly considered as
real. For the 5 nm cap thickness, the Raman band is locatedatr60': if the
calibration given in section 3.5 is used (planar and unifetrain approximation),
this shift corresponds to a really high strain value aboQL®. However, this
approximation can be rigorously applied only on the (00p)fexet, which con-
tributes to the total area only for a small fraction. In a maa&listic picture, also
the other facets contribute to the spectrum with their Ranpactsa: a complex
strain distribution is found on these facets, and also aghanthe Raman selec-
tion rules is expected due to the different facet inclimatié\ctually, due to the
facet orientation, the eigenvectors of the matrix représgrihe secular equation
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Figure 4.22: Panel (a): FEM simulation of the strain in the& for several val-
ues of the thickness. The black line evidences the regioheofdp layer probed

by UV Raman, while the island is not shown for clarity. The casifon inho-
mogeneity in the island was neglected, setting the alloypmsition to an average
value X3y = 0.6. Panel (b): top view map of the average strain in the 5 nm Si
cap: the four independent components of the strain areeglofthe lower edge

is parallel to [100]; the island facets (dome shape) are @ported. Panel (c):
plot of (e + &y)/2 as a function of the depth in the Si cap. The shaded region
evidences the probed portion of the sample. From [76].

(see expression 4.10) will change: consequently, the Raemsots will be mod-
ified according to equation 4.17. Differently from the caga @at (001) strained
plane, not only one phonon is detectable, but also the otfeecan contribute to
the Raman spectrum.

In order to better understand the role played by the compiepes of the is-
lands in the Raman measurements, Finite Element Model (FEM)Iations of
the strain in the Si cap (figure 4.22) and of the expected Ramp@ctrsim asso-
ciated to the simulated strain field (orange lines in figuZl4panel (b)) were
performed. The details can be found in [76]. Panel (a) in g2 shows the
strain (expressed &g, + &yy) in cross view for several values of the cap thickness.
The black line at the cap surface diplays the thin region efShlayer probed by
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UV Raman. Panel (b) reports the four nonzero components dfttha in the 5
nm thick cap layer, averaged with respect to the thicknesspéotted in top view
together with the island facets. Panel (c) shows again th@tdy & + &y as a
function of the depth in the cap layer. The strain in the firsin® of the cap is
progressively released as the cap thickness increasew) dlastic relaxation.

The secular equation 4.10 was then solved considering tloalated strain
field. In order to partially simplify the problem, the straims averaged on each
facet and considered biaxial in the plane of the facet. Tlealaeequation was
solved, the Raman tensors were obtained for each facet, arRittman selection
rules were applied. In particular, the three phonon eigetove are still perpen-
dicular one to each other: two phonon eigenvectors are @éegenand lie in the
facet plane (they will be referred to 8 andP,). The third phononP , is per-
pendicular to the facet plane. The two degenerate eigesngecan be choosen
arbitrarily in the facet plane. It is convenient to take oh&ags perpendicular
to the [001] direction. Actually, in a Raman experiment perfed in the usual
z(—,—)z configuration, this phonon is always silent (we remind thathis con-
figuration the selection rules make visible only the phonehigh have a nonzero
component along = [001]), and only the other two phonons have to be consid-
ered. The Raman spectrum of the strained cap was finally siedulzy adding
several Lorentzian peaks shifted by the amount obtained the eigenvalues of
secular equation and weighted by considering the selectil@s. In particular,
the intensity related to the out of plane phoridnis maximum at the top facet,
and progressively decreases on the steeper facets, emlyistith the decrease
in its z-component. For the in plane visible phon®y, (for example) the intensity
is higher on the steeper facets, while it is zero at the toge ddiculated Raman
spectrum, rescaled in intensity in order to be comparaltleg@xperimental data,
is plotted as an orange line in panel (b) of figure 4.21.

The agreement between theory and experiment is good, aefipdor the 5
nm thick cap. Two splitted bands are predicted by the calicuiabut only one
can be experimentally observed: this is due to the fact tiebther band falls
within the region of the spectral artifacts (or, equivalgnt is superimposed to
the much more intense Si bulk signal). The observable baotk shifted toward
low Raman shift, is also relatively more intense: it turns toube related to the
P, phonon, i.e. the phonon whose intensity is maximum on thdaogt of the
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island. The second band, on the other hand, is linked tdPthphonon. The
shift of theP; band with the increasing cap thickness is nicely reproduttecs
validating the FEM simulations of the strain in the cap andficoing the elastic
relaxation mechanism of the strain.

As a result, it is found that a more accurate relationshigvbeh the average
strain in the facets and the shift of the Raman band can benglotaly considering
a modified strain coefficieriyang = 1300 cni! rather than the usual valle=
750 cnt! reported in section 3.5. In any case, in the cap with 5 nm tidek
the average strain in the cap is still substantial, beingitab@®1. These results,
obtained in the framework of the dotFET project [65] gavedbefirmation of the
possibility of fabricating highly stressed Si films on top&if_yGe, islands for
the fabrication of high mobility MOSFETSs.



Chapter 5

Raman analysis of inhomogeneous
samples

In this chapter, a novel methodology will be presented ferdhalysis of inho-
mogeneous %ixGeg nanostructures, with two aims: the first consists in individ
uating which values of the alloy composition are presenhegample, and how
much they contribute to the Raman spectrum; the second temsiBnding the
composition profile inside the nanostructures. In the negtisns, the numerical
procedure will be outlined. Then, it will be applied to a badited inhomoge-
neous sample, namely a stack of SiGe, layers with different composition and
well controlled thickness, in order to check the reliapibf the method. Finally,
the numerical method will be used in order to study the Jbe, islands pre-
sented in the previous chapter. Remarks about the limitma the domain of
applicability of the method will be given in the end.

5.1 Spectrum analysis

The starting point is given by the observation that the Ranpactsum of an in-
homogeneous SixGe, structure can be imagined as the superposition of spectra
originating from several regions of the sample, each oneacierized by a differ-
ent value of the alloy composition. In most cases the diffespectra constituting
the total Raman spectrum cannot be resolved individuallypairticular when a
smooth variation of the alloy composition is present in tiodumne probed by

87
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Raman spectroscopy: in this case, a broadening of the Ramks igezbserved,
more or less extended depending on the variation of the cemmoin the probed
volume of the sample. However, if the shape of the spectesaa@lto all the dif-
ferent values of the composition were knowarpriori, it could be possible to
find a weighted sum of spectra which is able to approximatetiperimental re-
sult. This would give information about which values of thleya.composition are
present in the probed volume, and how much they contributieetgepectrum.

A wide set of Raman spectra, each one related to a differen¢ \adlthe alloy
composition, is provided directly by the same experimentied out for the mea-
surement of the $i,Ge, Raman efficiency. Our basic assumption, then, is that
any experimental Raman spectrdniw) of an inhomogeneous SixGe, sample
can be written as linear combination of these spectra. Itiqodar, we choose
21 spectrag(w), x=0,0.05,0.1,...,1, and we normalize them in arbitrary units
according to the relation:

/Rrp(w)dw =1 (5.1)

whereR is a spectral range including all the Raman peaks. We alsadech
normalized flat spectrung, = 1/R in order to take account of offsets in the ex-
perimental spectra. Then, we write:

x=1

D(w) ~ Zoax@((w) + a0t (5.2)

X=

where theay anda, are real and positive coefficients. We also define an integral
inner product between any two specfrandy defined orR:

Elwr = [ E@w(@)do (5.9

whereR C R. Then, we take the inner product of both the terms in equdti@n
with all the g and @, functions (indexed by a single indé&or |):

(@|P)g ~ Zak«n @R (5.4)

obtaining an equation with the form:

b ~ Skak (5.5)
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in whichby = (@|®)r, and the matrix§y is given by(@|@) . In practice, these
terms can be calculated easily by applying equation 5.3d¢@xiperimental spec-
tra. In equation 5.3, the integration domain can be resttith a rang&’ in order
to analyze a particular region of the spectrum. The bestoxupation of ® as
a sum of the functiong is found by looking for the set of coefficienég which
minimize the euclidean distance between the vedipesdSyay, under the con-
straintay > OVk. This step can be achieved by using the solving algorithmthé
solution of the so-called “Non Negative Least Squares pobB{NNLS) [152]: an
implementation is available in MatLab.

The quality of the result of the spectral decomposition carchecked di-
rectly by comparing the original spectrud(w) with the reconstructed spectrum
Y gk (w).

The procedure outlined in this section is able to transla&ex@erimental spec-
trum into a set of 21 (plus the offset) coefficients, each @hated to a different
value of the alloy composition. This is already a source @fuisinformation:
actually, from the intensity of each component, it is poesib have a first picture
about the extension of the composition inhomogeneity sngeé probed volume,
an information which is not straightforwardly accessiblelboking directly to
the total spectrum. The typical results of the applicatibths numerical tool to
several experimental spectra of SiGe; hetero and nanostructures will be shown
in the next sections. From the normalization condition afagpn 5.1, it follows
that the intensity of the experimental spectrum, integratethe spectral rande
is given by:

x=1
| :/Rdb(w)dwz > actao (5.6)

5.2 Composition profiling

Our aim is now to use the information of equation 5.6 to retroigs a profile

of the composition in the nanostructure investigated. We tato consideration
again equation 4.23, and write the intensity of the Ramaresgjmen by a homo-
geneous sample with thickneBs
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(1_ e—2D/L>

5 L-T? (5.7)

l=n-lp- |S
whereSandL are the Raman efficiency and the penetration depth of the light
in the material, respectiveliy is the intensity of the light impinging on the sam-
ple, andn is the efficiency of the collecting optical system.
In the following, we are going to develop a method which apgpnates the
nanostructures as they were formed by layers with homogemsamposition; we
will show later that this approximation can be successfapiplied, for example,
to Sik_xGe islands. An inhomogeneous;SjGe; structure can therefore be con-
sidered as a stack oflayers with different alloy compositioxy and thicknes®j.
We choose to count the indgxstarting from the topmost layers. The intensity of
the Raman spectrum will be given by the sum of the intensitiesoh layer:

=11+l +...+1p (5.8)

For the j-th layer, the formula given in 5.7 must be corrected for tliera
uation of the light given by the layers above. This is achiesanply by the
substitution of the quantityy with the attenuated intensityo given by:

ji—1
lo=1lo- 5 e 2w/l (5.9)
k=1

where theDy and thel are the thickness and the penetration depth of the light

in the firstj — 1 topmost layers. In general, also the reflections at thefates
between the layers should be considered; however, for tyazewt S| Ge, lay-

ers, the trasmission coefficient is very close to 1 for anypé®of values of the
alloy composition in the optical-UV range (for a Si/Ge iritéee, T > 0.95 for

any wavelenght between 633 and 364 nm, as can be calculatadte values of
the optical functions [146]): therefore, the contributiminthe internal reflections
can be discarded. The total intensity of the Raman spectrgmes by a sum of
terms of the form:

(1—exp(—2Dj/L}))
2

ji—1
lj=n-1oT?- 5 e W/t L (5.10)
k=1



5.2 Composition profiling 91

whereT refers to the trasmissivity of the air-sample interfacee Térms in
the sum can be grouped according to the value of the layerpasition. The
compositional range can be divided in intervals, for examwpith steps equal to
0.05:

I = Z ily—ot Z Mx=0.05F -+ Z (=1 =

= lx=0+Ix=0.05+ .. +Ix=1 (5.11)

The expression above can be easily calculated once thatathesvof alloy
composition and thickness are assigned to each layer: thusads to speci-
fying the composition profile in the stack. Moreover, the Ramnspectrum of
the stack can be simulated by summing the normalized Ramatragg(w) of
Sip_xGe introduced in section 5.1, each one weighted for the resjgecbef-
ficiently. In the calculation of the coefficientg, the values of the Raman cross
sectionSobtained with the approximated data elaboration (seemedt#.2) must
be used: actually, we remind that the approximated proeedilies on the same
normalization condition on the Raman spectra qf 356, which is used in the
decomposition of the experimental spectrum (see sectidhs 4nd 5.1). The
simulation of the spectrum can give useful hints, for exanpt choosing the
parameters of a Raman experiment, or in the discussion oéHudts.

However, our ultimate aim is to go the inverse path, and alitse composi-
tion profile from the experimental Raman spectrum of the samphe problem
can be solved by finding a composition profilg,D;) for which the calculated
coefficientsly are equal to the coefficientg given by the spectral analysis de-
scribed in section 5.1. Actually, expression 5.2 can be @etpdirectly to equa-
tion 5.6, withlk <> ax. The offset terna, can be discarded since it represents only
a rigid vertical traslation of the spectrum, which does rwnge its shape. It is
convenient to get independent from the experimental paexsig andn (see ex-
pression 5.10), which are simply overall multiplicativenstants, by considering
the normalized quantities:

"
_ & 5.12
218 (5.12)
= (5.13)



5.2 Composition profiling 92

If a composition profile of the stack is able to giMe= &, Vx, it means that the
simulated spectrum of the stack reproduces closely theeshigihe experimental
spectrum.

However, the formulation of the problem is still too genewdtually, the so-
lution cannot be univocally determined just by the conditip= &, Vx, due to the
fact that the same values of thecan be obtained from many different composi-
tion profiles. Some hypotheses on the structure of the saampleequired. For
example, for Si_xGe, islands grown by MBE deposition of pure Ge on Si, it will
be reasonable to expect a monotonic variation of the cortipp$rom Ge-rich to
Si-rich values starting from the top of the islands; for $Ge; quantum wells,
the layers will have a periodical structure, alternatindlsvend barriers with the
same respective thickness. These hypotheses, which casibeieferred on the
basis of the growth process, fix the arrangement of the layighsdifferent com-
position inside the sample. The values of the compositicth@layers are given
directly by the results of the spectral analysis; the onbefparameters are the
thickness values of the layers, which complete the desonigif the compaosition
profile inside the sample.

From a practical point of view, since equations 5.2 and 5&akthot be simply
inverted, an iterative approach is required. A starting position profile(x;, Dj)
is guessed, and the coefficiemjsare calculated. The euclidean distance between
the vectors with coefficienty anda; is computed; then the thickness vall2s
are iteratively varied in order to minimize the distancewssinl, anda). An
additional constraint is required in the optimization: ten of the thickness
values must be equal to the thickness of the probed volumbkersample. If
the excitation light completely crosses all the nanostngtthe total thickness is
given simply by the total thickness of the structure, whiah be obtained from a
fast structural characterization, for instance by Atonocde Microscopy (AFM).
This is equivalent to require that for each layer the follegvcondition is fulfilled:

D; <L (5.14)

which express the obvious fact that a layer must be complptebed if we want
to measure it. In order to carry out the numerical optimaatian Interior Point
Algorithm (implemented in MatLab) was used.
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Si substrate

Figure 5.1: SEM image of the calibrated stack of SiGe laysesidor the valida-
tion of the method for the extraction of the composition peafi SiGe nanostruc-
tures. The values of the composition and thickness of egeh &re displayed.

5.3 Validation of the method

The methodology was tested with the aid of a calibration dampe. a stack
of four Si_xGe, layers with well controlled alloy composition and thickees
The layers were grown by LEPECVD with nominal alloy compasitk equal to
0.2,0.4,0.6 and 08 (counted from the top of the sample). The thickness of each
layer was directly measured by Scanning Electron Microgdnplooking at the
sample in cross view: the values of thickness were equal 19 82, 53 and 79
nm respectively. Figure 5.1 shows the SEM image of the santipéedifference
in the alloy composition is the source of the constrast, Winscstrong enough to
allow individuating the interfaces between the layers.

The alloy composition and the strain in the layers were ceéakdependently
by XRD measurements. The measured values of the compositoa 9184,
0.406, 0.619 and 0.802, in agreement with the nominal vakigsn 0.02; re-
spectively, the values of the strain (in-plane) were equél.84%, 0.10%, 0.13%
and -0.12%. From the values of the strain, it can be statedthstic relaxation
has occurred almost completely in all the SiGe, layers. The value of the strain
in the first layer (x = 0.184) is confirmed by the Raman shift eadfithe respec-
tive Si-Si peak (505.8 cmt): for a composition equal to 0.184, a strain equal to
0.35%-+ 0.20 % is obtained.

The Raman spectrum of the layers stack was taken with 532 nitagcc
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Figure 5.2: Panel (a): experimental (black) and reconsttli(red) spectrum of
the layers stack. Panel (b): plot of the spectral contrdmgifor each value of
the alloy compositiorx. The compositional range is divided in intervals with
Ax = 0.05.

light, in [001]([100, —)[001] configuration. As usual, the power of the laser was
kept low (0.1 mW in this case) in order to avoid the heatinghaf sample. Fig-
ure 5.2 reports in panel (a) the experimental spectrum Kblaicthe stack. Four
distinct peaks are detected: the two resolved peaks loeateshd 500 cm? are
mostly given by the Si-Si Raman modes of the two layers with0.2 andx = 0.4.
They can be individuated distinctly because of the abrupatian of the alloy
composition in the stack, together with the strong depecelef the Si-Si mode
frequency with respect tw (see equations 3.6). Apart from these two contribu-
tions, all the others overlap completely and cannot berdjsished. Panel (b)
in figure 5.2 displays the spectral contributions obtairfredugh the application
of the numerical algorithm described in section 5.1: ctations in the ranges
[0.2-0.25], [0.4-0.45], [0.55-0.65], [0.75-0.95] are eeted. The reconstructed
spectrum, i.e. the quantityax¢(w) is plotted in red in panel (a) of figure 5.2: as
can be seen, the experimental spectrum is well reprodunsasakeverywhere, ex-
cept in the range close to 500 cin which the two resolved peaks are followed
less closely. The origin of this discrepancy is due to thesg@mee of the residual
strain in the first layer, as will be explained later in seett5. At this point, we
keep this in mind, and continue with the application of trgoathm.

In the sample, the first three layers respect the conditisangin equation
5.14, while the fourth does not. As a consequence, the nuaiion described
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in section 5.2 for the determination of the composition peafn the stack was
applied to the first three layers: only the spectral contidouwith x < 0.65 were
considered in the numerical algorithm, and the constrainthe total thickness
was consistently limited to the sum of the first three lay2B83(nm), as given by
the SEM measurements.

All the results are summarized in figure 5.3, which reports gpectra (ex-
perimental and reconstructed), the spectral contribat{anwhich the discarded
contribution abovex = 0.7 have been plotted in grey) and the composition profile
obtained through the application of the numerical tool (mreelin panel (c)), com-
pared to the data extracted from the SEM image (shown in tet)inThe good
correspondence between the two profiles shows the powesditid of analysis:
the information about the composition profile, buried in &x@erimental Raman
spectrum, has been explicited. This same information wascaessible by the
direct inspection of the spectrum, for instance by lookirgatly at the position
of the peaks.

5.4 Application to SiGe islands

5.4.1 Measurements at 532 nm

The analysis method, validated through the applicatioméocialibrated sample,
was applied to the Raman spectrum of the unetched islandslzkxsm section
4.5.1, taken with 532 nm excitation wavelength. Assuming@position value
of the alloy in the islands close to 0.4 (as estimated fronptek positions), it is
immediate to see that the structures are completely crdsstte excitation light
(Digands =~ 34 nm;Ls32(0.4) ~ 300 nm, see figure 4.7). The results of the analysis
are displayed in figure 5.4: we refer to this figure in the feileg. The spectrum
of the bulk Si substrate was subtracted from the spectrurheo$ample in order
to evidence the signal coming from the islands (panel (a))e d@econvolution
procedure was then applied to the subtracted spectrum argp#ctral contribu-
tions were extracted: they are plotted in panel (b). Thensttacted spectrum is
plotted as a green line in panel (a): it reproduces closeeiperimental data, so
the deconvolution is expected to give a good representafithre composition in-
homogeneity inside the islands. Spectral contributiorthéncompositional range
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Figure 5.3: Summary of the results of the application of thectrum analysis
algorithm. Panel (a)-(b): as in figure 5.2. The spectral woution of the fourth
layer are discarded from the calculation of the compositiwiile (see text) and
are plotted in grey. Panel (c): composition profiles of thgeta stack, as given
by SEM (black line) and by the Raman analysis (red line). ThMS$mBage is
reported in the inset, with a scale bar equal to 100 nm)

[0.25-0.5] are detected, with two major contributionx at 0.45 andx = 0.35.

For the composition profiling routine, an approximated espntation of the
islands was given, again by modelling the islands as stafcleyers with differ-
ent composition. The validity of this approximation will bemonstrated by the
results. On the basis of the growth process (MBE depositiguad Ge on Si, fol-
lowed by intermixing with the atoms of the substrate), theateon of the compo-
sition inside the islands was supposed to be monotonictd,the Ge-richer layers
at the top of the structure. AFM measurements (reportedamnbet in panel (c))
provided the constraint on the total thickness of the isdaffilig angs =~ 34 nm).
The resulting composition profile inside the islands isteldtwith the green solid
line in panel (c). Two other composition profiles, obtainathwwo independent
techniques (AFM tomography and X-Ray diffraction), are f@dtas well: the
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Figure 5.4. Summary of the results given by the analysis efRaman spectra
of SiGe islands measured with 532 nm excitation light. Péaelexperimental

(black) and reconstructed spectra (green). Panel (b)trsppeontributions. Panel
(c): composition profile inside the islands, as given by thenRaanalysis (green
solid line), AFM tomography (red points) and XRay diffractigblue points),

from [153]. In the inset of panel (c), AFM profile of one island

data, related to islands grown with similar parameters dratacterized by the
same shape and size (barns), were taken from the work of Ras@l (see fig-

ure 3(d) in [153]). The agreement between the profiles i$yfginod throughout
the entire island, despite the approximation on their imakstructure.

5.4.2 Measurements at 458 nm

The analysis routine was applied also to the subtractedrsppeof the unetched
islands observed under 458 nm excitation light. The petietrdepth of the light
at 458 nm in a Si_xGe, alloy with compositionx =~ 0.4 is about 40 nm, which
is very close to the total height of the islands: we still adas condition 5.14
to be fulfilled and apply the same procedure as before, wihsime constraint
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Figure 5.5: Summary of the results given by the analysis efRaman spectra
of SiGe islands measured with 458 nm excitation light. Péaelexperimental

(black) and reconstructed spectra (blue). Panel (b); sgdexintributions. Panel
(c): composition profile inside the islands, as given by thenRa analysis (blue
solid line), AFM tomography (red data) and XRay diffractidiiack data), from

[153]. In the inset of panel (c), AFM profile of one island.

on the total thickness of the island as given by the AFM prsfil@he results
are summarized in figure 5.5, with the same scheme givendaefarpanel (c)
of figure 5.5 the composition profile is again compared to &selits of the AFM
tomography and X-Ray diffraction already reported in figuee Blso in this case
a satisfactory agreement is found.

Finally, in figure 5.6 the obtained Raman profiles are comptodde values
of composition extracted from the conventional Raman measents taken on
the progressively etched islands (section 4.5.1) with 58 manel (a)) and 458
nm excitation light (panel (b)). It can be seen that the cotivgeal Raman mea-
surements give, for each etching stepupper value of the composition present
in the islands. The power of the analysis routine, with respethe single mea-
surements, lies actually in the capability of analyzing owy the position of the
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Figure 5.6: Comparison between the composition profilesd$ioles) obtained
by Raman and the single Raman measurements taken on the alieimeldi Panel
(a): 532 nm excitation wavelength; panel (b): 458 nm exaitatvavelength.

peaks, but also their linewidth.

These composition profiles are those used for the simulafitime total spec-
trum of the islands, which were plotted and compared to tipeemental data in
figure 4.16. The lateral size and the density of the nandsires on the surface of
the substrate were extracted from AFM images of the santpdsgttwo parame-
ters are necessary to calculate the relative intensityeo$itnal coming from the
islands with respect to the Si bulk substrate. Coming baclgtodi4.16, it can be
seen that the experimental behaviour of the islands sigiahsity with respect
to the excitation light energy is accurately reproducedhsy gimulations. The
simulated decay rate of the island Raman signal with the mg¢loin the contrary,
is not well described: it results slower than the experirakene. This means that
the composition inhomogeneity inside the islands (whictl$eto a change in the
resonance conditions) is not able to explain the origin efdifferent decay of the
island Raman intensity with respect to the island volume.

5.5 Limitations to the method

We now discuss briefly the limits of the numerical method ioed in the pre-
vious sections. A first condition on the applicability of theocedure was given
by the relation between the total thickness of the probedstanmcture and the
penetration depth of the light (see equation 5.14 in sedi@y. However, the
major limitations are intrinsic to the method and lie in thetfthat, in the spectral
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analysis routine (5.1) the variation in the Raman peak mostcan be interpreted
only in terms of changes in the alloy composition. Actualhe Si_«Ge, Raman
spectra taken as reference in the spectral analysis atedeétadifferent values of
the alloy composition, in a relaxed material. Any factoradfprom the alloy com-
position, which is also able to move or broaden the Raman peifltse translated
by the spectral analysis into a compositional inhomoggneit

The principal sources of errors in the interpretation of Ranan spectra can
be individuated in strain or phonon confinement. The stramghift the frequen-
cies of the Si_xGg, Raman peaks, as it was explained in sections 3.5 and 4.1.1.
Phonon confinement, on the other hand, leads mostly to thedbring of the
peaks. This effect occurs in nanostructures with size coampa to the wave-
length of the phonons in the material (typically below 5 nmijie to the change
in the boundary conditions, the selection rules are relaedg the direction of
the confinement. This allows the scattering of the photonsibgations which
are usually excluded from the photon-phonon interactighénnfinite crystalline
solid due to the momentum conservation (equation 4.6): amaegjuence, the
Raman peaks become broadened toward lower Raman shift (leetbeusptical
phonon branches are bent downward). A description of theg#an the Ra-
man peak lineshape induced by phonon confinement can be fiofib84]. As a
consequence, we expect that our spectral analysis routlheatbe reliable in
presence of very small nanostructures in which phonon cemfamt occurs: we
can also say that for nanostructures with size larger thab510m the effects of
phonon confinement should not affect the results.

Strain represents the main issue: it is often presentin&ig, nanostructures
due to the dependence of the alloy lattice parameter on line @mposition; in
general, it can be expected to be present for all the,&e, structures whose
size is below the critical thickness for plastic relaxatidhen, it is worthwhile to
better understand how and how much the presence of straiafiean the results
of the spectral analysis. In order to investigate this pougtmeasured the Raman
spectra of three Gy 4 epilayers, grown pseudomorphically by LEPECVD on
three graded i xGe, buffers. The alloy composition in the graded buffers sthrte
from x = 0 and varied linearly with respect to the thickness up+60.2, 0.4 and
0.6, in order to obtain a different state of strain in the aprs grown on top.
The thickness of the epilayers was obviously kept below tiitecal value for
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Figure 5.7: Effect of the strain on the spectral analysisiggSey 4 alloy. Left
(from the top): spectra of the compressively strained xeelaand tensily strained
alloy. The value of the strain is reported in the panels. Tdtted lines, marking
the position of the Raman peaks in the relaxed alloy, put inidemce the shifts
given by the strain. Panels (a)-(c): composition contrdng detected by the
spectral analysis routine outlined in section 5.1. Spwispectral contributions
appear, mostly for the compressively strained alloy.

plastic relaxation. The strain, measured by X-Ray diffi@ttReciprocal Space
Mapping) was equal to -0.8%, -0.1% and 0.8% in the three pgitarespectively.

After the measurement of the Raman spectra, we applied thetrapanalysis

routine, and obtained the results displayed in figure 5.7.

Figure 5.7 demonstrates the effect of the presence of straithe output of
the spectral analysis routine. In the first case, shown irelp@), compressive
strain shifts all the Raman peaks towards higher Raman shifesaThe routine
reads the shift of the Si-Si peak as the presence of layehsloviter composition
(x =~ 0.3), and the shift of the Ge-Ge peaks in terms of contributiainkigher
composition (note the small contributiont= 0.8). In the second case, panel
(b), in which the strain is very small (-0.1%), the compasitis read correctly
within 0.05: two contributions are seen in the range [0.3§:0In the last case,
panel (c), the Raman peaks move toward lower Raman shift demsde strain.
In this case, the composition contributions are slightlytetl towards Ge-richer
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values [0.4-0.45].

Going back to the analysis of the calibrated layers staalti(se5.3), it can
be noted that the small tensile strain in the first layer (Q.@%s able to introduce
a -2.5 cn! shift of the Si-Si Raman peak: this was read by the analysisn®u
as a spectral contribution located at compositkoa 0.25. For this reason the
reconstructed spectrum did not closely fit the experimeortal



Chapter 6
Conclusions

In the last two decades, attention has raised towargds,Se, heterostructures
and nanostructures, and efforts have been payed in ordederstand and char-
acterize their structural, vibrational, electronic andicgl properties. The main
advantage of 3i xGeg lies in the possibility of tuning its physical properties be
tween those of pure Si and pure Ge by controlling the alloy musttion. The
continuous variation with the composition of several pbgbkguantities (lattice
parameter, electronic transitions, thermal conductiyptyonon frequencies, ab-
sorption coefficient etc.) has been determined in the pamtsyeln particular,
the dependence of the lattice parameter on the compositays ja crucial role
in Si1_xGe heteroepitaxy: actually, the lattice mismatch causesifieeaf strain
fields which represent an important driving force in the gtgwnd determines to-
gether with the alloy composition the electronic, vibraiband optical properties
of the system.

However, a number of other physical quantities are stillda@baracterized as
functions of the alloy composition: the Raman cross secti@i yGe, is one of
these. Strong modulation of the Raman cross section withllinwe @mposition
can be expected due to the composition dependent variatithre &h_xGe; di-
rect electronic transitions: when the excitation lightdiéer the Raman experi-
ment matches the energy of the direct transitions, a resenarthe Raman cross
section is predicted.

In this work, an experiment has been set up with the aim of oreas the
Sip_xGeg Raman cross section across the whole compositional rangeovél n
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and efficient approach has been used in order to collect a lawgnber of data
for many different values of the composition. The Raman csession has been
obtained with a resolution in the alloy composititx~ 0.03, by measuring with
a MicroRaman equipment the Raman spectra of a gradeq &g, buffer along
the growth direction. The measurements have been perfoanstk different
excitation wavelengths, in the visible and UV range. Themnasice data taken
at different excitation wavelengths were normalized to a Ramfficiency ref-
erence (Caf) in order to compare directly the results. A resonant behavof
the Raman cross section was indeed observed: resonancewsaksieasured,
occurring at different values of the alloy composition irpdadence of the used
excitation wavelength. The strongest effects are due toebenance of the ex-
citation light wavelength with th&; /E; + A; direct electronic transitions; also
minor resonances due to thg/Ep + A transitions were detected. The height of
the resonance Raman peaks depends also on the excitatidlemgitie A theoret-
ical framework linking the Raman cross section to the dexigatf the dielectric
function with respect to the frequency was used in ordergoudis the behaviour
of the Raman cross section. Good agreement was found betweatat@ and
the results of a semiempirical calculation based on therexpatal values of the
dielectric function obtained by ellipsometry. The resdnaghaviour of the Ra-
man cross section was also analyzed by considering eachGai, Raman mode
separately.

This work fills the existing gap in the literature between Raman efficiency
of pure Si and pure Ge, and gives a unified picture of the behawf their
Raman cross section. However, beyond the characterizatianfendamental
property of the alloy, the knowledge of the Raman efficiencyssful in under-
standing the features of Raman effect in inhomogeneousSe, samples. In
Sip_xGe systems where a compositional distribution is presentRidm@an cross
section changes from point to point, enhancing the signalilcg from different
parts of the sample depending on the used excitation waytslemhis is particu-
larly true in Si_,Ge nanostructures, where one of the mechanisms for the relax-
ation of the strain is given by inhomogeneous alloying. Clearig the intensity
and shape of the Raman spectra af g6, nanostructures have been reported in
the literature, but the knowledge of the SiGg, Raman cross section enables the
experimenter to have better insight into this phenomenarthis work, several
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Raman experiments of SixGe, islands have been reported and discussed on the
basis of the Raman resonance.

Finally, in this work a numerical tool has been presentedchvis aimed at
extracting quantitative information about the compositiohomogeneity in the
sample from the broadening of the SiGg, Raman modes. The Raman spectrum
of the system is written as a weighted sum qf G, Raman spectra at different
alloy composition: a self consistent routine finds the carabion of spectra which
is able to best match the experimental spectrum. When thetsteuof the sample
is qualitatively known, also a compositional profile can kacted by means of
a second self consistent routine which takes into accoerRdman cross section
of the alloy. The method was validated on a sample with knoampaositional
profile, and applied to $ixGeg, islands: the results are compatible with the data
obtained by independent techniques. The accuracy of tHgsamas limited by
the presence of other factors which can influence the lireshaamely phonon
confinement and strain. However, for strain values below W& estimate the
deviations in our compositional profiles to be within 0.1he tvalues of the alloy
composition.

In conclusion, we demonstrated that it is possible to oltdormation about
the compositional inhomogeneity inside SiGe, nanostructures through Raman
spectroscopy, extending its capabilities beyond the esiim of the average value
of the alloy composition in the structures. The knowledgthefRaman cross sec-
tion allows interpreting the results of a Raman measuren@nishomogeneous
Sip_xGe in deeper detail, and helps finding the optimal excitationditoons for
their characterization.
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