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Abstract

X-ray diffraction techniques were employed here to study several structural and
chemical properties of Ge:Si(001) islands. Grazing incidence diffraction was used to
map the strain status of Ge pyramids and domes. By tuning the x-ray energy near the Ge
K edge — to perform anomalous diffraction measurements — it was possible to determine
the chemical composition of both types of islands. The elastic energy was directly
evaluated and found to be one of the driving forces of morphological evolution in this
system. These results were extended by a new analysis method to a complete three-
dimensional chemical and structural mapping of Ge domes. Finally, the existence of
SiGe ordered alloys was observed inside domes, indicating the important rule played by
surface kinetics on Si interdiffusion.






Resumo

Neste trabalho foram utilizadas técnicas de difracdo de raios-x para estudar
propriedades quimicas e estruturais de ilhas de Ge:Si(001). Através de experimentos de
difracdo por incidéncia rasante foi realizado um mapeamento estrutural da relaxacéo de
strain dentro de piramides e domos de Ge. Alterando-se a energia dos raios-x préximo a
borda K do Ge — em medidas de difracdo andmala — foi possivel determinar a
composi¢do quimica dos dois tipos de ilhas. A energia elastica, obtida correlacionando-
se estes dois resultados, provou ser um dos fatores responsaveis pelas transicoes
morfoldgicas neste sistema. Uma extensdo dos resultados, com 0 uso de um novo
método de analise, permitiu um completo mapeamento tri-dimensional da estrutura e
estequiometria dos domos de Ge. Por ultimo, foi observada a existéncia de uma liga
ordenada de SiGe dentro dos domos, indicando o importante papel da cinética de

crescimento na incorporagédo de Si nas ilhas.






CONTENTS

Abstract
Resumo
INtroduction . .. ... . 1
Chapter 1 — X-ray ScatteringatSurfaces.......................... 2
1.1-Synchrotronradiation............... ... .. ... .. 2
1.2 — Grazing-incidence diffraction .. ... ....................... 6
1.2.1 - Distorted-wave Born approximation . ................ 9
13-FormFactor....... ... 12
1.4 — Atomic scattering factor and anomalous x-ray scattering . . .. .. 15
1.4.1 — Anomalous (resonant) x-ray scattering . ............. 16
1.5-Structurefactor . .......... . 20
1.5.1 - Long-range order parameter S. . ................... 23
Chapter 2 — Self-assembled Ge Islandson Si (001). ................. 26
2.1 — Elastic properties of cubiccrystals . . ..................... 26
2.1 = Strain . ... 26
2.1.2 —ElastiCenergy . ....... .o 28
2.2—-Gedepositionon Si(001) . ... 30
2.3 — In-plane strain distribution . ... ............ ... ... ... .. 34
2.4 — Island strain mapping by angularscans. . ................... 36
2.5 — Evaluation of the Ge/Si concentration . .. .................. 39
2.6 — Strain relaxation and elasticenergy . .. .......... ... .. .... 41
2.7 — Reciprocal space maps and vertical lattice parameter. .. ....... 44
2.8 = DISCUSSION. . .. ot 48



Chapter 3 — 3-Dimensional Composition of Ge Domes.............. 50

3.1—Lateral interdiffusion . ............ .. .. .. .. . . i, 50
3.1.1 — Complete analysis on sample A(CVD). ............. 52

3.1.2 — 3D composition analysis on sample B (MBE). .. ...... 57
3.2—Elasticenergymaps. . ... 60

3.3 = DISCUSSION. . . ottt 63
Chapter 4 — Atomic Ordering in Ge Islandson Si (001) ............ 65
4.1 — Ge/Si atomic ordering inthinfilms . ..................... 65

4.2 — Sample characterization using Raman spectroscopy ......... 70

4.3 — X-ray measurementsinsampleB.............. ... ... ... 71

4.4 — Bragg-Williams order parameter of samples grown at different

temperatures . . . ... 81

4.5 = DISCUSSION . . . v vttt e 85
Chapter5—-Conclusion........... .. .. . i i 86
Chapter 6 — Sintese do trabalho em portugués . .................. 88
6.1 — Introducdo aos métodos experimentais . . ................. 88
6.1.1 — Difracdo por incidénciarasante .. ................. 88

6.1.2 — Espalhamento andomalo (ressonante) de raios-x . . .. .. 89

6.1.3 — Fator de estrutura e parametro de ordemS.......... 91

6.2 — Composicdo e strainem ilhasde Ge:Si. . ................. 93

6.2.1 — Crescimento de ilhas de Ge em Si(001). ............ 93

6.2.2 — Avaliacdo da composicdo meédianas ilhas de Ge:Si ... 96
6.2.3 - Energiaelasticamédia.......................... 98

6.2.4 — Mapa de composic¢édo 3-D paradomos. . ........... 100



6.2.5 — Mapeamento 3-D da energia elastica para domos. . . . 104
6.3 — Ordenamento atbmico .. ........... .. i, 105
6.3.1 — Ordenamento atbmico em filmesde Ge:Si......... 105

6.3.2 — Espectroscopia Raman e ordem de curto alcance. . . . 106

6.3.3 — Analise de ordenamento paraaamostraB.......... 107

6.3.4 — Parametro de ordem S para a série de amostras. . . . . . 112
6.4—-ConClusBeS . . .. .o 113
ReferenCesS . .. ... e 115
List of publications (2002 -2005) .......... ..., 121

Appendix A — Publications which are not related to this thesis. .. ... 122



Introduction

Nanostructured materials have attracted the interest of basic and applied research
during the last two decades. The eletronic response of one-dimensional and zero—
dimensional systems such as self assembled semiconductor islands (quantum dots) and
nanowires, fulerenes, carbon nanotubes and polymers strongly depend on their
morphological, structural and chemical properties.

In this thesis the x-ray diffraction technique is employed to study the most
relevant features of self-assembled Ge:Si(001) islands. Three-dimensional maps were
obtained for the following parameters:

1) strain, that influences semiconductor band alignment and the quantum

efficiency of nanostructures;

2) composition, that changes the confining profile (by changing the energy
bandgap);

3) elastic energy, that may render an island ensemble stable, with a preferred
shape and a fixed size distribution, directly related to the width of spectral
and eletronic response of these materials;

4) atomic order, that can also affect the band alignment.

The knowledge of this set of information is crucial not only for the engineering

of applied devices but also for understanding basic mechanisms that govern self-

assembled island growth.






Chapter 1

X-ray Scattering at Surfaces

1.1 Synchrotron Radiation

Synchrotron facilities have become essential in many fields of science. There are
many advantages in using synchrotron radiation instead of conventional x-ray sources:
energy tunability, polarization, coherence and high brilliance. These properties lead to the
development of x-ray techniques such as scattering, spectroscopy, imaging and time-
resolved studies. A detailed introduction to synchrotron radiation can be found in
[AlsNielsen01] and [MichetteO1].

The measurements shown in this thesis were performed at the Brazilian National
Source LNLS (Laboratoério Nacional de Luz Sincrotron), located in Campinas and at the
ESRF (European Synchrotron Radiation Facility), located in Grenoble (France). All
experiments described in this thesis profit from the tunability of the x-ray photon energy for
anomalous scattering and from the high brilliance of these facilities. Since this work is
based on the analysis of surface reflections and superstructure peaks the use of enhanced
brightness synchrotron sources was imperative. The emission spectra of ESRF and LNLS

are shown in fig. 1.1.
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Fig. 1.1: Schematic representation of synchrotron radiation spectral range. The bremsstrahlung curves for
LNLS and ESRF bending magnets (BM) beamlines are represented by blue and red solid lines, respectively.
The graph also shows the spectral response of an ESRF wiggler (W70 — green dashed line) and an undulator

(U42 — purple solid line). Arrows indicate the typical photon energies used for selected x-ray techniques.

Two beamlines of the LNLS are dedicated to x-ray diffraction in single crystals:
XRDI1 and XRD2. Both operate in an energy range between 4 and 12 KeV (wavelength
range between 3 and 1 A). Their optics systems are essentially the same. A gold-coated
silicon mirror is used to remove high energy photons, focusing the white beam vertically. A
double crystal Si(111) sagital monochromator makes the horizontal focalization. XRD1
beamline is equipped with a 2+1 circle diffractometer. It consists of a theta-2theta vertical
table and an independent horizontal circle (o) that allows the adjustment of the x-ray

incident angle. A 4-circle Huber diffractometer is installed at the XRD2 beamline, allowing



measurements in different (and more complex) geometries such as reciprocal-space
mapping of asymmetric reflections.

At the ESRF all experiments were performed at the IDO1 beamline, which is
equipped with an insertion device (undulator or wiggler, depending on the energy range) to
increase the photon flux. The optics hutch is equipped with two Si mirrors and a sagital
double crystal Si(111) monochromator. The intensity of the monochromatic beam at 8KeV
is approximately 10° times larger than a bending magnet beamline of LNLS. The IDO01
beamline is equipped with a 4+2-circle diffractometer where four degrees of freedom are
used to sample positioning and two for the detector movement.

A schematic representation of the x-ray optic elements of XRDI1/2 and IDOI

beamlines is shown in fig. 1.2.
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Fig. 1.2 - (a) Sketch of X-ray optical elements of XRD1/2 (LNLS) beamlines. (b) IDO1 optics hutch scheme.



Fig. 1.3 shows the diffractometers of the three beamlines and their movements.

Fig. 1.3 — Diffractometers of (a) XDR1 and (b) XRD2 beamlines at LNLS and (c) IDO1 beamline at ESRF.

The x-ray path is indicated by the yellow line while diffractometer movements are represented by arrows.

In the next sections the x-ray background of this work is given in three main parts.

Initially we discuss the x-ray kinematical diffraction formalism used in the determination of



structural parameters along this thesis. Section 1.2 is dedicated to atomic scattering factor
and its dependence on the x-ray photon energy. A brief introduction to the use of
anomalous (resonant) x-ray scattering to obtain chemical contrast is found in this section.
Form factor and structure factor calculations are shown in section 1.3 and 1.4, respectively.
Finally, in section 1.5 we discuss the x-ray technique which is employed here to investigate

structures on the near-surface region: Grazing Incidence Diffraction.

1.2 Atomic scattering factor and anomalous x-ray scattering

Essentially two types of interaction can occur when an x-ray photon falls on an
atom. The photon may be absorbed by the atom, with ejection of an electron or it can be
scattered. It is useful to start a description of these processes from the most simple case: the
elastic scattering of a photon by a single electron following the classical theory. If the
radiation is unpolarized the acceleration of the electron will be given by the force of the
electromagnetic field from the incident wave Eqe ' acting on the particle that has charge ¢

and mass m: [Jackson99]

E iot
gL _dEe
m m

(1.1)

According to the electromagnetic theory an accelerated charge radiates. The
radiated energy is proportional to the square of the radiated field E;aa. Then, E;q must
decrease as 1/R. Since the elementary scattering unity of an X-ray in an atom is the
electron the field is proportional to its charge —e and to the acceleration a(¢’) evaluated at a
time ¢ =t—R/c earlier than the observation time # (the radiation propagates at a finite velocity
¢). The electric field that results from this acceleration is given by:

_ '
rad = —% (1.2)
where the term 1/(4meoc®) was included to make eq. 1.2 dimensionally correct. By using

equation 1.1 in 1.2:



Erad (R’t) = __—e__eEineim(f] cos W

4ne,c’R m (13)
E,,(R?) e’ e™* ’ '
== 5 cos y
E,, 4ne,me” ) R

where k=w/c and Ei,= Eoe '“. The the position of the observer relatively to the acceleration
direction is represented by the inclusion of the term cosy. For y=7/2 the observer does not
see any acceleration while for =0 the full acceleration is observed. The prefactor of the

spherical wave ¢*®/R is denoted by roy=(e*/4zeymc?) and known as the classical electron

radius [Jackson99, AlsNielsenO1].

1.2.1 Atomic form factor

In the preceding pages the x-ray scattering was calculated considering one free
electron. However, in real atoms the electrons are spatially restricted to a small volume
around the nucleus. The atom is then viewed by x-rays as a charge cloud with a number
density p(r). The charge in a volume element dr at a position r is, then, given by —ep(r)dr.
To evaluate the scattering amplitude one must weight the element contribution dr by the
phase factor ¢'%" and integrate over dr. This leads to the form factor of one atom, which is

also known as the Q-dependent part of the atomic scattering factor:

£,Q)=[p(r)e®dr. (14)

At Q = 0 the result of eq. 1.4 is the total number of electrons Z in the atom. One can
assume, for simplicity, that the charge density has spherical symmetry with the hydrogen-
like form

p= (""" )(na’) (1.5)
where a is the effective radius of the charge distribution. Eq. 1.4 can be re-written in

spherical polar coordinates in the following way:



fO(Q):% “omr e_z/j 10r <58 5in@dOdr
ma r=0
1 2 1 —iQr
=$ 2nre A [ —e Q]dr_ (1.6)
:% Oozm, A 251”(Q7”)d
Ta Or

The integrand is independent of the azimutal angle ¢ so that the volume element becomes
21’ sin0ddr. In order to solve eq. 1.6 the term sin(gr) is written as the imaginary part of a
complex exponential. Then,
0 =2r, . 0 2/ =i
fO(Q):i3Im<J re Ae’Qrdr}—i]m{[ v Q)dr} (1.7)
qa r=0 qa r= 0
that may be integrated by parts to yield the final result
1
£Q)= .
[1+(0a/2) ]

The atomic form factor f)(Q) given by eq. 1.8 and the form factors of Si and Ge

(1.8)

atoms are plotted in fig. 1.4. These results refer to isolated atoms with spherical symmetry.
In a real crystal this symmetry is modified by the lattice and also depends on the type of

atomic bond (i.e, covalent or ionic).
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Fig. 1.4 — Atomic form factors (Q-dependent part of the atomic scattering factor) of (a) hydrogen-like atom
(eq. 1.8 with a=0.2A), (b) Si atom (Z = 14) and (c) Ge atom (Z = 32). The experimental results of (b) and (c)

were taken from ref. [Warren69].



1.2.2 Anomalous (resonant) x-ray scattering

The simple treatment of the atomic scattering factor outlined above is based in the
assumptions that the x-ray wavelength is smaller than any absorption edge wavelengths in
the atoms. In case this condition is not satisfied dispersion corrections are necessary. These
corrections take into account the fact that electrons are found in bound states of an atom.
Although the quantitative calculation of such corrections can be performed only by using
quantum mechanics formalism it is still possible to use a classical model to understand their
physical meaning. Let the incident field be polarized along the x axis, with amplitude E,
and frequency o, Eiz=xE¢e '“". The equation of a forced charge oscillator describes the
motion of the electron [Jackson99, AlsNielsenO1]:

E )
i+yi+olx=f :—(e—oje_’”” : (1.9)
m

This equation has a velocity dependent damping term yx that represents the dissipation of

the applied field and a resonant term with frequency w, (usually much bigger than the 7).

Using a trial solution x(f)=xoe ' the amplitude x, of the forced oscillator is given by:

xoz_(eEOJ L (1.10)
m (cos—oa —i(oy)

Similarly to equation 1.2 the radiated field is evaluated at the earlier time ¢ '=t—R/c

E,.(R?)= —(_—ej)'é(t—R/c). (1.11)

4ne,c’R

—iootei(m/c)R

Inserting ¥(t—R/c)=-o"x,e and xo given by equation 1.11 leads to

o o? (R
E R,t _ E —iot| ~
rad( ) (mi_(,f_i@y)(4nsoczmj o ( R ]

Erad (R’t) (’02 (eikk ] ' (112)

E, —h ((02 -0 +icoy) R

m

=

The amplitude of the outgoing wave (in units of —) is given by the atomic scattering

length f=0/(w*—w, +iay).

10



For frequencies that are larger than the resonant frequency (0w>>w;) the electron can
be considered free and equation 1.12 change its form to 1.3. The expression for f; can be

rearranged in the following way:
coz—(of—i(oy+cof+icoy_l+ ©; —ioy - o’
(032 -’ +imy) - (0)2 —0° +i0)y)

N

f = (1.13)

(0? - +ioy)
The last term follows from the fact that y is usually much lower than w,. From eq. 1.13 the
dispersion correction (®) (also known as dieletric susceptibility) can be written as

2
Q)

= f+if "= 3 1.14
X(O‘)) f; —Hfs (0)2 _0)3 +i(x)Y)’ ( )
with real and imaginary parts given by
2(,\2 2 2
f‘sr: Z(X)S (Oz _ (Ds) ] and f‘Su: - mzv(zoy . (115)
(@ =02 +(oy) (@ -0 +(o)

These dispersion corrections for the single oscillator model are shown in fig. 1.5 with

®,=0.1 [Jackson99].
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Fig. 1.5 — Real f;” and imaginary f;” parts of the dispersion corrections as a function of the ratio between the

driving frequency @ and the resonant frequency «;.

In order to calculate the dispertion corrections for a real atom one must consider

electron-electron interaction that can only be described using the quantum mechanics

11



formalism. This theoretical description is usually based on self-consistent equations that
describes an atom as a multi-electron system and will not be presented here.

The theoretical values of % (®) can be obtained only with a very precise knowledge
of o, and v (there is no straightforward way to measure y). However, the casuality principle
of electrodynamics can be employed to derive relations between real and imaginary parts of

Y (®). These relations are known as the Kramers-Kronig dispertion relations. Since f” and /™~

are the real and imaginary parts of ¥(w) these relations can be written as [Jackson99]:
f'o)=] 0)’,{;’(0)2’)61@’ and  f"(0)= —f%m’ . (1.16)
(ORE0) O 0)
The first equation can be used to estimate f” if /7 is known from near-edge absorption
measurements. However, the integrals of equation 1.16 requires measurements from @ = 0
until @ = oo that are not feasible. Alternatively, it is possible to use tabulated values of /™
based on self-consistent theoretical calculations for multi-electron systems. These values,
which exist in a wide frequency range, can be combined with high resolution frequency
measurements close to the atomic absorption edges.
A program to perform the integration of the first equation 1.16 was made by Dr.

Tobias Schulli and is available on internet (http://www.schuelli.com/physics/kkpage.html).

To use this computer routine one must measure the x-ray absorption at the vicinity of the
absorption edge of interest. This is usually done by scanning the x-ray energy of the
incident beam while it is pointed out to a sample that contains the atomic specie of interest.
Tabulated values of f” are replaced by the re-normaized experimental intensity in the
energy range which was measured and used as input to calculate /. Fig. 1.6(a) shows
theoretical values for f” and f” close to the Ge-K edge (E = 11103.1 eV). The set of
measured absorption data is pasted on top of the f values — fig. 1.6(b) — and the

experimental /” is obtained. Electron units are generally used for f.

12
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These corrections change the non-resonant Ge atomic form factor shown in fig. 1.4(c).

The scattering factor of an atom is, then, given by [AlsNielsen01, Warren69]:

1 =1Q)+ 1 (E)+ f"(E), (1.17)
where the photon energy E replaces the frequency dependence of /” and /. The first term,
given by eq. 1.4, is proportional to the number of electrons of an atom and decreases for
high momentum transfer Q (higher scattering angles). By tuning the x-ray photon energy
one can change the values of /” and f” and perform chemically sensitive experiments. Both
Q and energy dependence effects were recentlly explored by Schiilli et. al. [Schulli03a] to

enhance the chemical contrast at high momentum transfer reflections.

13



1.3 Form factor of a small crystal

In section 1.2.1 the atomic form factor was calculated assuming a spherical electron cloud
surrounding the atom. For a general case, an object with arbitrary shape and homogeneous

charge density p will have a form factor Sy given by the integral
Sen = IPH(I‘)eiq'rdr : (1.18)

where O(r) is a step function which has value 1 inside the object. The general form of
equation 1.18 holds for any continuous charge distribution.

A crystal can be imagined as a regularly repeated atomic arrangement and form
factors for the most simple crystal shapes can be calculated analytically'. All objects
studied in this work can be seen as stacks of 2D crystal layers. If the object has a four-fold
symmetry, the form factor can be calculated as a stack of square crystals. A square with N*
atoms with sides oriented along the ¢, and ¢, direction and lattice parameter d will scatter
with intensity given by?:

o d

2
N* '

(1.19)

(Jeiqr'xa(x)dx -Jeiqr'ya(y)dy)

N-1 N-1
The atomic positions are denoted as o(x)= Zf§(x— jd) and o(y)= Zf5(y —gd)

Jj=0 g=0
and the atomic scattering factor of each atom is given by f. Hence, using f = 1 for

simplicity, the scattered intensity of one square-shaped atomic layer can be written as

2

1
I:N_O4

N g=

Sy Sy ]

J 4

(N—l ]O.eiqr.xé‘(x—jd)dx Z_l Teiqa‘yé‘(y—gd)dy]
=0 % o

(1.20)

2

=

:]:%

I
[}
I
(=]

The summations of the last equation have the form of geometric progressions for which the
sum is given by S=a + ar + ar* + ... + 1= (rl — a)/(r — [), where a is the first term, / is the

last term and r is the ratio. The intensity scattered by the 2D square layer is [Warren69]

"In this section we assume a simple cubic crystal symmetry.
* The intensity equations of the form factors calculated in this thesis are normalized by the intensity Iy, that is
defined as I, = I(q=0).
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1 |e[qud _1 eiquNd _1|2
0

4 ia d * ia d .
N*|e -1 el 1]

I= (1.21)

To obtain the scattering of an island that consists of a stack of square layers one
must sum over the contributions of layers with different side lengths L = Nd and/or lattice
parameters d. The result for the complete structure is obtained performing a sum over the

heights /; of the atomic layers with respect to the substrate [Malachias01]

M iL ;q, 1 eidejqr -1

e iq.h,
I a’>1r’> 1z = ' i eq~ ! . 122
(4..49,.9.) = NM2 Zl e (1.22)
For fixed ¢, and ¢. eq. 1.22 can be simplified into [Warren69]
L 2
sin
I(q,)="1o ﬂ . (1.23)

sin(q, )

The form factor of a disc with constant charge density is very useful for structures
with radial symmetry. In this case Sgisc 1S given by the integral in cylindrical coordinates

[Kegel99]
S (@) = LR foheiq'rrdcpdr = LR J‘Ohe"q"”’”“"rd@dr : (1.24)

Similarly to eq. 1.22 a stack of discs will scatter with intensity given by

U J' ot rmwrd(Pdr}eiqzh_,-

2

I(qa’qr’qz)_ (125)

M2 2R4

1.4 Structure factor

The scattering of crystals with simple geometries can be understood by the results of
the preceding sections. However, the scattered intensity for a real crystal depends on the
symmetry of the atoms inside the crystal unit cells and is proportional to the structure factor
F. Atomic positions are represented by the vector r, = xpa; + ysa; + z,a;3.

We are interested in the value of F for an hki/-reflection when the Bragg’s law is

satisfied for a set of atomic planes. In reciprocal space this means that (qo/A)=H;x. The
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vector Hyy, is given by Hy, = hby + kb, + bz in terms of the reciprocal vectors by by bs. The

structure factor for a Bragg reflection is [Warren69]

Fhkl _ ane(Zni/k)(qo-rn) _ Zf;1€2ni(hbl+kb2+lb3)-(x,,al+yna2+zna3) _ ane2ﬂ:i(hxn+kyn+lzn) L(1.26)

n
If F = 0 for a given Akl reflection no scattered intensity of this reflection is also zero.

All materials studied in this work have diamond-like unit cells. It is easier to obtain
the diamond structure factor starting from a face-centered (FCC) cubic lattice. The basis of
a FCC unit cell consists of four atoms located in the coordinates (x,, yu, zx), (Xut%2, VitY2,
zn)y (XytY2, Vi, zyt"2) and (x,, ynt's, z,+72). Each unit cell with n atoms has (n/4) atomic
groups that scatter with the same structure factor. Performing a sum over a 4-atoms group

leads to

E,, = [1 4 pi(hk) | pmith+l) | em(k+1)] Zﬁlezni(hxn+ky"+1z,,) . (127)
%
If m is an integer, € = (-1)", and hence the first factor takes the value 4 if 4kl are all odd

or all even and the value zero if 4kl are mixed. Hence,

F =4 [, ) (pkly unmixed  and  F,, =0 (hkl) mixed. (1.28)

4
The diamond (Si or Ge) structure, shown in fig. 1.7, consists of two FCC lattices shifted by

Y in all directions. The Si (Ge) atoms in these two sub-lattices are located in the

coordinates
0 0 O Vo Yo Y
) Y v 0 ) Y Y Wi
Siy — Si,, — .
D% 0 % Oy v %
0 % % Yo 3

Fig. 1.7 — Diamond (Si or Ge) unit cell.
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Using the first equation 1.28 with the positions 0 0 0 for the Si(j) sub-lattice and 4 4 4 for
Si() the structure factor can be written as
F, = 4[fS,. + fs,.e(“”””“’””] : for (hk7) unmixed. (1.29)

Since the scattered intensity is proportional to the square of the structure factor, i.e.,

Toc F2u=FpaF 1, then:

F., = 16[fS[ +fSie(m/2)(h+k+U]'[fS[ +fSief(ni/2)(h+k+l)]
1.30
:16{2&3 +2fq cosg(h+k+l)} (1.30)

Table 1 shows the scattered intensities of a Si (diamond) structure for different

reflections (# is an integer number).

Reflection Intensity
h+k+1 = 4n Fui” = 16(2fsi)°
Ikl odd Fui' = 16(2fs7)
hkl mixed Fu” =0
htk+l=(2n+1)2  |Epi =0

Table 1 — Structure factors of a Si crystal for different reflections.

Key examples of the reflections of the first type are (2 2 0), (4 0 0) and (6 2 0). The
second type of reflection includes (1 1 1), (3 3 3) and (3 1 5). Reflections with mixed index
are known as lattice-forbidden since the primary lattice (in this case FCC) determines their
null structure factor. Reflections of the fourth kind (A+k+l = 4n+2) are called basis-
forbidden due to their dependence on the sub-lattice (or basis).

In the case where a second type of atom (Ge) is introduced in the Si lattice different
reflections can appear. For instance, a Si-Ge zincblend structure as shown in fig. 1.8. Two

sub-lattices with Si and Ge atoms located in the following positions:

0 0 0 YVa Yo Va

N Z R 2\ Yo Yo Va
Si— Ge >

o % Yo Yo Ya

0 %n % Vo Y Ya
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Fig. 1.8 — SiGe zincblend (pseudodiamond) unit cell. Si atoms are represented in green while Ge atoms

appear in orange.

The fourth kind of reflection of table 1 presents a non-zero structure factor for the
zincblend ordered configuration. The new value of F* will be given by [Warren69]

Fud® = 16(foe — fs:)*  for  htk+l= (2n+1)2. (1.31)

This kind of reflection that depends on the possibility of ordering of the alloy is

known as superstructure reflection. An ordered alloy consists of sub-units that are periodic

along the crystal. The arrangement of alternate Si and Ge atoms in the [1 0 0] direction
(such as ...Si-Ge-Si-Ge-Si-Ge-Si...) will give rise to a (2 0 0) reflection. If the repetition
unit consists of four atoms with the arrangement (...Si-Si-Si-Ge-Si-Si-Si-Ge-Si-Si-Si-Ge...)

the (1 0 0) reflection should be measured as a superstructure reflection.

1.4.1 Long-range order and order parameter S

Considering a binary crystal with two kinds of atoms — Si and Ge — the ordered
structure has two kinds of positions which will be designated o and y. For a completely
ordered alloy with ideal stoichiometric composition the a-sites are all occupied by Ge
atoms and the y-sites by Si atoms. In this case the sample composition is the sum of the
atom fractions ng. + nsj = 1. The same relation can be written to the fractions of a and y

sites mg + my = 1.
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Some useful parameters for the site occupancies can be defined. Let us call r, and r,
the fraction of a-sites and y-sites occupied by the right atoms. In the other hand w, and w,
are the fraction of o and v sites occupied by the wrong atom [Warren69]. These parameters
are related by r, + wo = 1 and r, + w, = 1. There is also an additional condition that the
fraction of sites occupied by Si atoms must be equal to the fraction of Si atoms (the same is
valid for Ge). This can be expressed by:
Myle + MWy = NGe s m,r, ¥ MW, = ;. (1.32)
A convenient notation for nonstoichiometric compositions is the Bragg and
Williams order parameter S. The definition of S has to be linearly proportional to (r, + ry)
with S = 0 for a completely random arrangement and S = 1 for r, = r, = 1 and
stoichiometric compotision. Expressing the linear dependence by S = a + b(r, + ry), the first
condition (S = 0) gives 0 = a + b since a random alloy has half of its o and y atoms in the
right sites and half in wrong sites. The second condition (S = 1) gives 1 = a + 2b since all
atoms are in their right sites. Eliminating the constants a and b the long-range order
parameter is expressed as [Warren69]:
S=1,+r,—1=14 — Wy =1, — Wq. (1.33)
With this definition for S the structure factors F for the superstructure reflections are
proportional to S and hence a general parameter S* is obtained from the experiment. The
structure factor for a partially ordered alloy can be obtained by summing over all atomic
positions in the unit cell. Since there are two different kinds of atomic sites (o and y) the
total sum of eq. 1.26 can be divided into a sum over the a positions and a sum over the y

positions using the average scattering factor of each kind of site:

F = Z (rafGe + WafSi )ezni(hxn*'kyn"'lzn) + Z (rYfSi + Wnye )eZTfi(hxn”%”Zn) (134)
o Y

For the case of the pseudodiamond structure of fig. 1.8 the positions of Ge and Si

atoms are (Y4%4Y4) and (000), respectively. Using these positions in eq. 1.34 leads to
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n—i(h+k+l)
F:(rGfGe+WafSi)€2 +(rYfSi+WYfGe)
%i(h+k+l) %i(h+k+l)
:fSi ry+woce +fGe ra'f‘Wye
| ] . 1.35
= fs,{ry +w, cos(g-(h+k+l)j+isin(g-(h+k+l)j } (1.35)
+fce{ra cos(g-(h+k+l)j+isin(g-(h+k+l)j +WY}

The structure factor of the allowed reflection (400) will be given by
Faooy = fsi {ty + Wa} + fGe {Ta T Wy} = 2(fsisi + foeNGe); (1.36)

where the fraction of a-sites and y-sites in eq. 1.32 are m, = 2 and m, = ’%.

For the (200) superstructure reflection the structure factor of eq. 1.31 is re-
calculated as
F00) = fsi {ty = Wa} * fGe 1—Ta + Wy} = S(fsi — fGe), (1.37)
Where S was obtained using eq. 1.33.
Then, the integrated intensity of the (200) reflection is proportional to
T200) = V2005 (fGe — f5)'s (1.38)
where Vo is the volume of the region at the bragg condition and all scattering constants
are represented by c. The integrated intensity of the (400) reflection can be written as
T400)= c4Vaoo(foece + fsmsi)’s (1.39)
The order parameter S can be experimentally obtained by comparing the ratio of the
measured intensities. Assuming that the intensities were measured in a region of reciprocal

space with equal volume (Va0 = V200) the ratio between intensities will be given by:

Ly _ S'(oe=fs) (1.40)

Ly 4(fGenGe + [l )2 ‘

Looo 2(fGenGe + fSinSi)
S= , . 1.41
I400 (fGe _fsl‘) ( )

Hence,
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Although the results of eqs. 1.36 — 1.41 were calculated for a zincblend structure
they are valid for any system with two kinds of sites and two kinds of atoms with ng.= ng; =

0.5 and Mo(Ge) = My(si) = 0.5.

1.5 Grazing-Incidence Diffraction

In a typical set-up for x-ray diffraction the incident and exit beams are coplanar.
According to Bragg’s condition, x-rays are reflected from atomic planes with a spacing d
when the path length difference of the x-ray wave into the crystal is an integer (n) multiple
of the wavelength. This leads to the well-known Bragg’s law: nA = 2dsin®. In fig. 1.9 a
sketch of a coplanar x-ray diffraction geometry is shown, where o is the incident angle and
the diffracted intensity is measured by the detector under an angle 20 relative to the
incident beam. In this geometry the lattice parameter perpendicular to the surface plane can
be measured. Since the wave vectors of the incident and scattered beams are given by |ki| =

|kd = k = 2n/A the x-ray momentum transfer in calculated as Q = k¢ — k;.

Q = kg - [ki| = (4n/2)sinb
A

(a) (b)

Detector

Fig. 1.9 — (a) Geometry used for coplanar x-ray diffraction. (b) Sketch of Bragg’s law in reciprocal space. The

usual formula n = 2dsin® can be obtained assuming |Q| = n27/d.

Fig. 1.9(b) shows a sketch of Bragg’s law in a coplanar symmetric geometry where

the incident and exit angle with respect to the crystal surface are the same.
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If one needs to use x-rays as a surface sensitive probe a non-coplanar geometry
must be employed. The technique that combines surface sensitivity and diffraction from
crystal planes perpendicular to the sample surface is known as Grazing-Incidence
Diffraction (GID). It profits from the total external reflection of x-rays at low incident
angles [Dosch92].

The refractive index of x-rays is generally described by n = 1 — 6 + i3, where O is
the dispersion correction constant and £ is the absorption correction [Vineyard§2,
Dosch92]. For typical wavelengths and common solid materials these constants have values
of the order of 107, generating a refractive index slightly smaller than 1.

Fig. 1.10 shows schematically Snell’s law that relates the incident grazing angle ¢;
to the refracted and reflected grazing angles o, and oy Since the refraction index outside

the solid is equals to unity the following relationship is valid (here we neglect the constant

p):

(1 - 9) sin(n/2 — o) = sin(n/2 — o) = sin(n/2 — ). (1.42)
/2 — a;
AIR/VACUUM
n= (4]
SOLID
nN=1-46

Evanescent wave

Fig. 1.10 — Representation of Snell’s law for x-ray reflection/refraction in solids.

Eq. 1.42 can be re-written as
(1 = 0) cos(a,) = cos(ay) = cos(a). (1.43)
X-rays undergo total external reflection for o, = 0 that implies cos(«a;) = 1. In this
case, using eq. 1.43, the incident critical angle «, is given by
(1-06)=cos(a) = 1 — a. /2. (1.44)
Total external reflection is then observed for incident angles smaller than . =+/28

that corresponds to approximate 0.5° for most of solid materials.

The x-ray refracted wave that propagates across the surface will have the form
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E= Eoeik-x _ Eoeik~(xcosa,.+zsina,) ’ (1.45)
where x is the direction along the interface and z is the normal direction. From eq. 1.43 one
can write (1 — 0) cos(a,) = cos(¢;) and

cos(ay) = cos(ay)/(1 — 9). (1.46)

Using sin’(e) =1 - cos’(e) and eq. 1.46 one gets

2 2
sina, = 1—(“’5“") =i (COS“") 1 (1.47)
1-6 1-5

With the results of eq. 1.46 and 1.47, eq. 1.45 becomes

1

cosa; | |?
—k 1_( ij z i cosq;
{ -0 1 s S

E=Le e . (1.48)

Eq. 1.48 describes an evanescent wave that propagates parallel to the solid surface
with an exponencial damping in its amplitude across the interface. In this case the x-ray
evanescent wave has a limited penetration depth in the sample. The x-ray penetration depth

has the form [Dosch92]:

A
L=52 (1.49)
with
-1 5 ] %
Z=2A{(2§—sen2ai)+[(sen2ai—25) +4ﬂ2]/2} . (1.50)

The minimum scattering depth is about S0A for the asymptotic value o; = 0.

In the experimental setup for GID the sample is illuminated by the x-ray beam at a
shallow incident angle «; (a; < a.). The crystal is rotated around the surface normally until
a particular lattice plane lying perpendicularly to the surface fulfills the Bragg condition. A
position sensitive detector (PSD) oriented perpendicular to the sample surface is used to
collect all wavevectors Ky in the vertical (z) direction [Metzger98, Malachias02].

A relative momentum transfer coordinate system (radial-angular) is used for the
measurements. The radial momentum transfer ¢, defines the distance from the origin of
reciprocal space. The angular momentum transfer q, is related the deviation A®w from the

Bragg condition ® = 20/2. q, is the vertical momentum transfer, that defines the distance
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from the q,-qa plane. A schematic representation of the GID geometry and momentum

transfer vectors is shown in fig. 1.11 [Kegel99, Malachias02].

qz qr
Incoming V

Q qa

q

Side view

P
S Bragg-diffracted
D

Top view

o-Aw

-_____::_—_::-.;# 20
Ao iy,

e

Fig. 1.11 — Grazing-Incidence Diffraction geometry. The x-ray beams are represented in red while the

momentum transfer vectors were drawn in blue. The radial (q,), angular (q,) and vertical (q,) components of

momentum transfer are shown in detail on the right.

In this case, using |ki| = |kd = ko = 2n/A the momentum transfer components are

given by:

q, = 4% Sin(z%)
g, =4/ 5in29/ kinse (1.51)

q, = 2nk(sinai +sinocf)

Reciprocal space scans in the directions of these three components have different meanings.
Scans in the g, direction are sensitive to variations in the crystal lattice parameter d (strain).
These scans, called radial scans, cross the path that points from the reciprocal space origin
to the Bragg reflection position. Scanning the angular component q, one can probe the size
and shape of a region with a fixed lattice parameter. The direction of these so called
angular scans is, by definition, perpendicular to q,. Finally, scans along q, can be used to
obtain vertical information of the crystalline structure.

Figure 1.12 shows a sketch of the reciprocal space H-K plane and the directions of
both radial and angular scans. Experimental examples will be given in chapter 2 with a

detailed description.
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¥ (220)

(400) H

(000) L

Fig. 1.12 — Schematic representation of radial (q,) and angular (q,) scans in the reciprocal space H-K plane.
The reciprocal space points of a reference lattice and a strained lattice were represented in black and blue,
respectively. Radial scans, represented by red arrows, cross the path along the line that connects a Bragg
reflection position to the origin of the reciprocal space. Angular scans, shown in green, are perpendicular to

the radial direction.

1.5.1 Distorted-Wave Born Approximation

The propagation of an electromagnetic plane wave in a medium with index of
refraction 7 is described by the homogeneous Helmholtz equation [Jackson99]:
VxVXE(r)+k’n’E(r)=0, (1.52)
withk=2n/Aandn=1-5+1ip
In order to model the scattering from a crystal with free-stading islands at the
surface one must use the Distorted-Wave Born Approximation (DWBA) [Rauscher99]. In
the DWBA the index of refraction (1%) of equation 1.52 is replaced by n(r) = n/’(z) + (1-
nis12)®l~sl(r). The substrate has a refraction index noz(z) equals to unity for z > 0 (vacuum)
and a constant value ns for the substrate (z < 0). Inside the islands the index of refraction is
corrected by the term n;y. ®;(r) is a step function equals to the unity inside islands and

zero outside them. Then, equation 1.52 becomes:
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VxVxE(r)+k, n(2)E(r)=—k, (1 n”,) (DE(r). (1.53)

The solution of equation 1.53 is given by [Rauscher99]
E, = exp(lk ° ) [explik. -r.)+ R, exp(—ik. -r.)] (z>0) (1.54)
for the reflected/incident wave and
E, = exp(ikH -r”)- [TF exp(ilz -7, )] (z<0) (1.55)

for the transmitted wave. Rr and Ty are the Fresnel reflectivity and transmission

coefficients, respectively. The wave vector vertical component (for z < 0) inside the
substrate (where the index of refraction is xy) is represented by l?z. The wave vector breaks

down into its components k|| and £, parallel and perpendicular to the surface.

The scattered wave amplitude is obtained treating the islands as a first order
perturbation [Rauscher99]

E,.(r)=—ki(1=n, ) j Ey(r' K )0, (¥ JE (v Kk, )d*r' . (1.56)
z>0

Since the scattering comes solely from the islands (z > 0) Ey can be replaced by
equation 1.54. This equation has two terms: the first is related to the scattered eletric field
and the second to the reflected part of the outgoing wave.

The scattered amplitude can be understood as a sum of integrals over all islands,

with the form

0, (r.k k! )= [are ™ o, 1), (157)

where @, is the Fourier transform of ®,,. Each sign combination of the scattered (k) and

incident (k) wave vectors can be associated to a different scattering process according to
fig. 1.13. Writing eq. 1.56 as functions of Fourier transforms of eq. 1.57 the scattered
amplitude [Rauscher99, KegelO1]

kdﬂ

E.(r)= _ko2(1 Ny ) [ o (qH qz) /'@isl (Q|p_pz)+

Ri(:)isl(anpz)"'R,'Rf@;'s/(qn:qz )] > (1.58)
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with p, = K+ k. Ry and R; are the reflectivities of the incident and scattered waves,
respectively. Each term of eq. 1.66 is related to one of the scattering processes shown

below.

Fig. 1.13 — Four scattering processes according to equation 1.66. Process 1 is a direct scattering from an
island. Process 2 includes a substrate reflection after scattering. In (3) the beam is reflected by the substrate

and then scattered by the island. Process 4 combines two reflections with one scattering event.

The differential cross section is then given by [Rauscher99]

2

isl
(4n)
where S is the form factor of the four scattering events

S(qn;k;)sz): [(:jisl(qﬂ’qz )+Rf€)isl(q\\1_pz )+Ri@)isl(q\\’pz )+Rin(:jisl(q||’qz )] (1.60)

The scattered intensity (I,; o« S'S) is obtained by integrating the cross section of eq. 1.59 in

) _kg‘l—nz

do_

a0 Sl KLk (1.59)

sct

the solid angle AQ2 defined by the detector [AlsNielsen01]

2
2
1-n.

isl

.
I, =¢k0 ﬂS(qH,ki,k!fdQ, (1.61)

(4nf i
where ¢ is the photon flux defined by ¢ = I/A. I is the intensity of the incident x-ray beam

and A is the sample area. The definitions of cross section and scattered intensity used here

hold for the case of a sample that is smaller than the incident beam.
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Therefore, x-ray scattering from free-standing islands can be modeled by four
different Fourier transforms of the islands. In principle, the ideal situation is when the last 3
terms are not as important as the first one. In this case, the internal structure of these islands
can be modeled by a single Fourier transform and the analysis of the data is considerably
simpler. This can be obtained by tuning the incident and exit angles such that R; and R, are
much smaller than one (using &; close to o). The determination of the island shape and
composition becomes reasonably straightforward by modeling the structure and form

factors.
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Chapter 2

Self-assembled Ge islands on Si(001)

2.1 Elastic properties of cubic crystals

2.1.1 Strain

The crystal lattice can be distorted due to externally imposed constraints on the
dimensions of the crystalline unit cell. These constraints arise because unit cells with an
“ideal” size are embedded in a macroscopic lattice which has its own (and different)
average unit cell dimension. Conceptually the externally imposed distortions can be
decomposed into a volumetric and a distortional component [Landau59].

The volumetric component comes when alloys are grown in bulk form, when
epitaxial films are grown on a lattice-matched substrate or when a hydrostatic pressure is
applied to a crystal. The distortional component comes about when epitaxial films are
coherently grown on a lattice-mismatched substrate. Suppose, for example, that the
substrate is a single unstrained Si;«Gey alloy crystal (bulk) whose Ge composition is X and
whose mean lattice parameter asicesub) 1S @ weighted average (Vegard’s law) of the two
endpoint lattice parameters, asige(sub) = (1 — X)asi + Xage.

If an epitaxial Si;yGey film is grown on top of the Si;xGey substrate then its lattice

parameter parallel to the interface must be the same of that of the substrate, independent of
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the Ge composition Yy of the epitaxial film. This means that asige(epi)| = asiceub) = (1 — X)as;i
+ Xage.
There will be a parallel strain gpjy in the film given by [Tsa093]:
€(epi)| = 2(A(epi)| — A(epijunstr)/ (Aepiy| + A(epijunsr), 2.1
where Agepiyunsr = (1 — Y)asi + Yage 1s the equilibrium (unstrained) lattice parameter of the
epitaxial film.

However, the lattice parameter perpendicular to the interface will change to
approximately keep the unit cell volume constant. If the film is locked to a substrate with
smaller parallel lattice parameter, the vertical dimension of the epitaxial film unit cell will
increase; if the substrate parallel lattice parameter is larger, the vertical dimension of the
unit cell of the epitaxial film will decrease.

A quantitative description of the volumetric and distortional components of
externally imposed strains can be done writing the generalized Hooke’s law for cubic

crystals [Landau59, Tsao093]:

o, C, C, C, 0 0 O .
o, c, ¢, C, 0 0 O y
o | C, C, C, 0 0 0]e¢ ’ 22)
Ty 0 0 0 C, 0 0 |y
T, o 0 0 0 C, 0|7,
T 0O 0 0 0 0 Cy,uN\ry

where the €;’s and o;’s are the normal strains and stresses and the y;’s and 7;’s are the shear
strains and stresses, respectively.
For an epitaxial film and substrate that are oriented along the <100> cubic

symmetry directions eq. 2.2 is reduced to

Gepill :[C1l+clz ClzJ € epill ' (2.3)
GepiL 2C,, Cii N\ Eepin

In the case of an epitaxial film with a free surface (e.g. uncapped films and/or islands) the
perpendicular stress vanishes, hence

Gepil = 2C128epi\| + Cllgepii =0. (2.4)
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The perpendicular strain and lattice parameter of the film will be given, respectively, by:

_=2C, —2\/8

il = el T 7 Cenll
11

(2.5)

1+‘9epu/2

and a : _
(epi)unstr
1- EepiL / 2

a (2.6)

epiL =

In eq. 2.5 v is the Poisson’s ratio, defined as the negative of the ratio between lateral and
longitudinal strain constants under uniaxial longitudinal stress (v = C;/[Ci;+C2])
[LandoltBornstein82]. The term that multiplies €epij in eq. 2.5 is the “equivalent” Poisson’s

ratio for a biaxial strain.

2.1.2 Elastic energy

To calculate the strain energy in a coherent epitaxial film it is useful to write the
generalized Hooke’s law, given by eq. 2.2, in terms of the Poisson’s ratio v and the shear
modulus p. p is defined as the ratio between the applied shear stress and shear strain under

pure shear. Inverting eq. 2.2 one obtains [Tsa093]

< . 1 —-v —v\o,
& \=——|-v 1 =-vijo,| (2.7)
2u(l+v)
£ -v —v 1 \o

Z z

where the relationships between coefficients Cj; of eq. 2.2 and p, v are

1-v
Co=2,
. 2.8
— (2.8)
12 MI—ZV

The relation between the shear modulus and the elasticity (Young) modulus E is
2pu=E/(1+v) '. Considering that the epitaxial film is oriented along the <100> direction eq.

2.7 can be written as a function of parallel and perpendicular components
g 1 l-v —-vi o
= . (2.9)
g ) 2ul+v){-2v 1 \o,

' The Young modulus is defined as the ratio of stress to strain on the loading plane along the loading
direction; E = o)/g; = c,/¢, [Landau59].
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Two terms of eq. 2.9 are known: the parallel strain (g)), given by the lattice
mismatch, and the perpendicular stress (o), which vanishes since the layer is free to

expand vertically. Then, the parallel stress o) and perpendicular strain €, are related to g

1+v
O'H = 2“(:)‘9' (210)
ey 2.11)
1-v

According to figure 2.1 an epitaxial layer strained in a direction parallel to the
interface, whose in-plane lattice parameter matches that of the substrate, has a parallel
stress. It also develops a perpendicular strain in the same direction as that which would
preserve the unit cell volume. If €, is exactly —2¢ (that means 2v/(1-v) = 2; v = 0.5) the
unit cell volume is preserved. However, Poisson’s ratio lies in the range 0.25-0.35 for most
materials [LandoltBornstein82] and 2v/(1-v) = 1 and the unit cell volume is not completely

preserved.

€1 Sy

il

Fig. 2.1 — Sketch of the strains and lattice parameters for heteroepitaxial deposition under biaxial strain. The

film unit cells develop strains €, and g related by eq. 2.11

A coherency elastic energy related to the strain in the epitaxial layer can be

calculated, per unit volume, to be [Tsa093]
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1 I+v
u= E(2<;Hgn to.¢, )= zu(:};ﬁ . 2.12)

The equation above is essentially a spring potential energy and will be used throughout this

work when calculating elastic energies.
2.2 Ge deposition on Si (001)

Deposition of Ge on Si(001) is a model system for understanding the physics of
heteroepitaxial growth. The two elements involved have similar structural and eletronic
properties: they both crystallize in the diamond structure and have indirect electronic
energy gap. The lattice parameters of these materials are as; = 5.431A and ag. = 5.65A,
corresponding to a lattice mismatch of 4.2%.

Several deposition methods can be employed for Ge growth, such as liquid phase
epitaxy (LPE) [Dorsch97], chemical vapor deposition (CVD) [Ross99, Vailionis00] and
molecular beam epitaxy (MBE) [MedeirosRibeiro98, Montalenti04, Rastelli02]. Although
the Ge growth dynamics cannot be uniquely described for all deposition methods the
system follows the Stranski-Krastanov [StranskiKrastanov39] growth mode. In this kind of
growth some monolayers of material grow as a two-dimensional film forming the so-called
wetting layer (WL) before the formation of three-dimensional islands.

Three main different stages of growth can be distinguished for Ge:Si as shown in
fig. 2.2. Ge growth first proceeds in a layer-by-layer mode up to a coverage (®) of about
3.5 monolayers (ML) of Ge. Then, for thicker layers, the elastic strain is released by the
formation of small pyramidal shaped islands. Pyramids are islands with a low aspect ratio
and {105} facets. Finally, when the Ge coverage exceeds approximately 6MLs (and for a
constant growth temperature) a shape transition from pyramids to dome islands occurs
[MedeirosRibeiro98, Montalenti04]. Dome islands are larger in volume (number of atoms)
and in height (despite of having essentially the same base radius of pyramids), exhibiting
more complex facets when compared to pyramids.

A phenomenological model for island growth in Stranski-Krastanov systems that
includes island shape transitions was proposed by Shchukin et. al. [Shchukin95]. In a

simplified version of this model the total energy (Urotal) stored by an island with volume V
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can be described by the sum of surface (Usyrface) and volume (Uyoume) €nergy contributions.
The surface term depends on the island faceting angle a that represents the ratio of the facet
angle to an arbitrary reference angle. The energy is, then, given by

U = U + U Volume

Total Surface

: (2.13)

elastic

—a" V7 U

where Ugasiic 1s the elastic energy of the whole island. The ratio between Ugjasiic and V is
denoted by u and given by eq. 2.12 of the preceding section. Dividing 2.13 by the island

volume V one obtains the dimensionless energy

Urgia =oc% -V% +u. (2.14)

(a) Ge Wetting Layer ag.=5.66 A _
:. » 4% strain
Substrate — Si ag5=5.43 A

(b) ® > ~3.5ML

Substrate

(c) ®>~6ML

Substrate

Fig. 2.2 — Steps of Ge growth on Si(001). (a) Wetting layer formation. (b) pyramid islands nucleation for
coverages ® > ~3.5 ML. (c) Island shape transition to domes for ® > ~6ML. Typical pyramid and dome

islands are shown with their dimensions (scanning tunneling microscopy images from [Rastelli02]).

The per-atom energy urotal (€q. 2.14) of the WL is constant since it has only two
facets (the film interfaces) with oo = 0 while the total energy Urqtal, given by eq. 2.13, scales

linearly with its thickness. Pyramids and domes have both non-constant surface terms with
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the ratio between faceting angles given by Opyramid ® 1/3 dpome. In the limit of very small
volumes the formation of a film will be always favored over islanding. For larger volumes
the surface term becomes less important and the surface energy of islands decreases.
However, in order to have WL-pyramid and pyramid-dome transitions the elastic energy
term (u) of eq. 2.14 must follow the condition uwr > Upyramids > Ubomes- A plot of eq. 2.14
using this elastic energy condition is shown in fig. 2.3. The aim of this chapter it to prove
experimentally that an elastic energy reduction takes place during the transitions from WL

to pyramids and from pyramids to domes.
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Fig. 2.3 — Phenomenological model for Stranski-Krastanov island shape transition [Shchukin95]. The WL
per-atom total energy is constant (horizontal solid line). Dashed vertical lines indicate regions where the

growth of WL, pyramids (dashed curve) or domes (solid curve) is favored over the other structures.

In this chapter we show results in two samples grown by CVD, one containing
pyramids and another containing domes. The Ge films were deposited on ligthly doped,
150-mm-diam, p-type, (001)-oriented Si wafers at a total pressure of 10 Torr in a H,
ambient. The layers were deposited in a commercially avaliable, load-locked, lamp-heated
reactor with the wafer supported by a SiC-coated graphite plate with moderate thermal

mass. After baking a wafer at a nominal temperature of 1150°C in a H, ambient to clean the
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surface, a Si buffer layer was grown at about 1080°C, using SiH,Cl, as the Si source gas.
The temperature chosen for the growth of Ge films was 600°C. The Ge source gas was
GeHy diluted in H. A pyramid sample with 5.9 ML of Ge was grown with a deposition rate
of 0.IML/s for a total deposition time of 60s. For the dome sample 11.2 ML of Ge were
deposited at 0.05ML/s for a total deposition time of 240s. Although the growth rates were
different, 0.1ML/s represents the upper limit for low supersaturation conditions for the
growth of Ge at 600°C. After the Ge samples were grown they were immediately cooled
down under a H, flow. It has to be emphasized that the difference between these two
samples besides the Ge thickness is the corresponding extra amount of time — 180s —
necessary for the film growth. Atomic Force Microscopy (AFM) was performed with a
Digital Instruments Nanoscope Illa (at LNLS) and the statistical analysis consisted of
evaluating diameter and heights of over 1000 nanocrystals in a 4pum” area. In figure 2.4
typical AFM measurements of both samples are shown [MagalhaesPaniago02] as well as

size histograms.
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Fig. 2.4 — lum® AFM images of Pyramid (a) and Dome (b) samples. Note the smaller size of the pyramid
islands. The shape of these islands is not completely clear from the measurements due to tip convolution
effects. (c) Statistical analisys performed in a 4um? area; open symbols and bars correspond to the pyramid
sample whereas solid ones correspond to the dome sample. It can be seen quite clearly the different island

types from the height x radius plot.
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In both samples the island ensembles are essentially monodisperse. There is a small
percentage of pyramid islands amidst the dome sample. However, this small percentage
adds a negligible amount of uncertainty in the x-ray experiments due to the reduced volume
they represent. From the size distribution analysis of fig. 2.4(c) the following
morphological parameters were obtained for the islands of the two samples: Pyramid
sample has islands with height 30+10A and radius 240+60A; Dome sample has islands
with height 140+20A and radius 320+40A %,

2.3 In-pla