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Introduction

The stacking of different semiconductor layers has been

widely investigated in the last decades both from the point
of view of fundamental research [1| and for the develop-
ment of novel semiconductor devices [2]. While most of
the early works were focused on the integration of lattice-
matched heterostructures, thus limiting the degrees of free-
dom to tailor the semiconductor device properties, more re-
cently, many efforts have been devoted to grow epitaxially
mismatched heterostructures. Indeed, strained silicon rep-
resents nowadays one of the most important building blocks
in microprocessor technology [3|. On the other hand, several
devices, e.g. multiple-junction solar cells, photo-detectors,
high-brightness light-emitting diodes etc., require several mi-
crometer thick epitaxial crystals. In particular, the integra-

tion of dissimilar semiconductors on Si has a fundamental
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role in modern technology, it would enable the combination
of semiconductor heterostructures with the well established
CMOS technology. The heteroepitaxial growth of semicon-
ductors on Si substrates paves a possible way in this direction

[4-7].

Whatever epitaxial growth technique is used, due to the
misfit between the substrate and the epilayer lattice param-
eter, the system relaxes plastically at the growth tempera-
ture by introducing dislocations. According to the pioneer-
ing studies of Frank and van der Merwe [8, 9], the deposited
material, after a certain critical thickness, relaxes the accu-
mulated lattice stress by introducing misfit dislocations at
the epilayer/substrate interface. Unfortunately, misfit dislo-
cations are terminated by threading dislocations which run
through the whole crystal volume ending at its free surfaces
[10]. Since threading dislocations strongly affect the per-
formances of opto-electronic devices [11], many strategies
have been proposed in the last years to reduce their den-
sity. These approaches are based on the deposition of thick
graded buffers [12], selective area deposition into dielectric
windows [13], use of compliant nano-structured substrates

[14, 15|, annealing treatments [16] etc.. The aforementioned



“Isa_master” — 2014/1/28 — 16:28 — page 3 — #6

Introduction 3

strategies are not completely effective in reducing the den-
sity of vertical threading dislocations, which are typically
created in high misfit systems [17], since they evolve parallel
to the [001] growth direction [18]|. Indeed, they can be elim-
inated only by depositing thick 3D crystals with slanted top
facets, attracting and expelling the defects at the free lateral
sidewalls [19].

Despite the lattice stress is completely relaxed by means
of misfit dislocations during the epitaxial growth, the crys-
tal can be still strained at room temperature if its thermal
expansion coefficient differ from that one of the substrate
[20]. The accumulated thermal stress can be deleterious, es-
pecially for thick epitaxial layers. Indeed, the thermal stress
is relaxed by wafer bowing or by formation of cracks, thus
strongly compromising any possibility of further sample pro-

cessing.

Structure of the Thesis

This Ph.D. thesis will report on the epitaxial growth, the
structural and optical characterization of Si;_,Ge, and GaN

3D crystals epitaxially grown on patterned silicon substrates
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consisting of arrays of micrometer-sized pillars. The deposi-
tion of Si;,Ge, and GaN 3D crystals, has been respectively
performed by low energy plasma enhanced chemical vapor
deposition (LEPECVD) and by plasma assisted molecular
beam epitaxy (PA-MBE). The structural characterization
has been carried out by atomic force microscopy, high res-
olution X-ray diffraction, scanning electron microscopy and
transmission electron microscopy, while the optical charac-
terization by photoluminescence and cathodoluminescence

measurements.

Chapter 1 discusses the problems related to heteroepi-
taxy. In particular the issues related to the formation and
nucleation mechanisms of dislocations in Si; ,Ge, alloys de-
posited on Si, the thermal strain due to different thermal
expansion coefficients, the physical properties and epitaxial

growth of GaN are addressed.

Chapter 2 describes the experimental setups which have
been used for the epitaxial growth and for the characteriza-

tion of Si;_,Ge, and GaN crystals.

Chapter 3 presents the results about the morphology of
3D Si;_,Ge, crystals deposited on micrometer-sized Si pillars

together with a growth model, explaining the peculiar self-
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limited lateral growth mechanism.

Chapter 4 describes the critical growth conditions for the
formation of vertical threading dislocations in Si;_,Ge, alloys
on (001)Si and their character. A mechanism to get rid of
threading dislocations is also presented.

Chapter 5 presents the high resolution X-ray diffraction
analysis performed at the ESRF synchrotron in Grenoble
of 3D Ge crystals, in particular focusing on the impact of
misfit dislocations and thermal strain on the crystal quality
and lattice tilt.

Chapter 6 is devoted to the study of the optical properties
of 3D Ge and multiple quantum wells crystals with controlled
threading dislocation density.

Finally, chapter 7 describes the epitaxial growth by PA-
MBE of GaN crystals on (001) patterned Si substrates with

faceted pillars and their optical properties.
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Abbreviation List

e Atomic Force Microscope (AFM)

e Bright Field (BF)

e Cathodoluminescence (CL)

e Dark Field (DF)

e Deep Reactive Ion Etching (DRIE)

e Electron Back Scattered Diffraction (EBSD)

e Electron Beam Lithography (EBL)

e Full Width Half Maximum (FWHM)

e High Resolution X-Ray Diffraction (HR-XRD)
e Kinetic Crystal Shape (KCS)

e Inter Band (IB)



Abbreviation List

Large Angle Convergent-Beam Electron Diffraction

(LACBED)

Low Energy Plasma Enhanced Chemical Vapor Depo-
sition (LEPECVD)

Misfit Dislocation (MD)

Mono Layer (ML)

Multiple Quantum Wells (MQWs)

Plasma Assisted Molecular Beam Epitaxy (PA-MBE)
Photoluminescence (PL)

Reciprocal Space Map (RSM)

Room temperature (RT)

Root Mean Square (RMS)

Scanning Electron Microscope (SEM)

Scanning Transmission Electron Microscope (STEM)
Threading Dislocation (TD)

Threading Dislocation Density (TDD)
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Abbreviation List

Three Dimensional (3D)

Transmission Electron Microscope (TEM)

e Two Dimensional (2D)

Vertical Threading Dislocation (VD)
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Chapter 1

Heteroepitaxy

In this chapter we will focus on the problems regarding the
plastic relaxation of the epitaxial stress due to the lattice
parameter mismatch between the epilayer and the substrate,
and the thermal strain induced by the difference in thermal

expansion coefficients.
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1.1 Plastic relaxation of Si;_ ,Ge,/Si

Silicon and germanium share the same diamond crystal struc-
ture: the Bravais lattice is face centered cubic (fec) contain-

ing two unit atoms: one in the (0,0,0) and the second one
0 the (& 2 @
H e (4’ 14
Within one cubic unit cell, 8 atoms are present, each one

) position where a is the lattice parameter.

surrounded by 4 nearest neighbours disposed at the corners

of a tetrahedron. Germanium has a 4.2% larger lattice pa-

Figure 1.1: 3D diamond crystal structure for silicon. a
represents the lattice parameter.

rameter than Si, thus increasing the concentration of Ge in
a Si;.,Ge, alloy, the relaxed lattice parameter ag;, ce, is al-

most linearly changing according to equation 1.1 [21].

asi, .qe, = 0.5431 4 0.01992z + 0.00027332%(nm) (1.1)
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During the very first stages of the epitaxial deposition, the
epilayer crystal is perfectly registered with respect to the
substrate, accumulating elastic strain due to the lattice mis-
match. Let us consider the deposition of a Si; ,Ge, alloy on
a fully relaxed Si;.,Ge, buffer layer (0 < 2,y <1). Ifz >y
the top pseudomorphic epilayer is compressively strained,
while if y > z the strain is tensile (see Figure 1.2 b), d) re-
spectively). Both in the tensile and compressive strain case,

the epilayer crystal experiences an in plane biaxial strain

a)| — a
Exz = Eyy = €| = u, producing a tetragonal distortion
ap
deforming the cubic lattice cell in the out of plane direc-
a —a
tion. The out of plane strain ¢, = S B, according to
ap

the isotropic elasticity theory [22], is related to ¢ through
the Poisson ratio v by the expression reported in equation
1.2. For more details about the Poisson ratio dependence on

crystallographic orientations see [23].

—2v

If we call respectively a4 and h4 the relaxed lattice parame-
ter and the thickness of the Si;_,Ge, epilayer, ag and hp the

same ones for the Si; ,Ge, substrate and assuming as<ap
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Figure 1.2: a) drawing of the lattice crystal structure
of relaxed Si;.;Ge, (TOP) and Siy,Ge, (BOTTOM) al-
loys with z > y. b) drawing of the two crystals lattices
perfectly matching reported in a). c¢), d), same of a),
b), respectively, for © < y. aa,ha(ap, hp) are respec-
tively the lattice parameter and the layer thickness of
the Si;.,Ge, epilayer (Si;.,Gey substrate) [7].

/"
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(see Figure 1.2a)), the in plane lattice constant a due to
the tetragonal distortion (see Figure 1.2b))is expressed by
equation 1.3, [24].

I
Galin

1
t s

a| = aa 1+ (1.3)

Where G4, Gp are respectively the shear modulus of the
epilayer and of the substrate, f is the lattice misfit between

the two crystals which is defined according to equation 1.4.

ap — Ga
f=——— (1.4)
aA
The in-plane strain )4 in layer A is expressed by %,
Aha
1
e

thus in equilibrium conditions, the in-plane strain g in
layer B is related to the one in layer A through the equa-
tion 1.5.

Gphp
Gaha

gla=— ):] (1.5)

If the lattice misfit between the epitaxial layer and the sub-

strate is sufficiently small, the first deposited monolayers are



16 Heteroepitazy

perfectly matched with the substrate crystal lattice. In this
conditions the epitaxial layer is fully strained and called
pseudomorphic. The in plane epilayer lattice constant is
forced to be the same one of the substrate (aja = ¢p) and
tetragonal distortion occurs according to equation 1.2. In-
creasing the thickness of the epilayer, the elastic strain en-
ergy stored increases proportionally, thus the fully strained
layer on the substrate is no more energetically stable and re-
laxation takes place. Depending on the lattice misfit between
the epilayer and the substrate and on the growth conditions
(thickness, growth temperature, growth rate, concentration
of pre-existing defects or impurities, adsorbates, etc..) [25-
28] different relaxation processes occur. In this section we
will focus on plastic relaxation of the epilayer through the
formation of misfit dislocations (MDs) at the heterointerface

examining different models.
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1.1.1 Thermodynamic models for plastic

relaxation in Si; ,Ge,/Si

The plastic relaxation of epitaxial layers on substrates with
different lattice constants, has been largely investigated by
several thermodynamic models [10, 29-34]. In these models
the critical epilayer thickness A, for the onset of the MD for-
mation has been calculated based only on mechanical equilib-
rium considerations, i.e. the interfacial energy between the
epilayer and the substrates coincides with the areal strain
energy (Van der Merwe’s model) |29, 30] or the force exerted
on the dislocation line by the misfit stress equals its line

tension (Matthews” model) [10, 31, 32].

In the Van der Merwe’s model, the critical thickness A,
for the formation of MDs at the heterointerface has been
evaluated considering the thickness h of the epilayer at which
its areal strain density €y is equivalent to the interfacial en-
ergy €; between the substrate and the epilayer. In case of
moderate misfits (f < 4%), the expressions for the interfacial

energy €; and the strain energy ey are reported respectively
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in equation 1.6 and 1.7.

Gb
ot Ve (1.7)
€g = 11—, .

Where G is the shear modulus of the epilayer and b the
Burger’s vector. It is worth to underline that €; doesn’t de-
pend on the film thickness h, while e linearly depends on it.
If we impose the equilibrium between the strain and interface
energies (eg=¢y) and set h=h, we get the critical thichkness
expression (see equation 1.8) as a function of misfit f and

relaxed lattice parameter (ag).

[ TG

The calculated values of h. , according to equation 1.8, for

different Si;.,Ge, alloys on Si, is reported in Figure 1.3 by
the dashed line marked by a). It is clear that the calculated
h. values are rather reliable, compared with the experimental

data of [34], only for f 2> 3.4%.
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Figure 1.3: Calculated critical thickness h. according
to different models: a) dashed line (Van der Merwe), b)
dashed dotted line (Matthews), c¢) black line (People).
Open circles and black squares are experimental data
respectively from [33]| and [35]
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The Matthews relaxation model considers the mechanical
equilibrium between the line tension to create a MD from an
already existing defects coming from the substrate (thread-
ing dislocations (TDs)) and the force related to the misfit

stress, as illustrated in Figure 1.4. If the elastic constants

h>hc
h=h_
h<h, ~—F1 /Fo—
L /L L L
Substrate Substrate Substrate
a) b) c)

Figure 1.4: Schematic of the formation of a MD (seg-
ment LL’) at the epilayer/substrate interface for different
epilayer thickness h from a TD coming from the sub-
strate. a) h<he. b) h=h,. c¢) h>h,. Fr and F, are
respectively the tension line and the misfit stress force
acting on the dislocation.

of the epilayer and of the substrate are the same, we can
define the tension line Fr and the misfit stress force F, by
the equations 1.9 and 1.10 [31].

GbH?

Fr 2 gy (%) +1) (1.9)

o
S

1—v

- (HV) Gbhe (1.10)
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The equilibrium condition at the critical thickness A is given
by Fr = F,. For an epilayer thickness h<h,. (see Figure 1.4
a)) the tension line is larger than the misfit stress force, im-
peding the formation of a MD at the heterointerface. At the
critical thickness the two forces are balanced, thus the TD
coming from the substrate starts to move at the heteointer-
face creating a short MD segment LL’ (see Figure 1.4 b)).
For h>h, the misfit stress becomes predominant over the
line tension, creating long MD segment LL’ (see Figure 1.4
¢)) to release plastically the accumulated strain. The expres-
sion for the critical thickness, reported in equation 1.11, is
obtained imposing Fr = F, and f= . From the dashed dot-
ted line b) of Figure 1.3 it is clear that the Matthews model
predicts larger critical thickness than the Van de Merwe’s

one for low Ge content alloys.

Qo) o

The People and Bean approach [33, 34|, assumes that
the generation of misfit dislocations is driven only by the
energy balance between the strain areal energy reported in

equation 1.7 and the energy to create a single dislocation
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(screw or edge in type). A relevant difference with respect
to the Matthews’ model is that the substrate is assumed to
be completely free from pre-existing defects or TDs, thus the
MD is nucleated in the epilayer when the film thickness is
larger than the calculated h.. Nabarro has calculated the self
energy of screw and edge dislocations [36], finding that screw

1.4,

dislocations have a self energy lower by a factor ]

—v
thus in the People approach the areal energy density ep of
an isolated screw dislocation with distance A from the film

surface has been considered (see equation 1.12).

GbH? h
“ In(= 1.12
v 8mv2a, " (b) (1.12)

Where a, is the lattice parameter of the Si,,Ge, alloy on
Si. Imposing €p = ey and setting h=h, it is possible to get
the expression for the critical thickness, as shown in equa-
tion 1.13. The solid black line ¢) in Figure 1.3 represents the
calculated A, from equation 1.13 for a SiysGeg s alloy con-
sidering b=0.4nm. Especially in the case of low Ge content

alloys, the calculated critical thickness fits very well with the
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experimental data (open circles and solid black squares).
hoo v ¥ {15 (h)} (1.13)
e —ln | — .
14 v a,16mv/2 Ia b
e
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1.1.2 Kinetic model for plastic relaxation in

Si; ,Ge,/Si

The critical thickness calculated according to the thermo-
dynamic models is most of the times an underestimation of
that one experimentally measured. The main reason for this
discrepancy is because the processes of nucleation and prop-
agation of dislocations are not taken into account [7, 37].
Here the kinetic model for the critical thickness calculation
by Dodson and Tsao [38] is presented, based on the previous
works about plastic flow and dislocation dynamics in dia-
mond semiconductors by Alexander and Haasen [39]. The
glide velocity v of a dislocation in a strained semiconduc-
tor layer is termally activated and linearly dependent on the

excess Stress Ooueess = Fy — Fr, as reported in equation 1.14.
U = Vo0 egeesse "0 ET (1.14)

Where vy is a constant, T' the absolute temperature, K the
Boltzmann’s constant and FE, the activation energy barrier
(2.2 and 1.6 eV respectively for pure Si and Ge). The rate

for the dislocation multiplication process (e.g. Hagen and
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Strunk [40]) can be expressed by equation 1.15.

— =K m U0 excess 1.15

7 pmv0 (1.15)
Where K is a phenomenological parameter and p,, is the
density of mobile dislocations. The strain state y(t) of the
epilayer with thickness h is proportional to the density p of
MDs at the heterointerface, so that :

dy(t) _dp
— =b— 1.16
dt dt (1.16)
The excess stress Tegeess, Wwhich promotes the motion of dislo-
cations, is also depending on the density of misfit dislocation

formed at the heterointerface, in particular it is reduced dur-

ing the relaxation process, as shown by equation 1.17.

UED G175 - r() (1.17)

O excess — 2

Where f is the initial misfit between the epilayer and the
substrate and r(h) is the residual strain of the film with
thickness h. Combining the expressions from equations 1.14,
1.15, 1.16, 1.17 and considering 7, as the initial dislocation

source density from the substrate, it is possible to get a single
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non-linear differential equation to describe the time depen-

dent strain relaxation:

DO _catp-at) - rwPhm 2 (18)

The calculated relieved strain, for a Sig;Geg s alloy on Si
(001) with different epilayer thickness, is presented and com-
pared with experimental data in Figure 1.5 showing good

agreement between them.

()
O- 2
o X !
T
e X |
v / ]
3 ,, |
— — X
GL) o -1 // ‘
c° 1
'© l {
S
= 1
v |
! i
R e ——
0 150 300
Epilayer thickness (nm)

Figure 1.5: Strain relaxation of SigsGeg.5/Si(001)
films with different thickness. The black curve is the
calculated behaviour according to the Dodson and Tsao
model, the crosses are the experimental data (see [38]).
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1.2 Nucleation of misfit dislocations
in Si; ,Ge,/Si

After the discussion in section 1.1, about the plastic relax-
ation of the epitaxial layer, here the nucleation mechanisms
of MDs, as a function of the Ge content in the alloy and
of the crystalline quality of the substrate will be illustrated.
The nucleation sources of dislocations in the epitaxial layer

can be divided in the following categories [41, 42]:
1. Fixed sources (TDs and imperfections of the substrate)

2. Heterogeneous nucleation of half-loops at the epilayer

surface
3. Dislocation interactions and multiplication

4. Homogeneous nucleation of half-loop at the epilayer

surface

The fixed sources are those imperfections of the substrate
with a certain areal density: TDs, surface imperfections or
precipitates. Here the nucleation of a MD is favoured as
shown in Figure 1.6 since TDs can be bent according to

the Matthews model reported in section 1.1, or impurities
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clusters on the substrate surface can favor the nucleation of

surface half-loops. The heterogeneous nucleation of surface

a) b)
_/
=
~—FT/Fg— |
-
Substrate Substrate

Figure 1.6: Nucleation’s schematic of MDs from fixed
sources: a) from a substrate TD, b) from a substrate
impurity.

half-loops takes place when on the surface of the epilayer
are present impurities or defects such as precipitates or con-
taminations from the growth chamber or very high surface
roughness which lower the activation energy barriers to nu-

cleate dislocations (see Figure 1.7).
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&

¥ X

Substrate

Figure 1.7: Schematic of heterogeneous nucleation of
surface half-loops from impurity on the epilayer surface.

In the dislocation interaction and multiplication mecha-
nism, once the epitaxial layer starts to relax introducing an
high density of MDs and TDs their probability to react is
strongly increased. According to the Hagen-Strunk model
[40, 43] when two 60° perpendicular MDs, running along the
[110] and [110] directions, with the same Burger’s vector, are
crossing in the (001) interface plane, they experience a repul-
sive force [44]. One dislocation forms a right-angle segment
in the (001) interface plane, the other one a rounded right-
angle segment laying in the {111} plane above the interface
pointing towards the epilayer surface (it experiences the im-
age force, especially for epitaxial layers thickness < 500 nm).
The segment laying in the {111} planes can separate in 2 dis-

location segments which can glide under the elastic driving
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force, thus creating a new dislocation. The Hagen-Strunk
dislocation multiplication mechanism is schematically repre-

sented in Figure 1.8.

a [-110] b Cc
) ) 5 ) 5
[110]
1 1 1 1A
| “
d) e) f)

2 2 2| |28
1 1A | 1 1A 1A
/ ( 1 (

(ZA 2A ( 1B oal 11B

Figure 1.8: Schematic of the Hagen-Strunk dislocation
multiplication mechanism. a), b) Two perpendicular 60°
MDs with the same Burger’s vector, are crossing in the
(001) interface plane. c¢) Annihilation reaction forming
two asymmetric angular dislocations: 1-2 in the (001)
interface plane and 1A-2A in the {111}planes. d) The
1A-2A dislocation dissociate in two segments ending on
the epilayer surface. e), f) The two segments 1A and 2A
elongate by gliding.

The last nucleation mechanism of dislocation is the ho-
mogeneous nucleation of half-loop at the epilayer surface. In

this case dislocations half-loops are directly nucleated at the
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strained epilayer surface, without any external nucleation
source. According to [45] it is possible to calculate the half-

loop self energy according to the equation 1.19.
ub*R [ b2 b?
B = = (1=
loop 4 — 4y |:62+( V/ ) b2

in <#) —1.758)+
bR
+ o

PR R e o)

(1.19)

where b, is the Burger’s vector component perpendicular to

the half-loop, R is the half-loop radius and o ~ 2 is the dis-

location core energy parameter [44]. The energy to create a

dislocation half-loop is counter balanced by the elastic en-

ergy Egqin released by the MD according to equation 1.20.
TR?u(l +v)e

Eyrain = 1—(bgcosxcosw + becos?y) (1.20)
—v

where ¢ is the lattice strain between the (001) Si substrate
and the Si;,Ge, epilayer, b, and b, are respectively the climb-
ing and gliding components of the Burger’s vector. v is the

angle between b, and the segment at the epilayer surface



32 Heteroepitazy

which is perpendicular to the intersection of the half-loop
with the heterointerface. x is the angle between the free epi-
layer surface and the half-loop normal. The nucleation of a
dislocation non-edge in character, requires the formation or
removal of a surface step, producing an extra energy Ej.,.
FEqep depends on the epilayer surface energy v and the angle
£ between b and the free surface according to the equation

1.21.

Egiep = 2Rbsin 3, (1.21)

Finally, the total energy Fy, related to the homogeneous
nucleation of dislocation half-loops, is expressed by equation

1.22 [46].

Etot = Eloop - Estrain + Estep (122)

where the step energy is positive for creation and negative
for the removal of a step on the free surface. In Figure 1.9
Eioty Estrain, Eioop and Eg, are reported for 60° dislocation
nucleation in a Sig7Geg 3/Si as a function of R. It is worth to
note that F,; presents a maximum, with barrier height §F

at the critical radius R.. In Figure 1.10 it is clearly shown
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Figure 1.9: Energy variation as a function of dislocation
half-loop radius R for Sig.7Geg.3/Si [46].

that both 6 and R, are strongly dependent on the lattice
strain €, i.e. increasing the Ge content in the epilayer the

homogeneous nucleations of half-loops is favoured.
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Figure 1.10: a), b) Barrier energy 6 and critical ra-
dius R, respectively, as a function of Ge content in the
epilayer [46]

The above mentioned nucleation mechanisms of disloca-
tions have different activation energy, thus a hierarchy, as a
function of growth temperature and lattice strain is expected
[41]. In Figure 1.11 a sketch representing the hierarchical or-
der of the different nucleation mechanism is presented. The
y axis qualitatively shows the activation energy of the nucle-
ation mechanism, which is depending mostly on the growth
temperature 7" and the lattice strain €. In case of low growth
temperature and low lattice strain, only the fixed sources of
dislocation are active, which have the lowest activation en-

ergy barrier. After the formation of the first dislocations,
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their interaction and multiplication become possible, thus
increasing the relaxation of the epilayer. For higher strain
and growth temperature, other nucleation sources, like het-
erogeneous or homogeneous surface half-loop, starts to be ac-
tive. If these sources are predominant, they form a multitude
of dislocation half-loops starting from the epilayer surface
reaching the heterointerface, hence the interaction a multi-
plication probability is largely increased, developing an high

threading an misfit dislocation density.

A Homogeneous surface
half-loop nucleation

Energy Dislocation interaction
(T, €) [ and multiplication
Heterogeneous
half-loop nucleation
Fixed sources
(~10*cm?
Threading
dislocations

Figure 1.11: Schematic illustrating the hierarchy of the
different nucleation processes of misfit dislocations [41].
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The increase of the lattice misfit between the Si;_,Ge, epi-
layer and the Si(001) substrate strongly affects the nature of
MDs [42, 46-50]. In the case of low misfit (Ge content <
0.25-0.4, depending on the growth conditions) mostly only
standard 60° dislocations are present. 60° dislocations be-
long to the primary slip system in diamond structure, they
are characterized by Burger’s vector b=a/2<110>, forming
an angle of 60° with the MDs at the heterointerface running
along the <110> directions and glide planes {111},as shown
in Figure 1.12.

threading
_dislocations =

Si (100) substrate

Figure 1.12: Schematic of 60° MD (blue) running along
the [110] direction. The (111) glide plane is shown in grey
colour and TDs in red (courtesy from Prof. D. J. Paul).
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The Burger’s vector of 60° MD is able to release only 50
% of the misfit released by a pure edge 90° dislocation since
it isn’t laying in the (001) interface plane. Nevertheless, 60°
dislocations move by pure gliding, while 90° edge disloca-
tions (called also Lomer dislocations) are sessile, thus their
formation is not favoured in a stressed epitaxial layer under
relaxation. It has been reported and calculated [42, 48] that
in case of high lattice misfit (Ge content = 0.4-0.5) the pop-
ulation of MDs moves from predominantly 60° to 90°, espe-
cially in case of thermal annealing treatments [51]. Thus the
population of 90° dislocation increases with both the tem-
perature and the lattice misfit. Indeed in these conditions,
thanks to high mobility and large number of dislocations
loops, respectively given by the temperature and the lattice
mismatch, the interaction and reaction between dislocations
are favoured. Bolkhovityanov et al. [52] have demonstrated
that the formation of Lomer dislocations can be attributed to
the interaction of two 60° dislocations followed by a climbing

process. The reported mechanisms are listed below.

e Random meeting of two complementary 60° MDs. In
this case two complementary (e.g. by—a/2[101] and
ba—a/2[011]) 60° dislocations gliding in two mirror like
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{111} planes are crossing at the heterointerface fol-

lowed by a climbing process.

Crossing of two complementary 60° MDs on misori-

ented substrate.

Cross-slipping of a secondary 60° MD. This process
requires the interaction of a pre-existing 60° MD with

another complementary one which is perpendicular.

Induced nucleation of a secondary complementary 60°
MD. In this case the nucleation of a complementary
60° dislocation loop is favoured by the strain field of a
pre-existing 60° MD, thus enhancing their interaction

probability.
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1.3 Thermal strain induced problems

The epitaxial integration of dissimilar semiconductors suffers
also from the difference in thermal expansion coefficients.
Indeed in the Ge/Si case, the lattice mismatch is plastically
relaxed by MDs at the growth temperature (tipically ~ 400
- 600°C for LEPECVD). Subsequently during the cooling
of the sample from the growth temperature (Ty) to room
temperature (77, = 300K), the substrate and epitaxial layer
lattices contracts differently [53]. In particular, the lattice
shrinkage of Ge is larger than the one of Si, according to the
respective thermal expansion coefficients reported in equa-

tions 1.23, 1.24 [54, 55].

age(T) = 6.05 x 107 4+ 3.6 x 10777+ (1.23)
1.23

+0.35 x 10727% (K1)

asi(T) = 3.725 x 1076 |1 — e—5-88“0*‘°’<T—124>] +
(1.24)

+5.548 x 10717 (K1)

Where ag. and ag; are respectively the thermal expansion
coefficients of Ge and Si as a function of temperature T. The

difference between aq. and ag;, as a function of temperature,
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results in the accumulation of tensile strain €| in the Ge layer

[20] according to equations 1.25 and 1.26.

Yaetd, + Ysitd,
6YGetGe (tGe + tSz’)

g =(1/r)

(1.25)

6YgeYsitaetsi(ts: + tae) [lasi(T) — age(T)|dT’ (1.26)

1/r= - : -
/ 3YeeYsitgetsi(tsi + tae)? + (Yaelge + Ysitsi) (Yaets, + Yoits;)

Where r is the curvature radius of the wafer (see Figure 1.13
a)), Yge, Ys; the Young’s moduli and ¢, and tg; the thickness
respectively of the Ge layer and the Si substrate. Capellini
et al. [56] showed that e accumulated during the cooling
from Ty to T, cannot be completely plastically relaxed due
to the hardening of the material caused by the blocking of
MDs gliding. Thus the epitaxial layer tends to relax the
tensile ¢ inducing bowing or generating cracks [57]. Both
mechanisms are strongly affecting the possibility to further
process the wafer due to the increase of the brittleness and

the difficulty to perform any lithographic step [58|.
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Figure 1.13: a) Sketch of the Si substrate and Ge epi-
layer thermal contraction from the growth temperature
Ty to room temperature T, in case of separated (upper
case) and bounded crystals (lower case) [20]. b) Calcu-
lated thermal strain £ at room temperature as a function
of the growth temperature Ty for 1 pm thick Ge layer on
500 pm thick (001) Si substrate [20]. ¢) Nomarski micro-
scope image of 50 pm thick Ge layer (grown at 500°C)on
(001) Si substrate, thermal cracks are clearly visible as
lines running in the <110> directions.
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1.4 Gallium nitride: physical prop-

erties

[TT-nitrides, such as GaN, AIN and InN have three different
crystal structures: wurtzite, zinc blende and rock salt [59].
The rock salt structure can be obtained only in conditions
of very high pressure, thus it isn’t discussed here. The zinc
blende structure has a cubic unit cell where the two face cen-
tered cubic (fcc) sub-lattices of metal (Ga, Al or In) and N
are interpenatrated along the body diagonal with ay/4 offset,
where aq is the relaxed lattice parameter. The group space
of zinc blende structure is F43m. Each atom is surrounded
by 4 different atoms situated in the corners of a tetrahedron
and the stacking sequence of the (111) close-packed planes
in the zinc blende structure is ABC (see Figure 1.14 ¢)). The
wurtzite structure, which has group space P63mc, consists of
an hexagonal unit cell characterized by two lattice constants:
co and ag. ag is the basal edge of the relaxed hexagonal cell,
while ¢y is the height, in the unit cell 6 atoms of each type
are present. The wurtzite structure is made by two interpen-
etrating hezagonal closed packed (hcp) sublattices one for N

and one for the metal, which are displaced by 5¢/8 along the
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[0001] direction. Also in this case each metal atom is sur-
rounded by 4 N placed at the corners of a tetrahedron, but
differently from the zinc blende case, the stacking sequence
of closest-packed (0001) planes is ABAB in the [0001] direc-

tion, called also c-axis (see Figure 1.14 b)).

Wurtzite Zincblende

a) 1[0001] o) o]

HCP FCC

Figure 1.14: a) Balls and sticks crystal structure of
wurtzite GaN. Metal atoms are drawn in yellow, while
N in grey. b) stacking sequence of (0001) planes along
the c-axis. ¢) Balls and sticks crystal structure of zinc
blend GaN. Metal atoms are drawn in violet, while N in
grey. d) stacking sequence of (111) planes along the [111]
direction [60].

Since in the wurtzite structure, there is no inversion plane
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perpendicular to the [0001] direction, the crystal surface
could have either both a metal element (Ga, Al or In) po-
larity (called Ga-polarity) or N-polarity. The Ga-polarity
surface plane is also called (0001) or (0001)A and the N-
polarity one (0001) or (0001)B as reported in Figure 1.15.
The different polarity of III-N strongly influences the po-
larization field within the crystal and the surface properties

161].

Ga-face

Figure 1.15: Different polarities of GaN: Ga-polarity
labeled as Ga-face and N-polarity labeled as N-face [62].

The most relevant crystalline family planes and direc-
tions for wurtzite GaN are respectively: (0001)-c,(1100)-m
and (1120)-a (see Figure 1.16). The basal (0001) plane is
tipically the most used for epitaxial growth, while the high
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symmetry <1100> and <1120> directions are employed dur-
ing the deposition to check by reflection high-energy electron
diffraction (RHEED) the morphology of the crystal. In the

o _ - (1150) a-plane
[1120] — — (1100) m-plane

Y 0?10\
(01101 [1210]

[2110] -~ @-ooooeee [2110]

\/ ,/
1010]
o)  Ga
u ®N

[1210] [1120]

[1100]

Figure 1.16: Most important crystalline direction in
GaN projeted on the (0001) basal plane [59].

wurtzite structure, the metal-N bond length normalized by
the ¢ constant is called the internal u parameter, the val-

ues of u and axial ratio are respectively u=3/8=0.375 and

c/a—+/8/3 —1.633.
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1.5 GalN epitaxial growth

Here we describe the different growth conditions to deposit
epitaxial GaN by plasma assisted molecular beam epitaxy
(PA-MBE), more details about this technique are given in
section 2.1.2. Let us consider all the surface processes which

are involved in the epitaxial growth of the GaN crystal:
1. adsorption
2. desorption
3. surface diffusion
4. incorporation
5. decomposition

All the processes listed above and schematically shown in
Figure 1.17, are competing with each other during PA-MBE
epitaxial deposition and can influence differently the mor-
phology and quality of the deposited crystal. Adsorption
represents the process in which atoms impinging on the sub-
strate surface are physisorbed overcoming an activation bar-

rier F,. If we consider an uniform solid surface exposed to a
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Figure 1.17: Schematic of the kinetic growth processes
during the epitaxial deposition by PA-MBE: adsorption,
desorption, surface diffusion, incorporation and decom-

position [59].
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gas, the adsorption rate r, could be defined as follows:

p

o= o)yl E T

(1.27)

where ¢ is the condensation coefficient which takes in to ac-
count the accommodation energy of the adsorbed species,
f(©) is a function depending on the surface coverage which
describes the probability to find a free adsorption site,

exp(-E,/kpTy) is the activation Boltzmann term for the ad-
sorption process, being kg and T, respectively the Boltz-
mann constant and the substrate temperature, and p is the
partial pressure of the adsorbing species. It has been found
that only a maximum of 2.5+0.2 MLs of Ga are stable on
the GaN surface, larger coverages turn to form liquid Ga

droplets [63-65].

Desorption is the process in which the adsorbing atoms,
thanks to their thermal energy, can leave the crystal surface
overcoming an activation energy barrier E;.,. The desorp-
tion rate rges thus strongly depends on the binding energy

of the adsorbed atoms with the crystal surface and it can be
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expressed by the following equation.

Tdes = O*f*(@)exp(_Edes/kBTs) (128)

where o* is the desorption coefficient, f*(©) is the func-
tion describing the desorption probability as a function of
surface coverage and exp(—FEyes/kpTs) represents the Boltz-
mann term for desorption. The desorption energy Eg.,, even-
tually, takes into account the chemical binding energy with
the surface: Eges=Eqdst+Epinding. The lifetime 7 of the ad-
sorbed species, defined as the average time they spend on the
crystal surface after the adsorption process, is used to esti-
mate the desorption energy. 7 can be expressed by the fol-
lowing Arrhenius expression and measured by RHEED and

mass spectroscopy |66|

E €S
T = Tpexp (deT ) . (1.29)

Surface diffusion is the process describing the motion of
the adsorbed species on the crystal surface due to the fi-
nite substrate temperature. From the microscopic point of
view, it is a thermal activated process since atoms, to dif-

fuse towards the next neighboring crystalline site, have to
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overcome the lattice barrier potential. The diffusion length
A of the adsorbed species exponentially depends on the sub-
strate temperature: A = 2v/D7 where D is the diffusivity
(D = Doexp(—Eqiss/kpTs)). At high Ts, A\ can be larger
than the average width of atomic terraces on the crystal sur-
face, thus ensuring a step-flow growth where atoms move by
surface diffusion from the terrace to the step edge where they
crystallize. In this way a smooth crystal surface is obtained.
For shorter values of A (e.g. lower T}), atoms interact and
crystallize on the terraces before reaching a step edge or the
border of a pre-existing island. These conditions lead to the
formation of rough surfaces and 3D growth mode. In the case
of GaN, the diffusivity difference of the 2 atomic species is
large. Zywietz et al. [67] calculated the surface potential
energy for N and Ga on the Ga-polar (0001) crystal surface,
finding two transitions sites. As shown in Figure 1.18, in
the case of Ga diffusion, the highest energy site is the on-top
position (>3 eV), while the lowest energy site is the bridge
(0.4 V). On the other hand, for N the barrier energy for
on-top position is similar to Ga, while the bridge one is 1.4
eV. Thus, at the typical growth temperatures (T ~ 700°C)

the surface diffusivity of N atoms is much smaller than the
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one of Ga. Moreover the excess of N atoms on the crystal
surface can reduce the Ga diffusion increasing its diffusion

barrier from 0.4 to 1.8 eV.

Top view b )

©00T1)

0001 (c-plane)

Side view
(a-plane)

Gayp,

N
Gayp,

Figure 1.18: a), b) schematic drawing of the diffusion
paths for atoms on the GaN surface, respectively Ga-
polar and N-polar. In the lower part side views are also
reported [67].

During the incorporation process Ga and N atoms bond
on the crystal surface, this process strongly depends on the
interplay between the growth kinetics and thermodynamic.

The GaN growth rate (v,) depends on the Ga and active
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nitrogen atoms N?g) fluxes impinging on the substrate, called
respectively @, and @y [68]. The morphology of the GaN
layer strongly depends on the ratio between @, /®y. Indeed

Ga

at the growth temperature, Ga atom desorb with a flux &3,

thus influencing the real III/V ratio on the crystal surface
(see Figure 1.19). Thus, at a fixed growth temperature, it is
possible to define three different growth regimes depending

on the Ga/N surface ratio.
1. N-rich regime if ®n>Pg,

Ga

2. intermediate regime if Pg, — Pn<PGL

3. droplet or Ga-rich regime if ®g, — Py >PG

As reported in Figure 1.20, depending on the growth regime,
the morphology and quality of the GaN layer can be differ-
ent. In the N-rich regime (Pn>Pg,), the deposition rate
is limited by the Ga flux and the N excess desorb from the
surface. In this condition, the mobility of the Ga atoms is
hindered by the large amount of reactive N atoms leading to
the so called 3D growth where smooth plateaus, separated
by steep valleys are formed. In this condition the growth of
GaN nano-wires is possible [70]. In the case of intermediate-

regime (P — Pn<PG2), the excess of Ga desorbs from the
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Figure 1.19: a) diagram of the GaN surface structure
describing the three different droplet, intermediate and
N-rich regimes as a function of @5, and T with & y=15.2
nm/min. b) excess of Ga as a function of 1/kpT; [69].
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Figure 1.20: AFM images of GaN crystals grown in
different conditions: a) N-rich regime, b) bilayer or Ga-
stable regime, ¢) droplet or Ga-rich regime [69].
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GaN surface [71]. Under steady-state conditions, it has been
shown that a stable Ga-layer ranging from 0 to 2.5 MLs
is formed on the Ga-polar GaN surface [72]. The liquid Ga
layer promotes the diffusivity of the adatoms enabling the de-
position of 2D-smooth films [69, 73]. In the Ga-rich regime,
the high &4, or low T, generate large accumulations of lig-
uid Ga on the crystal surface, leading to the formation of
micrometer-sized Ga droplets. Also in this condition the re-
sulting GaN crystal morphology is characterized by rougher

surface as compared to the intermediate regime case.

Depending on the substrate temperature T, and pres-
sure, GaN decompose i.e. Ga-N bondings are broken and
the atomic species leave the crystal surface instead of melt-
ing. Guha et al. [63| found that the decomposition rate is
between 3-4 MLs/minute at Ts ~ 830°C while Grandjean
et al. |74] reported a negligible decomposition rate decom-
position below 750°C and a rapid increase up to 1um/h at
850°C. Thus, the epitaxial growth of GaN by PA-MBE (typ-
ical chamber pressure ~ 5 x 10~ °torr) is limited to a maxi-
mum T, ~ 850°C. Different mechanisms have been proposed
to describe the decomposition process which consider the for-

mation of gaseous Ga and N, liquid Ga and gaseous N or the
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sublimation of GaN [75].
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Experimental

In this chapter the growth techniques, the fabrication process
of the Si substrates and the characterizatons tools which have
been used to asses the morphology and quality of 3D Si;_,Ge,

and GaN micro-crystals will be discussed.

2.1 Epitaxial growth techniques

2.1.1 LEPECVD

The epitaxial deposition of Si; ,Ge,/Si here considered has
been performed by low-energy plasma-enhanced chemical

vapour deposition (LEPECVD) [76, 77]. LEPECVD has
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been demonstrated to be a suitable technique to grow several
high quality Ge based electro-optical devices on Si [78-81].
The schematic of the LEPECVD reactor is reported in Fig-

ure 2.1.
Primary coil
“Wobblers”
“Wobblers” | I
Load lock
Turbo pump

'-
™

Primary coil

Plasma source

Figure 2.1: Schematic of the LEPECVD reactor.

The LEPECVD technique has been invented and devel-
oped in the late '90s by Prof. Hans von Kanel at ETH Zurich
[82, 83| to grow fastly (up to 10nm/s) and epitaxially high
quality pure Ge and Si; Ge, alloys on Si. In LEPECVD,

the activation energy to break the precursor molecules in
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the gaseous phase is supplied by a DC Ar plasma, guar-
anteeing the decoupling between the substrate temperature
and the chemical processes occurring at the epilayer sur-
face. In this approach the Ge content of the epilayer is
determined almost completely by the reactive gases mix-
ture and the plasma conditions, being independent from the
substrate temperature. A typical problem of thermal-CVD
which can be circumvented by LEPECVD, is the possibil-
ity to tune the Si; ,Ge, deposition rate independently from
the temperature of the Si substrate. This fact avoids several
drawbacks related especially to the deposition of epilayers
at high temperature, such as intermixing, island formation
and surface roughening. Indeed, thanks to the large out-
of-equilibrium growth conditions (high growth rate and low
growth temperature) of LEPECVD, thick, high quality (TD
density ~ 5 x 10°%m™2) and smooth (RMS < 1 nm) Ge-
rich buffers have been achieved [84-86]. The working princi-
ples of LEPECVD are described below. The DC Ar plasma
discharge is generated by a Balzers ULS 400 plasma source
directly attached to the lower part of the growth chamber.
The plasma source consists in a hot tantalum filament (130

A DCQ) positioned in a cylindrical metallic chamber with a
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lem wide orifice in the upper part. The Ar gas is directly
injected in this chamber. The thermionic emitted electrons
from the filament are extracted setting a potential difference
of about 30 V between the filament itself and the grounded
sample holder and chamber walls which act as anode. Typ-
ical arc discharge currents are in the range 30-50 A. More-
over, an additional ring-shaped anode plate positioned just
below the sample holder is present to further control the
geometry of the Ar plasma. The reactive gases: SiH, and
GeHy for growing Si; ,Ge, alloys, PH3 and ByHg for dop-
ing, Hy for cleaning or as a surfactant, are injected trough a
ring placed a few centimeters from the substrate to ensure
an homogeneous distribution of the feeding precursors. The
substrate is inserted from the load-lock chamber (pressure
~ 5 x 107" mbar)in the top part of the reactor. Its potential
during the growth is controlled and maintained to Vg,;,= -11
V to reduce the energy of the impinging ions, preventing the
damage of the epitaxial surface by high energy bombard-
ments. The Si; ,Ge, growth rate can be finely tuned in a
broad range, from 10 nm/s to 0.01 nm/s, changing both the
gaseous fluxes and the plasma intensity or geometry. The

gaseous fluxes are controlled by mass flow controllers with
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maximum flux of 25 scem for pure GeHy and SiH, and 10
sccm for PH3 and ByHg (respectively 5 % and 1 % diluted
in Ar). A precise control (1 s of delay) for the switching of
the gas lines is performed by pneumatic valves. The plasma
intensity and geometry can be respectively changed by reg-
ulating the emitted current from the Ta filament and chang-
ing the intensity of the current passing through the exter-
nal magnetic confining coils generating a field B~ 1-10 mT.
More details about the plasma characteristics of LEPECVD
can be found in [87, 88]. The substrate heater consists in
a graphite susceptor embedded in two boron nitride disks,
which allows to reach about 800°C for 4" Si substrates. The
temperature is read by a C-type thermocouple positioned at
the back of the heater. The thermocouple reading is cali-
brated by measuring with a pyrometer the temperature of a
dummy Si wafer. The LEPECVD chamber is pumped by a
turbomolecular pump to a base pressure of ~ 3 x 10~ mbar,

while during the growth it is ~ 3 x 1072 mbar.

2.1.2 PA-MBE

The epitaxial deposition of GaN crystals on patterned
Si(001) substrates has been performed using the M1 plasma-
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assisted molecular beam epitaxy (PA-MBE) reactor at the
Paul-Drude-Insitut in Berlin during my Ph.D. internship un-
der the guidance of Dr. R. Calarco.

A picture showing the M1 PA-MBE reactor is reported

in Figure 2.2.

S fe

lon-pump reacto

Pre-Heating
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Figure 2.2: Picture of the PA-MBE M1 reactor at Paul
Drude Insitut in Berlin [60].

The M1 reactor consists in a commercial P600 MBE sys-
tem for nitrides constructed by DCA instruments. As re-
ported in Figure 2.2, it comprises i) a load-lock chamber, ii)
a buffer-chamber, and iii) the growth chamber. The clean
substrates are introduced into the load-lock chamber where

they are heated up to ~ 130°C and transfered into the buffer-
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chamber when the pressure is 3 x 107% torr. In the buffer-
chamber the pressure is typically ~ 3 x 10719 torr (a 240 1/s
Gamma Vacuum 300L ion pump is installed), substrates can
be mounted on a 3" manipulator and heated up to 1000°C
for further degassing. Typically the substrates are stored
here. The growth chamber is equipped with 12 ports for
effusion Knudsen cells and other devices such as nitrogen
ADDON water-cooled RF plasma source, a Pfeiffer Vacuum
quadrupole mass spectrometer and pyrometer. A schematic

of a MBE plasma source is reported in Figure 2.3.

Conflat Flange

. Water-Cooled
&?é'gﬁr Water Feed [ Gas Feed RF Coil

/
L4
o]l
Window / y
Gas Inlet o RF Matching RF Shield _
G Unit PBN Discharge Tube
PBN Beam
| 13.56 MHz Exit Plate

600 Watts
RF Generator

Figure 2.3: Schematic of MBE nitrogen plasma source
[89].

The nitrogen gas injected into the plasma source is 6.0

grade, further purified to 5 ppb by a getter filter. The ni-
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trogen flux is controlled by a MKS Instruments PR 4000B-
F mass flow controller, and the typical flux that has been
used is 3 ml/minute. Into the nitrogen plasma source, a
13.56 MHz radio frequency voltage is fed by means of an
Advanced Energy Cesar RF power supply unit (maximum
power 600 W) to generate the nitrogen plasma within an
hollow pyrolitic boron nitride (PBN) cylinder pointing to-
wards the sample. The efficiency of the plasma generated
into the PBN cylinder, is controlled by a coupled matching
unit which enables to minimize the RF reflected power. The
ignition and stability of the nitrogen plasma is constantly
controlled by an optical photo-diode measuring the emit-
ted light intensity. The typical growth conditions: nitrogen
flux 3ml/min and plasma power=400 W, guarantee a GaN

growth rate (in Ga-rich conditions) of 2.34 nm/min.

The substrate is mounted on a 3" manipulator which can
heat up the patterned silicon 1 x 1 c¢m? substrate up to ~
810°C. The substrate temperature is controlled by a pyrom-
eter, placed in the bottom part of the chamber and pointing
perpendicular to the sample surface, and by a W-Re thermo-
couple located on the back side of the substrate. Addition-
ally, in situ RHEED and laser reflectometry [90] system are
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mounted in the growth chamber to check the surface quality

of the GaN crystals during the epitaxial deposition.

2.2 Preparation of patterned silicon
substrates

The patterning of the (001) silicon substrates (100 mm, n-
type 3-7 Qcm) has been performed by standard optical

lithography and Bosch process by Dr. P. Niedermann at
the CSEM in Neuchatel. The Bosch process consists in the
repetition for several times of a deep reactive ion etching
step by SF¢ plasma, followed by the deposition of a protec-
tive C,Fg layer on the lateral sidewalls. Thanks to the fast
and high anisotropic etching, this process is widely used for
the fabrication of Si-based micro systems [91]. The repeti-
tion of etching/passivation cycles, leads to the formation of
typical scallops on the lateral sidewalls of the Si structures,
which are not critical for the epitaxial deposition of Si; ,Ge,
crystals. Eventually, the wavy sidewalls of the Si structures
could be passivated by 100 nm thick thermal oxide, thus
favoring the epitaxial deposition only on the top (001) sur-

face. The silicon patterned substrates contain several 8x8
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mm? areas consisting in dense arrays of 8 um tall pillars.

In each patterned area, squared Si pillars aligned along the
<110> directions, with different side d and separation are
present. Moreover some patterned areas contain ridge struc-
tures aligned along both the <110> and <100> directions.
The lateral size of the Si pillars is: 2, 5, 9 and 15 um, while
the trench width is: 1, 2, 3, 4, 5 and 50 um. Figure 2.4 and
2.5 report respectively SEM images of Si pillars with and

without lateral passivation.

— 2 pm ) F—— 0.5 pm
[ -

Figure 2.4: SEM micrograph of 2 x 2 um? Si pillars,
separated by 2 pum wide trenches with lateral oxide pas-
sivation. a) Perspective view, b) magnification of the top
(001) surface of a single pillar.
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Figure 2.5: Top view SEM images of Si pillars with
different lateral size without oxide passivation. a) 5 X
5 pm? with 3 um wide trenches, b) magnification of the
top (001) surface of one pillar shown in a). c¢), d) same
of a) and b) for 9 x 9 pm? Si pillars with 3 ym wide
trenches.

Each patterned area is surrounded by a 2 mm wide un-
patterned frame, thus in one single deposition, it is possible
to compare the morphology of crystals deposited on Si pillars
with different characteristics and with that one of the planar

epilayers.
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Sub-micrometer sized Si pillars have also been patterned
by means of electron beam lithography (EBL) and cryogenic
deep reactive ion etching (DRIE) [92], resulting in smooth
lateral sidewalls without scallops typical of the Bosch pro-
cess. The patterning of these substrates has been performed
by D. Colombo at PGT Photonics in Milano. In this case, a
640 nm thick DUV-5 positive resist has been spun on the Si
(001) substrate and the EBL writing process has been per-
formed by VISTEC VB6UHR with an acceleration voltage of
100kV and a dose of 30 uC cm™? to avoid proximity effects.
The anisotropic etching of the Si (001) substrates has been
performed using the inductive coupled plasma DRIE Plas-
malab System 100 with the operating parameters reported
in Table 2.1 In this way, arrays of square Si pillars, 1.8 ym
tall, with lateral side d = 0.8, 1.3 and 1.7 um, and separated
by 200 nm wide trenches have been fabricated. The feature
size of these sub-micrometer pillars is ~ 1/10 of the Bosch

processed ones.

The patterned Si substrates have been cleaned by RCA
standard procedure and before the epitaxial deposition, they
have been dipped in a 5% diluted HF solution for 30s and

rinsed in deionized water for 3 minutes to remove the silicon-
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Table 2.1
Etching parameters used in the DRIE Plasmalab System 100 to obtain sub-
micrometre patterned Si substrates with smooth lateral sidewalls.

Substrate Gas pressure ICP power Bias power SF¢/O,
temperature (mTorr) W) (W) flux
°C) ratio

Step 1 —100 10 2000 100 30/15
Step 2 —100 10 2000 100 100/15

oxide from the surface. Afterwards, the substrates are loaded
into the LEPECVD reactor and kept for 10 minutes at 300°
for degassing. Finally they are heated up to the growth tem-
perature with a grading rate of 60°C/minute. SEM inspec-
tion after the cleaning procedure, revealed neither impurities

or contamination on an area of at least 500 x 500 um?.

2.3 Characterization techniques

After the epitaxial growth, Si; ,Ge, and GaN crystals have
been characterized by several techniques. The first analysis
concerns the morphology and the structural properties of the

epitaxial crystals by the following techniques:

e Nomarski microscope Nikon Eclipse 200D to analyze

on a large scale the presence of defects, impurities and
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thermal cracks.

Scanning electron microscopy (SEM) to study the mor-
phology of the crystals in terms of facet distribution,
facet expansion and homogeneity. The SEMs which
have been used are a Zeiss ULTRA 55 digital field emis-
sion and Philips x130 FEG.

Atomic force microscope (AFM), Veeco Innova model,
to precisely measure the morphology of the crystals,

the angles between different facets and their roughness.

Laboratory high-resolution X-Ray diffraction

(HR-XRD) to measure the composition and strain of
the deposited crystals. The used laboratory diffrac-
tometer is a PANalytical X’Pert Pro-MRD, equipped
with a 4-bounce Ge(220) crystal monochromator on
the incident beam. For particular Ge crystals deposited
on Si pillars, a detailed analysis on the crystal prop-
erties and quality has been performed at the european
synchrotron radiation facility (ESRF) beamline ID-01
during the experiments HS-4674 and HS-4277. More

details will be discussed in section 3.4 and chapter 5.
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Moreover, the crystalline quality of the samples has been
studied analyzing the density and character of dislocations.
This analysis, for Si; ,Ge,/Si, has been performed by selec-
tive defect etching and counting of TDs by Nomarski micro-
scope, AFM and SEM on an area of at least 200 x 200 pm?.
The character of dislocations has been investigated by trans-
mission electron microscope (TEM) performing g- b analysis.
TEM measurements have been performed by E. Miiller at
ETH Ziirich and by H. Groiss at JKU in Linz. The TEM
setups they have used are a JEOL JEM-2011 FasTEM and
a Tecnai F30ST, respectively. Two different defect etching
solutions have been used to reveal the TD density (TDD)
depending on the Ge content: lodine for x > 0.9 or Secco
for Si richer alloys [93]. The chemical composition of the

Todine solution is the following:

I, 15mg,CH3COOH 33ml, HNO3(69%) 10ml,
HE(0%) 5ml T ~0°C

While for the Secco solution:

CrOs 39, HF(50%) 21ml, H,O 29ml T ~0°C
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The structural quality and the impact of TDD on the opti-
cal properties both of Ge and GaN crystals, have also been
investigated by photoluminescence (PL) and cathodolumi-
nescence (CL) spectroscopy, see respectively chapter 6 and
7 for further details.

The PL measurements of GaN crystals have been performed
by C. Hauswald using the micro-PL setup Horiba Jobin Yvon
Labram HR 800 UV at the Paul-Drude-Institut in Berlin, its

schematic is reported in Figure 2.6. The excitation laser has

Focussing Notch/edge
optics filter
) Mirror

Monochromator

Neutral
density Microscope
ccp filter objective

Cryostat
He-cooled I |
Laser sample —_—a Sample
holder

Xx-y Stage

Figure 2.6: Schematic of micro-PL setup Horiba Jobin
Yvon Labram HR 800 UV [94].

been performed using a 325 nm Kimmon IK 3552R-G HeCd
laser with a maximum emitted power of 30 mW. The laser
light is focused on the sample surface by a 40x objective to a
spot size of ~ 1.5 yum. The emitted light is also collected by

the same objective (confocal design). The monochromator is
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equipped with a diffraction grating of 2400 lines/mm and it
has a focal length of 80 cm. The detector is a liquid nitrogen
cooled ISA Spectrum One CCD with 1024 x 256 pixels. The
micro-PL measurements at 10 K have been performed using
a Kriovac cryostate mounted on x-y moving stage which al-
lows to map the micro-PL with a spatial resolution of about

0.25 pm.

GaN/Si crystals have also been analyzed by CL spec-
troscopy by Dr. J. Lahnemann at the Paul-Drude-Institut in
Berlin. The CL setup is a Gatan MonoCL 3 system attached
to the Zeiss Ultra 55 field-emission SEM, its schematic is re-

ported in Figure 2.7.

Spectrometer CCD

parabolic mirror

ya ‘
[

o
sample

N secondary electrons
cooling stage

5-300K —Z
=

PMT

Figure 2.7: Schematic of CL setup used by Dr. J.
Lahnemann at Paul Drude Institut (Berlin) [95].
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The PL measurements of Ge/Si crystals have been per-
formed under the supervision of Dr. F. Pezzoli at the Univer-
sitd degli studi di Milano Bicocca. The PL setup is sketched

in Figure 2.8. The optical excitation is performed by a
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Figure 2.8: Schematic of the continuous wave laser PL
setup used by Dr. F. Pezzoli at the Universita degli studi
di Milano Bicocca [96].

continuous-wave 1064 nm (1.165 eV) Nd:YVO laser with
maximum excitation power up to 5 kW /cm?. The light which
is emitted by the sample, after the mirrors M1, M2 and M3
is analyzed by a Fourier transform spectrometer Jasco F'T-
IR 800. Two different photodetector are mounted on the
spectrometer: InGGaAs for the spectral range bewteen 1.38

and 0.73 eV and a Peltier cooled PbS photoresistance to
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reach 0.4 eV. The sample is mounted in a Oxford Optistat
AC-V12 cold finger closed circle cryostat which enables to

measure the PL from 5 K to room temperature.
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Chapter 3

3D heteroepitaxy of
Siz..Geg/Si crystals

In this chapter, the morphology, the growth conditions and
modeling of Si; ,Ge,/Si crystals, deposited in a mask-less
process on patterned Si substrates will be treated [97, 98].
The deposition of a non-conformal epitaxial film can be

achieved by growing strongly in out-of-equilibrium condi-
tions onto Si substrates with high aspect ratios. Indeed, a
uniform space-filling array of three-dimensional (3D) Si; ,Ge,
epitaxial crystals, separated by nanometric gaps thanks to
self-limited lateral expansion, has been obtained. The shape,

crystalline facets, size and height of the Si; ,Ge, crystals can
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be finely tuned over a wide range by growth and substrate
parameters. The vertical piling-up of crystalline material
parallel to the growth direction, which is dictated by kinet-
ical and geometrical constrains, mimics the 3D growth of

bulk ingots on a micrometer scale.

3.1 Morphology of Si; ,Ge,/Si crys-
tals

The epitaxial deposition of Si;,Ge, alloys has been per-
formed by LEPECVD on the Si patterned substrates de-
scribed in section 2.2 (for further details on the LEPECVD
deposition technique see section 2.1.1).

A typical array of 8 um tall, non conformal Ge crystals
deposited on Si pillars is reported in Figure 3.1. The SEM
images reported in Figure 3.1, show that the deposition of
8 pm thick Ge layer at 415°C and 4.2 nm/s on top of Si
pillars, results in the formation of closely spaced crystals,
tessellating the sample surface with a filling factor higher
than 90 % in the 1 pum wide trenches case. Indeed, it is
clear that an highly non conformal growth has been obtained:

the in-plane expansion is eventually suppressed, turning to
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Figure 3.1: Perspective an top-view SEM images of: a)
patterned Si substrate with pillar side d = 2 pum, sep-
arated by 1 pm (red box) and 2 pum (green box) wide
trenches. b) 8 um tall Ge crystals deposited at 415°C
and 4.2 nm/s on top of the Si pillars reported in a) [98].
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3D micrometer-sized crystals elongated in the [001] growth

direction.

The key mechanisms to obtain self-limited lateral ex-
pansion growth, which are: reduced diffusion length of the
adatoms compared to the structure size, and mutual gas
shielding between adjacent crystals, will be described in sec-

tion 3.3.

The top surface of the Ge crystals is characterized by
regular facets. For the growth conditions reported in Figure
3.1 a large central (001) facet is surrounded by steeper {113}
and {111} facets.

In order to prove that the peculiar non-conformal 3D
growth modality is not related to any strain effect nor to
a particular surface chemistry of Ge, pure Si and Sig 5Geg s
have been deposited on Si pillars. The SEM images of the
resulting Si and Sip 5Gep 5/Si crystals are reported in Fig-
ure 3.2, they all show 3D non-conformal growth with similar
surface morphologies. A broader example, in terms of Ge
content z, of 3D non-conformal growth modality of Si; ,Ge,
crystals on Si pillars is reported in Figure 4.15. The growth
parameters for Si; ,Ge, crystals have been chosen by opti-

mizing the surface roughness (RMS<3 nm) and crystalline
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quality for planar layers [99].

Figure 3.2: Perspective view SEM images of: a), b)
Si/Si crystals grown at 750°C and 4.9nm/s. c¢), d)
Sig.5Geg.5/Si crystals grown at 660°C and 7.4nm/s. Both
Si and Sig 5Geg 5 crystals, are deposited on Si pillars with
side d = 5 pum and separated by 2 pm wide trenches [98].

The top surface morphologies, measured by AFM scans,
of 8 um tall Ge and Si crystals, respectively deposited at
515°C and 750°C on Si pillars with side d = 2 and 5 pm,
are reported in Figure 3.4, 3.5 and 3.6. Here, the crystalline
facets distribution is analyzed by producing a stereographic
map to address the inclination of each facet. A schematic

sketch reporting the measured angles is presented in Figure
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3.3.

t[001]

[100]

Figure 3.3: Schematic sketch of the angles 6 and ¢
between the basal (001) plane and an arbitrary plane
with normal n.

Each set of crystalline facet family is addressed by the an-
gle 6, while ¢ depends on the in-plane rotational symmetry.
Indeed, for example, in Figure 3.4, there are 8 symmetric
maxima for the {15 3 23} facets (marked by a green circle)
and 4 symmetric maxima for the {113} facets. In the stere-
ographic maps reported in panels b) of Figure 3.4, 3.5 and
3.6, the radial distance from the (001) central peak is pro-
portional to the angle 6, while the angle ¢ varies counter

clockwise from 0° to 360°. The color of the peaks is propor-
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tional to the number of points with a certain (6, ¢) coordi-

nate [100].

From the AFM scans and stereographic maps reported in
Figure 3.4, 3.5 and 3.6, it is evident that the crystalline facets
formed on the top surface of pure Si and pure Ge crystals
are identical. Indeed, they always present a central (001)
area (its extension increases with the lateral side d of the Si
pillar), surrounded by steeper {113} and {111} facets along
the sides of the crystal and {15 3 23} facets at the corners.

Despite the high accuracy of the AFM scans, this tech-
nique presents problems to measure the steeper facets close
to the crystal borders, especially for very narrow distance
between adjacent pillars (see for example panel e) of Fig-
ure 3.5). Therefore, the top and side view SEM images of
Figure 3.7 are useful to address the prototypical crystalline
facets of Ge crystals. Indeed, (001), {113}, {111}, {15 3 23},
{20 4 23} facets and vertical {110} sidewalls are visible and
indicated with different symbols. The crystalline facets are
indeed the same ones exposed by Ge domes and barns at
thermodynamical equilibrium [100], apart from the lack of
{105} facets which are favored by the compressive epitaxial

strain in pseudomorphic layers [101]. The facet morphol-
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Figure 3.4: Facet analysis of 8 um tall Ge crystals de-
posited at 515°C and 4.2 nm/s on Si pillars with side
d = 2 pm and separated by 2 um wide trenches. a)
3D AFM scan. b) stereographic map of the facet distri-
bution. The colored circles indicate different crystalline
facets. c¢), d), e) and f) depict the extension of respec-
tively (001), {113}, {111} and {15 3 23} facets (marked
by the same circle color of b)). In each panel is reported
the measured value of 6 and the respective theoretical
value. The lateral size of c), d), e) and f) is 5 pm.



“Isa_master” — 2014/1/28 — 16:28 — page 85 — #47

Morphology of Si;.,Ge,/Si crystals 85

a)

[ 0,48 m
/ 0,00 pm
; ' \}@
T %®
' 6=35.2°+ 0.9°

—

6=33.3° = 0.6°

Figure 3.5: Facet analysis of 8 um tall Ge crystals de-
posited at 515°C and 4.2 nm/s on Si pillars with side
d = 5 pm and separated by 2 um wide trenches. a)
3D AFM scan. b) stereographic map of the facet distri-
bution. The colored circles indicate different crystalline
facets. c), d), e) and f) depict the extension of respec-
tively (001), {113}, {111} and {15 3 23} facets (marked
by the same circle color of b)). In each panel is reported
the measured value of 6 and the respective theoretical
value. The lateral size of ¢), d), e) and f) is 5.8 um.
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0=24.9° + 0.4°
0{113}=25.24°

0=54.4° + 0.3°
0{111}=54.74°

Figure 3.6: Facet analysis of 8 ym tall Si crystals de-
posited at 750°C and 4.9 nm/s on Si pillars with side d =
2 um and separated by 2 um wide trenches. a) 3D AFM
scan. b) stereographic map of the facet distribution. The
colored circles indicate different crystalline facets. c¢), d)
and e) depict the extension of respectively (001), {113}
and {111} facets (marked by the same circle color of b)).
In each panel is reported the measured value of § and
the respective theoretical value. The lateral size of c), d)
and e) is 5 pm.
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ogy on the top surface of the Ge crystals is not determined
by equilibrium conditions predicted by the Wulff construc-
tion. This has been confirmed by analyzing the morpholog-
ical evolution with the increase of the growth temperature
up to 585°C (see discussion below). Indeed it is rather deter-
mined by the balance in the growth rate between competing

crystalline facets (see section 3.3).
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Figure 3.7: SEM analysis of Ge crystals deposited at
490°C and 4.2 nm /s on Si pillars with side d = 2 pm and
separated by 4 um wide trenches. a) perspective view of
the Ge crystals array. b) side and top-view SEM magni-
fication of one Ge crystal shown in a). Each crystalline
facet is marked by a different symbol (unmarked facets
can be simply addressed by symmetry). Dashed lines
highlight the borders between different crystalline facets
[98].
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The excellent uniformity of the surface morphology across
any crystal array indicates that the silicon Bosch fabrication
process and the LEPECVD deposition are reliable and repro-
ducible. Indeed, the size fluctuation of the (001) top surface
between different crystals is < 5 % on an area of 100 x 100

pm?.

The shape and morphology evolution of Ge crystals by
increasing the amount of deposited material, has been stud-
ied growing several samples with height A ranging between
1 to 30 um on Si pillars with side d = 2 pum separated by 2
pm wide trenches. In particular, as reported in Figure 3.8,
Ge crystals with height ~ — 1, 4, 8 and 30 pm have been
investigated by SEM analysis.

The SEM analysis reported in Figure 3.8 shows that in-
creasing the Ge crystal height from 1 to 8 pum, they tend to
expand laterally extending the edges facets, but once they
get closer, the lateral in-plane growth is suppressed with re-
spect to the vertical one along the [001] growth direction,
and the top surface morphology doesn’t change anymore.
This mechanism of self-limited lateral growth is related to
the reduced diffusion length of adatoms compared to the mi-

crometric size of the Si pillars, and to the mutual shielding
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1 pum Ge 3 um Ge 8 um Ge

— 2 um

Figure 3.8: Perspective and top-view SEM images of
Ge crystals with different heights (written in yellow) de-
posited at 490°C and 4.2 nm/s on Si pillars with side d
= 2 pm separated by 2 ym wide trenches [98].
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of the feeding gas between adjacent pillars [97, 98]. It will

be described with more details in section 3.3.

The lateral in-plane expansion of Ge crystals deposited
at 440°C and 4.2 nm/s on Si pillars with side d = 2 pm
separated by 2 ym wide trenches has been measured in dark
field scanning-TEM (DF STEM), see Figure 3.9 a). Figure
3.9 b), reports the distance between two adjacent Ge crys-
tals as a function of the Ge crystal height, confirming that
in the first stages of the epitaxial deposition the Ge crystals
laterally expands, while after ~ 3 pm their inter-distance re-
mains stable to 55 nm. The SEM image of panel ¢) confirms
that a purely vertical growth has been achieved, indeed Ge
crystals with height up to 50 um don’t merge remaining sep-
arated by few tens of nm, demonstrating that a stationary

growth-regime has been established.

In order to study the morphological evolution of a single
Ge crystal, excluding the gas shielding effect of the neighbor-
ing ones, Ge crystals with height ranging from 1 to 30 pm,
deposited on Si pillars with side d = 2 um separated by 50
pm wide trenches, have been analyzed by SEM (see Figure
3.10).

In this condition, the shape and morphology evolution of
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Figure 3.9: a) DF STEM image of 7 um tall Ge crystals
deposited 440°C and 4.2 nm/s on Si pillars with side of 2
pm separated by 2 pm wide trenches. b) graph reporting
the inter-crystals distance versus their height extracted
from a). cross-sectional SEM image of 50 um tall Ge
crystals deposited 490°C and 4.2 nm /s on Si pillars with

side d = 2 um separated by 4 pum wide trenches [98].
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Figure 3.10: Top and side SEM view of isolated Ge
crystals with different height (indicated in yellow) de-
posited at 490°C and 4.2 nm/s on Si pillars with side d
= 2 pum separated by 50 um wide trenches. The inset
shows a perspective SEM overview of an array of 30 ym
tall Ge crystals [98].
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the Ge crystals is only determined by the angular distribu-
tion of the impinging flux from the gaseous phase. Increasing
the material deposition from 1 to 30 um, more Ge accumu-
lates on the lateral crystal sidewalls, always to a smaller
extent than on the top surface, eventually leading to an
"ice cream” crystal shape in the case of 30 pm deposition.
Moreover, a certain amount of material is also deposited in
the large trenches between the Si pillars, eventually covering

their bottom part (see inset of Figure 3.10).
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3.2 Impact of patterning conditions
on Ge crystal morphology

In this section it will be discussed the role of patterning
geometry, crystalline orientation and lateral sidewall silicon

oxide passivation on the Ge crystal morphology.

3.2.1 Role of patterning geometry

Ge crystals have been epitaxially grown on patterned Si (001)
substrates displaying pillars with different lateral size d (2,
5, 9 and 15 pm) and trench width (1, 2, 3, 4, 5 and 50 um)
as already described in section 2.2. The SEM images of 8
pm tall Ge crystals deposited at 490°C or 510°C and 4.2
nm/s on the aforementioned different Si pillars geometries
are reported in Figure 3.11, 3.13 and 3.14.

The impact of the lateral size d of the square Si pillars, for
a certain trench width (2 pm in this case), on the morphology
of the deposited Ge crystals is illustrated by the SEM images
reported in Figure 3.11. Here, different Si pillar sizes have
been considered: d =2, 5,9 and 15 ym. The only remarkable
effect of increasing the Si pillar size from d = 2 um to d = 15

pm on the Ge crystal morphology, is to expand the central
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Figure 3.11: SEM perspective images of 8 ym tall Ge
crystals deposited at 510°C and 4.2 nm/s on Si pillars
separated by 2 um wide trenches and different lateral
size d. a) d =2 um, b) d =5 pum, ¢) d =9 pum and d)
d = 15 um [98|.
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(001) facet. Indeed, the extension of the slanted {113} and
{111} facets doesn’t essentially vary, while the central (001)

facet becomes dominant (see Figure 3.12).
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Figure 3.12: Graph reporting the (001), {113} and
{111} facets extension of the Ge crystals shown in Fig-
ure 3.11. The extension of the {113} and {111} facets is
projected onto the (001) interface plane.

The influence of the trench width between adjacent Si
pillars on the morphology of Ge crystals, is depicted by the
SEM images reported in Figure 3.13 and 3.14.
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Figure 3.13: Perspective (left) and top (right) view
SEM images of 8 um tall Ge crystals deposited at 490°C
and 4.2 nm/s on Si pillars with side d = 2 pm and sep-
arated by a) lum, b) 2 um and ¢) 3 pum wide trenches
[98].
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Figure 3.14: Top-view SEM image of 8 um tall Ge
crystals deposited at 490°C and 4.2 nm/s on Si pillars
with side d = 2 pum and separated by different trench
width, indicated in yellow [98].

Here 8 um tall Ge crystals, deposited at 490°C and 4.2
nm/s on Si pillars with side d = 2 pm and separated by 1,
2,4, 5 and 50 pm wide trenches have been analyzed by SEM
both in perspective and top-view. It is possible to observe
that increasing the trench width from 1 to 50 um, the central
(001) doesn’t significantly expands, while the total top area
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is increased by ~ 160 % (see Figure 3.15). Thus the lateral
expansion of Ge crystals separated by large trench width is

mostly due to extension of slanted {113} and {111} facets.
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Figure 3.15: Graph reporting the total top surface of
the Ge crystals shown in Figure 3.14. The extension of
the {113} and {111} facets is projected onto the (001)
interface plane.

Moreover, increasing the trench width from 1 to 50 pm,
the thickness of the accumulated Ge in the trenches also
increases due to reduced gas shielding effects between adja-

cent crystals. Indeed, for trench width of 2 and 3 pm, the
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Ge thickness increases respectively by a factor 65 % and 140
% with respect to the 1 um case.

In order to test that the self-limited lateral expansion
growth modality also works for smaller Si pillars, i.e. slightly
larger than the typical Ge diffusion length (see section 3.3),
Ge crystals have been deposited on sub-micrometer sized
Si pillars. These sub-micrometer sized Si pillars have been
obtained by electron beam lithography (EBL) and cryogenic
deep reactive ion etching [92], resulting in smooth lateral
sidewalls avoiding the lateral scallops obtained by standard
Bosch process (see section 2.2). The SEM images of Figure
3.16 show that despite the smaller size of the Si pillars (~
1/10 of the ones fabricated by Bosch process) the self-limited
lateral expansion growth mechanism is still valid. Indeed,
500 nm tall Ge crystals deposited at 460°C and 4.2 nm/s on
Si pillars with side d = 0.8, 1.3 and 1.8 ym and 200 nm wide
trenches are still separated by nanometric gaps (see inset of

Figure 3.16 a).
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— 1 um

Figure 3.16: Perspective SEM images of 500 nm tall
Ge crystals deposited at 460°C and 4.2 nm /s on Si pillars
with 200 nm wide trenches and side: a) d = 0.8 um, b)
d =13 pm and ¢) d = 1.8 ym. The red inset in a)
displays a magnification of the nanometric gap between
two adjacent Ge crystals [98].



“Isa_master” — 2014/1/28 — 16:28 — page 103 — #56

Impact of patterning conditions on Ge crystal morphologi03

3.2.2 Role of lateral Si sidewalls passivation

Ge crystals have been also deposited on patterned Si(001)
substrates with lateral scalloped {110} sidewalls covered by
~ 100 nm thick silicon oxide layer (see section 2.2). The
lateral silicon oxide passivation layer has an important role
in the design of vertical electrical devices to prevent short
circuits between the highly defected material deposited lat-
erally and in the trenches with the crystals grown on the top
(001) surface. Moreover passivated Si sidewalls are useful
to prevent Ge diffusion towards the trenches, preserving the
non conformal growth conditions, in other deposition tech-
niques, e.g. thermal CVD.

The SEM images of Figure 3.17 compare the morphology
of 8 pm tall Ge crystals deposited at 560°C and 4.2 nm/s
on Si pillars (side d = 2 pum and separated by 2 ym wide
trenches) with (panels a) and b)) and without (panels ¢) and
d)) oxide passivation layer on the lateral {110} sidewalls.

The morphology of Ge crystals deposited on the top (001)
surface of Si pillars with and without lateral silicon oxide
passivation is fully comparable, while on the other hand, the
material which has been deposited on lateral sidewalls has

very poor crystalline quality in the latter case. Indeed poly-
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Figure 3.17: SEM images of 8 um tall Ge crystals de-
posited at 560°C and 4.2 nm/s on Si pillars (side d = 2
pm and separated by 2 um wide trenches) with ( a), b))
and without ( ¢), d)) 100 nm thick oxide passivation layer
on the lateral {110} sidewalls. b) and d) are respectively
magnifications of the Ge/oxide and Ge/Si {110} inter-
faces, clearly showing a lower Ge quality in the former
case [98].
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crystalline grains of Ge are visible on the lateral sidewalls.
A similar behavior has been also observed for Ge crystals
deposited on passivated Si pillars with larger lateral side d

= 5 and 9 um, as reported in Figure 3.18.
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Figure 3.18: SEM images of 8 um tall Ge crystals de-
posited at 560°C and 4.2 nm /s on Si pillars with sidewalls
passivated by 100 nm thick silicon oxide layer. The Si
pillar side is d = 5 pm in a) and b), d = 9 pum in ¢). b)
is a magnification of the Ge/oxide interface in a).
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3.2.3 Role of Si substrate orientation

So far, all the patterned Si substrates which have been con-
sidered for the Ge deposition, are (001) on axis oriented,
with an accuracy of £+ 0.5°. Here, the deposition of 8 um
tall Ge crystals at 440°C and 4.2 nm/s on Si pillars, realized
on (001) substrates with 6° miscut along the [110] direction,

is analyzed.

1 - growth direction

Figure 3.19: a) SEM image of 8 um tall Ge crystals
deposited at 440°C and 4.2 nm/s on Si pillars fabricated
on (001) substrate with 6° miscut along the [110] direc-
tion. The Si pillars have side d = 2 ym and trench width
of 2 um. b) shows a SEM magnification of the top part
of a Ge crystal displayed in a). The growth direction is
labeled by fi, which is normal to the miscut Si substrate
surface [98].
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The SEM images reported in Figure 3.19 show that de-
spite the mis-orientation of the Si pillars, still the self-limited
growth modality is preserved: fully faceted Ge crystals, sep-
arated by nanometric gaps are obtained. The morphology of
these crystals is fully comparable with the one of Ge crystals
deposited on on-axis (001) patterned Si substrates: central
(001) facet, surrounded by {113} and {111} facets along the
sides and {15 3 23} facets at the corners. It is worth to no-
tice that the final (001) surface is on-axis, nevertheless the
original one was 6° miscut towards the [110] direction. This
orientation change process is due to step flow Ge diffusion on
a finite area. This progressive process requires thicker epi-
taxial crystals for larger Si pillars, so that a suitable miscut
can be achieved for the integration of other materials on top

of the Ge crystals.
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3.3 Growth modeling of Si; ,Ge,/Si

crystals

In this section will be presented a model, developed by Dr.
R. Bergamaschini and Prof. L. Miglio from the Universita
degli studi di Milano Bicocca, based on rate equations for
the adatom phase, in order to interpret the influence of the
growth conditions on the Si; ,Ge, crystal morphology [97,
98, 102].

3.3.1 Crystalline facet growth and flux

modeling

The morphology and facet distribution of Si; ,Ge, crystals
deposited on Si pillars, depend on the competition between
kinetic and thermodynamic driving forces. Indeed, thermo-
dynamics drives the system to minimize its free energy, thus
it depends on the intrinsic properties of the material (e.g.
alloy composition, strain, surface energy..). Several growth
models based on thermodynamic driving forces can be found

in references [103-108|.

On the other hand, kinetics is strongly dependent on the
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growth parameters (deposition rate, growth temperature,...)
which can be easily tuned in order to drive the system to
different morphologies. In LEPECVD growth conditions the
deposition is performed out-from equilibrium due to the re-
duced growth temperature (between 410° and 610° for pure
Ge) and high growth rate >4 nm/s, thus in a low diffusion

length regime.

Our growth model, based on kinetics, is formulated via
rate equations for the adatom phase. It considers only one
chemical specie and it doesn’t take into account any strain
related phenomena which can influence the growth modality
[108]. In this framework the growth process can be described
by considering the evolution of the adatom phase applying

the rate equation models described in references [109-115].

If the crystal is in equilibrium, adatoms are continuosly
evaporated and re-absorbed on the surface and their local
density in the surface site « is N.,(z). Considering R, the
intrinsic rate of adatom generation, determined by the local
properties of the surface (orientation, chemical species,...)

and R. the rate of adatom incorporation into the crystal,
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the equilibrium condition is reported in equation 3.1.

R,=R,= (3.1)

where 7, is the crystallization time, i.e. the average lifetime
of an adatom before crystallization. The equilibrium condi-
tion is broken by the feeding gas during the epitaxial depo-
sition, indeed the local adatom density becomes Ny, (z) =
N(z) + N.y(x) where the excess value N(x) unbalances the
incorporation rate contribution, which ensures the crystal-
lization of the deposited material. The crystal growth rate
v(x) = v perpendicular to the growth front is expressed by

equation 3.2.

v(z)=R.— R, = (3.2)

The crystal profile evolution can be determined by know-
ing the local variation of N during the epitaxial deposition
time. As reported in Figure 3.20, at each position x on the
surface, adatoms tends to accumulate due to the deposition
flux @, they diffuse and get incorporated into the crystal or
desorb/etch away [87].

Considering the aforementioned mechanisms, a simple
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Figure 3.20: Schematic evolution of the discretized pro-
file of the growing crystal. Each segment takes into ac-
count the non-uniform conditions along the facets and it
expands normally to the crystalline facet depending on
the local growth rate v. The green inset shows the differ-
ent contribution considered in the rate equation model
for material transport through the adatom phase (AP)
[98].
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rate equation for the temporal evolution of N can be written

according to equation 3.3.

N N N
ON —p—— - 4V, [DV,N] =
at Te Td (33)

®—v—Ry+V,-[DV,N]

where Ry(z) = N(z)/7,4is the desorption /etching rate which
is the inverse of the average adatom lifetime before desorp-
tion 7; and the last term is related to the diffusion Fick’s law.
The subscript s means that the derivatives are performed ac-
cording to the surface coordinates. We can thus define the
diffusion length as the average distance of the adatoms be-
fore desorption Lq ~ /D7y, or crystallization L, ~ /De.
It is possible to get a complete description of the growth
dynamics by coupling the equations 3.3 and 3.2:

ON N
N (3.4)
v=—
TC
where 77! = 77147, ! is the inverse of the actual time of the

adatoms on the crystal surface. Thus according to equation

3.4, the growth results from the interplay between the ex-
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ternal deposition flux @, creating the out-of-equilibrium dis-
tribution of the adatoms, and the adatom surface processes

which depend on the local properties.

So far we have considered a generic crystal surface, but
the Ge/Si crystal studied in this work present well defined
different crystalline facets. Due to the out-of-equilibrium
growth conditions, the resulting crystal morphology is ex-
pected to differer from the thermodynamic Wulff reconstruc-
tion, indeed the growth velocity v(n) for each crystalline
facet is different. For a certain v(7),the so called kinetic
crystal shape (KCS) is the steady-state crystal shape which
maximize the overall growth rate on a convex surface or min-
imize it on a concave one [116-118]. Thus the KCS is dom-
inated by the fastest growing crystalline facets in a concave

region and by the slowest ones in a convex configuration.

The Ge crystals deposited on Si pillars have a concave
shape geometry, with well defined crystalline facets (e.g. see
Figure 3.7) from the very first stages of deposition. In this
case, the morphology of the Ge crystals can be obtained by
intersecting the expanding growth facets, which have differ-
ent growth rates, at different deposition stages and taking

the final convolution. This procedure is named Borgstrom
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construction [116] and is a prescrption to minimize edges and
steps between two adjacent crystalline facets. Figure 3.21
a), b) illustrate the Borgstrom construction for two different
facets on a convex region, respectively with similar and dif-
ferent growth rates. Panels ¢), d) are analogous to a) and
b) but for a convex region. Depending on the ratio between
the growth rates, adjacent facets can coexist during the de-
position (Figure 3.21 a) and ¢)) or one totally consumes the
other one (Figure 3.21 b) and d)). Thus, from cross-section
SEM images of a Ge crystal deposited on a Si pillar, is it
possible to extract the growth rate ratio of 2 adjacent facets
by analyzing the displacement evolution of their edge during

the deposition.

By considering two crystalline facets A and B, with angles
a and 8 with respect to the (001) plane, the angle 6 along
which their edge moves during the epitaxial deposition is
expressed by equation 3.5.

tanf — tana
UBCoOSQ

(3.5)

tanf = tano +

B vacosf

As reported in Figure 3.21 e) (central part), the coexistence

of both A and B facets is obtained for small variations of
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Figure 3.21: Borgstrom construction for two different
crystalline facets A and B with different growth rates,
respectively named vy and vp. In panels a) and b) the
profile is convex and the growth rates are respectively
similar and very different. c¢) and d) are respectively
analogous to a) and b) but for a concave profile. €) map
of the different growth regimes for a convex crystal profile
depending on the angle 6 which describes the trajectory
of the border between A and B facets during growth [98].
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growth rates and it implies fe |5 + 7/2,a + 7/2|. On the
contrary, if the facets A and B have very different growth
rates (lateral regions of Figure 3.21 panel e), the slowest
facet expands consuming the other one. In particular, for e
[, B + /2] facet A expands, while for fe [a + 7/2, 5 + 7|
facet B expands because of smaller growth rate.

In order to take into account local variations of the in-
coming flux, each crystalline facet has been partitioned in
line segments, which expand according to the local growth
velocity, as reported in Figure 3.20. Thus a stepped crystal
profile is obtained and the facet edges proceed according to

the Borgstrom construction.

The diffusion length of Ge during LEPECVD deposition
is considered to be ~ 100 - 200 nm |97, 119, 120] (high de-
position rate of 4.2 nm/s), which is much smaller than the
typical lateral size of the Si pillars and of the crystalline
facets. Indeed, as a first approximation, it is reasonable to
neglect the diffusion term in the rate equation 3.4, which can

be re-written in the simplified form of equation 3.6.

%_N:gs_ﬁ
oy T (3.6)
v=—

Te
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Assuming as initial condition the equilibrium condition

N(t=0)=0 and a constant deposition flux @, the density of
adatoms is expected to reach a stationary value Ny = 7@
with a transient dependence N(t)=Ny [1—e(“"/7]. From
equation 3.6 it is possible to write the stationary growth

rate according to equation 3.7.

N 1
Vst T, 1+ 7./14 X (3.7)
where x is the incorporation factor, defined as x = [1 +

7/74) L

The incorporation factor represents the fraction
of the incoming flux which is crystallized, and for a given

temperature it depends only on the facet orientation.

The reactive gas flux @ impinging on the crystal surface
at a given x point can be described in a spherical coordi-
nate system where # and ¢ are respectively the polar and
azimuthal angles. Integrating all the flux contributions com-
ing from every direction #(6, ), projected along the local

surface normal 7i4(x), it is possible to write equation 3.8.

P(x) = /W 06, 0, 2)8(60, ) - B () dW (3.8)

where ¢(0, o, z) is the angular distribution of the incoming
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flux at the point x, which depends on the spatial distribution
and velocity of the reactive gas in the LEPECVD reactor
(see Figure 3.22 b)). A detailed study of the plasma and
reactive gas distribution in LEPECVD has been published
in references [87, 88|. The integration domain W defines all
the accessible directions #(6, ) to collect the flux at a certain
x point. At the typical growth pressure of LEPECVD, which
is ~ 1072 mbar, the mean free path of gaseous molecules is
in the order of few cm, much larger than the micrometer-
sized Ge/Si crystals ans smaller than the distance between
the substrate and the plasma source. The reactive GeHs and
GeH, radicals, formed in the Ar plasma, reach the substrate
surface after several collisions. Indeed, the impinging species
can be considered to arrive isotropically on the substrate
surface. However, a certain directionality of the flux should
be taken into account especially for ionized molecules (e.g.
GeH7) due to the accelerating electric field and confining
magnetic coils. In Figure 3.22 a), it is represented the flux
geometry: a vertical component @y, is superimposed on the

isotropic one @j.

The isotropic flux has been estimated to be 70 % of the

total by systematic fittings of the ratio between the Ge de-
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Figure 3.22: a) schematic representation of the reactive
gas flux geometry. Py is the vertical flux contribution
which is superimposed to the isotropic one @; forming
an hemisphere above the sample. b) geometrical defini-
tion of the angles # and ¢ used in the equation 3.8. ¢)
schematic representation of the flux reduction due to the
inclination of the crystalline facets. d) Variation of the
net flux, labeled &( as a function of the angle between
the normal to a crystalline facet and the (001) plane.
The contributions of @; and @y are also reported. e)
schematic representation showing the flux reduction due
to shielding effects between adjacent crystals [98].
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posited on the top of the Si pillars and in the trenches, which
has been measured experimentally by cross-section SEM im-

ages.

Since each crystalline facet is inclined by an angle o with
respect to the (001) interface plane, the actual impinging
flux is reduced, as reported in Figure 3.22 c). Indeed the
actual flux @(«a), can be calculated for each a angle, directly

from equation 3.8 and considering the integration domain

W = {0€[0, 7], pela, 7]}

1
d(a) = QPIW + Py cosa®(m/2 — a) (3.9)

where the Heaviside function © cuts the contribution of the
vertical flux @y for angles o > 7/2. The function @(«), to-
gether with the vertical and isotropic contributions @y and
@, for different crystalline facet orientation, are reported in
Figure 3.22. The total flux, labeled as &, = @y + @y, is max-
imum for (001) crystalline facet and decreases monotonically

for larger angles.

Equation 3.9 works in the case of isolated crystals, where
the reduction of the actual imping flux only depends on the

facet inclination. On the other hand, Ge crystals are ar-
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ranged in dense arrays, separated by micro-metric or even
nano-metric gaps. In this configuration, the actual isotropic
flux &; impinging on one crystal is reduced by a shielding
effect of the neighbors. This shielding effect depends on the
position x on the crystal surface and it is particularly marked
on the lateral sidewalls.

Indeed, by considering a ballistic regime in the nearby
of the crystal surface, the shielding effect can be easily cal-
culated by simple geometric considerations and its effect is
schematically depicted in Figure 3.22 e). By considering a
2D system, the net flux @(«, ¢, p2) impinging on a facet in-
clined by an angle « respect to the interface (001) plane can
be calculated from equation 3.8 by imposing the integration
domain W = {0¢[0, 7], pe[p1, ™ — @2]}, where @1 and ¢y de-
fine the angular sector to collect the gas flux and depend on

the surface position, as sketched in Figure 3.22 e).

cos(p1 — ) + cos(m — 3 — ) N
2 (3.10)
+DycosaO(m/2 — ¢1)O(pg — 7/2)

97-5(047901,902) =Py
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3.3.2 Kinetic parameters

Despite a lot of efforts spent in studying the SiGe system,
most of the kinetic parameters, necessary to model the epi-
taxial gowth of Ge crystals on Si pillars, are far from being
known. Particularly, 7., 7y and D are expected to strongly
depend on the growth conditions (temperature and rate) and
on local properties of crystalline facets, such as surface recon-
struction, step density and crystallographic orientation. As
a first approximation we have neglected the diffusion term,
indeed the typical Ge diffusion length for LEPECVD at the
growth rate of 4.2 nm/s and growth temperature of 400 -
600°C is L ~ \/TDge Fa/ksT ~ 100 - 200 nm [97, 119, 120]
where 7 is the time to deposit one Ge monolayer and FE, is
the activation barrier [121]. L is thus smaller than the Ge
crystal facets and it corresponds to the size of the discretiza-
tion elements in which the crystalline facets are considered
(see Figure 3.20).

It has been reported [110, 122-125| that Si;,Ge, crystals
tend to expose (001), {111}, {113} and {011} facets (see
also Figure 3.7). Qualitatively, it is assessed that the (001)
has the fastest growth velocity and the largest surface en-

ergy. Since establishing a growth rate order for the different
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crystalline facets largely depends on the specific growth con-
ditions, and no general agreement is found both for Si and
Ge, we extracted the relative facet growth velocity by fitting
the crystal morphology evolution with experimental profiles

of isolated Ge crystals, i.e. negligible shadowing effects.

Indeed, as described in section 3.3.1 the kinetic crystal
shape depends on the growth velocity of each crystalline
facet, according to the Borgstrom construction. Therefore,
in order to extract the relative growth rate of each facet,
cross-section SEM images of Ge crystals deposited on iso-
lated Si pillars (trench width of 50 pm) at different deposi-
tion stages have been analyzed. The growth sequence, ob-
tained by superimposing the SEM cross-section images for
different deposited Ge thicknesses, reported in Figure 3.23
a), allows to measure the relative growth rate of each crys-
talline facet in comparison to that one of the (001) surface.
This assessment is performed by measuring the slope of the
lines connecting the edges between different crystalline facets

(dashed lines in Figure 3.23 a)) and using equation 3.5.

Since the flux of reacting species is constant (stationary
conditions) and known from equation 3.9, it is possible to

calculate the incorporating factors x for each crystalline facet
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F—4 um

Figure 3.23: Comparison between Ge cross-section im-
ages of Ge crystals with different thickness (colored im-
ages) and simulated profiles (white lines) in the case of
an isolated crystal a) and for an array of Si pillars sepa-
rated by 4 um wide trenches b). In a) the black dashed
line traces the evolution of the border between {111} and
{113} facets. Si pillars have lateral side d = 2 pym and
the Ge growth temperature is 490°C [98].



126 3D heteroepitaxy of Si;..Ge,/Si crystals

by using equation 3.7 (see Table 3.1).

Table 3.1 Model parameters for each crystalline facet. The growth velocities
with respect to the (001) surface are obtained from the experimental profiles.
The desorption/ etching time is set T, =0.1s for all facets.

Facet v/v(001) @ /D(001) ¥ 7. (s) N,

(001) 1 1 091 0.010 0.31
(113} 0.91 0.94 0.87 0.014 0.40
{111} 0.65 0.74 0.80 0.024 0.48
{110} 0.28 0.38 0.67 0.049 0.42

The consistency between the simulated (indicated by
white lines) and measured growth profiles (colored crystals)
is verified in Figure 3.23 both for isolated and dense arrays
of Ge crystals. The profile simulations, for isolated Si pillars,
work finely to reproduce the Ge crystal morphology up to a
thickness of ~ 10 um. For taller crystals, deviations appear
mostly on the lateral sidewalls, where the growth velocity
is probably reduced by long range shielding effects of other
crystals. In the case of dense array of Ge crystals, the profiles
have been calculated taking into account the flux shielding
due to neighboring pillars and using the same kinetic param-
eters considered for the isolated crystal case.

The very good agreement between the simulated and

measured profiles of the dense array of Ge crystals reported
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in 3.23 b), allows to explain the origin of the self-limited
lateral expansion growth as a consequence of mutual shield-
ing of the reactive gas between adjacent pillars. Indeed, the
shielding effect, limits the amount of adatoms flux which can
deposit on the {110} sidewalls, thus reducing their growth
velocity as the gap width between adjacent pillars shrinks.
This shielding effect, combined with the small ratio between
the Ge diffusion length and the Si features size, are the two
key mechanisms ensuring the 3D epitaxial growth modality
preferentially along the [001] direction.

The evolution of the crystalline Ge facets can be traced
during the deposition by inserting 10 nm thick, Sijy ;Gegy
fully strained markers every 90 nm of Ge. Cross-section
SEM images of 8 pum tall Ge crystals, with embedded 72
Sig.;Gey.g markers are reported in Figure 3.24. It is worth to
notice that the simulated profiles displayed in Figure 3.25,
for analogous pillars geometry, perfectly resemble the facet

evolution shown by the markers in Figure 3.24.
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— 1 pm

Figure 3.24: a) cross-section SEM image of 8 um tall
Ge crystals (deposited at 615°C and 4.2 nm/s) with 72
nm thick, Sip ;Geg.g fully strained markers every 90 nm
of Ge. The Si pillar size is d = 5 um and are separated
by 3 pm wide trenches. b) magnification of the material
deposited in one trench, ¢) magnification of one crys-
tal reported in a). The yellow lines remark 3 different
Sip.1Geg.9 marker positioned respectively 2, 4 and 6 ym
far from the Ge/Si interface [98].
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Figure 3.25: Profile simulation of 10 um tall Ge crystals
deposited on Si pillars with side d = 5 um and separated
by 3 pm wide trenches. The growth front is displayed
every 1 um [98].
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3.3.3 Diffusion and growth temperature ef-

fects

Due to the reduced Ge diffusion length scale (~100 - 200
nm) compared to the typical Si pillar and crystal facet size,
the role of adatoms diffusion has been so far neglected into
the profile model. The only aspect taking into account the
diffusion length, is the size (100 nm) of the linear elements

in which the crystal surface has been discretized.

Particularly, by inspecting carefully the Ge surface mor-
phology, both by SEM and AFM, it is possible to see traces of
material diffusion at the borders between different crystalline
facets, especially for high growth temperatures. Figure 3.26
a), b) confirms this observation by analyzing the top surface
profile of 8 um tall Ge crystal deposited at 535°C and 4.2
nm/s on Si pillars with lateral side d = 5 pm and separated

by 2 um wide trenches.

The AFM line scan along the [110] direction through the
middle of a Ge crystal, reported in Figure 3.26 b), clearly
indicates the presence of a ridge (~ 60 nm tall) following the
entire perimeter of the {113}/(001) border, generated by lo-

cal Ge accumulation between the two different crystalline
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Figure 3.26: a) perspective SEM image and b) AFM
scan profile along the [110] direction through the middle
of the top surface of a 8 um tall Ge crystal deposited at
535°C and 4.2 nm/s on Si pillars with lateral side d = 5
pm and separated by 2 pm wide trenches. ¢) Comparison
of the simulated crystal profile evolution (every 1 pm up
to 4 pum) with no diffusion effects, intra-facet transport
only and both intra- and inter-facet diffusion (d = 10~7
ecm?/s). d) magnification of the simulated crystal profile
at the border between {113} and (001) facets after 1 ym
of deposition with d = 107 cm~2/s. e) Simulated crystal
profiles after 1 pum of deposition with different adatom
diffusivity D [98].
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facets. More precisely, the profile of the Ge accumulated at
the {113} /(001) border decays exponentially within a length
scale of 500 nm. This accumulation of material, can be ex-
plained by considering a short-range diffusion process at the
border of different crystalline facets, from {113} to (001) sur-
face and it can be taken into account in the profile model by
restoring the Fick diffusion term V- [DV N] in equation
3.4 |112-115, 126]. Different diffusion coefficients should be
expected for diffusion process within the same crystal facet
(intra-facet) and between different ones (inter-facet), indeed
the latter process is eventually limited by higher kinetic bar-
riers [111, 127, 128]. Moreover, additional energy barriers
for diffusion are expected for highly stepped facets (Erlich-
Schwoebel barriers [129]). However we don’t have sufficient
quantitative data to estimate the intra- and inter-facet dif-
fusivity difference, thus in the simulation the same value of

D has been used for both mechanisms.

The simulation of Ge crystal profiles are reported in Fig-
ure 3.26 c), superimposing the profiles calculated without
and with diffusion mechanisms choosing d = 1077 c¢m?/s.
The morphology profiles calculated allowing only the intra-

facet diffusion processes are very similar to the ones with
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no diffusion. Indeed, the main effect of intra-facet diffu-
sion, consists in moving the material in order to make the
adatom density smoother within each facet. On the other
hand, when both intra and inter-facet diffusion processes are
taken into account, the crystal profile substantially changes
respect to the no diffusion case. In particular, some material
diffuses from {113} and {111} facets respectively towards
(001) and {110} facets. This process is determined by the
different density of adatoms on each crystalline facet. A
net flow of Ge atoms is produced from {113} to (001) facet,
creating the ridge at their border as evidenced experimen-
tally by the AFM scan reported in 3.26 b). In 3.26 d) it
is reported a magnification of the simulated crystal profile
at the {113}/(001) border with intra and inter-facet diffu-
sivity d = 1077 cm?/s, clearly revealing the material accu-
mulation in good agreement with panel b). An analogous
situations is found at the {111}/{110} facets border, where
material diffuses towards the lateral {110} sidewalls. This
diffusion mechanism increases the lateral growth at the top
of the{110} sidewalls, thus increasing the narrowing of the

inter-crystals distance faster.

Figure 3.26 e) reports the Ge crystal profile for different
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values of Ge diffusivity. It is possible to distinguish three

different diffusion regimes, as listed below.

1. Low diffusivity regime: d = 107% ¢m?/s. In this con-
dition, diffusion processes are negligible, the deposited
material is frozen, the surface evolution is determined
only by the flux distribution and no remarkable differ-
ence in the crystal profile is found respect to the no

diffusion case.

2. Intermediate diffusivity regime: d = 1077 cm?/s. In
this case, the diffusion effects become relevant and ma-
terial accumulates at the border between different crys-

talline facets.

3. High diffusivity regime: d = 1075 ecm?/s. In this case
the diffusion processes are very effective, a more ho-
mogeneous redistribution of the material is reached,
enabling to smear out the accumulation at the facets

borders.

The impact of material diffusion between different crys-
talline facets on the morphology of the crystals consists in
altering the relative growth rates and thus, as described in

section 3.3.1, the resulting kinetic crystal shape. Indeed,
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as shown in Figure 3.26, the net flux of atoms from {113}
and {111} facets towards respectively (001) and {110} sur-
faces, increases the growth rate of the latter ones and reduces
the growth rate of the former ones because they are limited
by the material supply from the gaseous phase. In particu-
lar, the inter-facet diffusion mechanisms, reduces the growth
velocity ratio v{113}/v(001), thus modifying the morphol-
ogy of the crystal surface favoring the expansion of {113}
facets consuming the central (001) plateau which can eventu-
ally disappear for high growth temperatures and deposition

thickness.

Actually, relative variations of growth rates can be more
complicated to describe than considering only diffusion pro-
cesses, since also incorporation dynamics may change with
temperature through the temperature dependence of 7., 74
and different surface reconstructions [128]. In order to an-
alyze the variation of crystal morphology with the growth
temperature (7Tg), Ge crystals, 8 um tall, have been grown
at different temperatures, ranging from 415°C to 585°C, on
Si pillars with side d = 2 pm and separated by 2 pm wide
trenches. Their top-view SEM images are reported in Figure

3.27.
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Figure 3.27: a) top-view SEM images of 8 yum tall Ge
crystals grown at different temperatures (marked in yel-
low), ranging from 415°C to 585°C, on Si pillars with side
d = 2 pum and separated by 2 um wide trenches. Pro-
files extracted from SEM images of the same Ge crystals
reported in a). ¢) AFM profiles extracted from the top
Ge surface of crystals deposited on Si pillars with side
d = 5 pum and separated by 2 pum wide trenches. In b)
and c) the profiles are extracted along the [110] direc-
tion through the middle of the crystal and the growth
temperatures are labeled with different colors [98].
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From the SEM and AFM images displayed in Figure
3.27, it is evident that the crystal morphology strongly de-
pends on the growth temperature. Indeed, the top crystal
shape, changes from a large (001) plateau almost covering
the whole surface at T=415°C, to a truncated pyramid at
T—=515°C, and finally a full {113} facets bounded pyra-
mid at T;=585°C. Considering that the facet with lower
growth rate expands consuming the neighboring ones, the
shrinking of the (001) surface increasing T¢;, indicates that
the v{113}/v(001) ratio decreases for higher growth tem-
peratures. Particularly, from the SEM images of Figure
3.27 b), the v{113}/v(001) ratio is estimated to be 0.93 at
T=415°C, 0.89 at Tx=>515°C and 0.96 at T;=585°C.

Thus tiny variations in the relative growth facet velocity
lead to a large variation of Ge crystal morphology. The two
main explanations for the change in the v{113}/v(001) ra-
tio with the growth temperature are diffusion mechanisms,
as described before, which redistribute material between ad-
jacent facets, and a decrease of the xyi13; value for high
growth temperatures. The latter case implies a reduction of
the crystallization efficiency or higher etching/evaporation

rate, which reduces the growth rate of {113} facets, thus
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favoring their expansion.

A comparison between the experimental results and pro-
file simulations for Ge crystals deposited at three different
growth temperatures are reported respectively in Figure 3.28
a) and b). The simulated profiles reproduce the experimen-
tal data with very good agreement, showing the shrinking of
the central (001) facet increasing the growth temperature.
Panel c¢) reports cross-section SEM images of Ge crystals,
grown at slightly different growth temperatures, with embed-
ded 72 fully strained, 10 nm thick Siy ;Gegy s markers every
90 nm of Ge. Still, the simulated growth fronts, at each de-
position temperature, resemble the crystals shape evolution

evidenced by the Siy ;Gey. g markers.



“Isa_master” — 2014/1/28 — 16:28 — page 139 — #74

Growth modeling of Si;.,Ge,/Si crystals 139

b)

— 2 um

440°C

§

—

0.5 pm

— 2 pm

Figure 3.28: a) perspective and top-view SEM images
of 8 pm tall Ge crystals grown at different temperatures
(marked in black), on Si pillars with side d = 2 ym and
separated by 2 pum wide trenches. b) simulations show-
ing the crystal evolution profile during growth. c) cross-
section SEM images of 8 pm tall Ge crystals grown at
different temperatures (marked in yellow), with embed-
ded 72 fully strained, 10 nm thick Siy ;Gey g markers
every 90 nm of Ge, on Si pillars with side d = 2 ym and
separated by 2 um wide trenches [98].
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3.4 Thermal strain relaxation

The self-limited lateral expansion growth modality, as re-
ported in section 3.1, allows to obtain several micrometers
tall Ge crystals, separated by nanometric gaps, fully tes-
sellating the sample surface with a filling factor up to 90
%. BEach isolated Ge crystal, deposited onto a Si pillar, can
expand elastically to relax the thermal tensile strain accu-
mulated during the cooling of the sample from the growth
temperature (in the range 400°C - 600°C) to room temper-
ature [97, 98, 102|. As already described in section 1.3, the
thermal induced tensile strain in thick Ge/Si planar layers
generates several problems, such as wafer bowing and cracks

formation.

The Nomarski images reported in Figure 3.29 show that
for 8 um thick Ge layers, deposited at 490°C and 4.2 nm/s,
thermal cracks running along the <110> directions are gen-
erated in the planar layer region, while they stop and don’t

propagate in the pillar patterned region.

The elastic relaxation of the thermal tensile strain in Ge
crystals deposited on Si pillars has been confirmed by HR-
XRD reciprocal space maps performed around Si(004) and
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Figure 3.29: Nomarski images of the border between
the unpatterned planar region and the patterned one
with Si pillars (side d = 5 pm, separated by 8 pum wide
trenches). Ge has been deposited with a thickness of 50
pm at 490°C and 4.2 nm/s [98].
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(224) Bragg reflections and FEM simulations reported in Fig-
ure 3.30.

HR-XRD data, displayed in Figure 3.30 b), show that
(004) Bragg reflection for Ge crystals deposited on Si pillars
(region I and II, red line) is positioned exactly at the same
Q. position of a Ge bulk wafer (black line), thus confirming
full relaxation of the tensile strain. Moreover, the FWHM of
peaks I, II is extremely sharp, as sharp as the Ge bulk refer-
ence, thus confirming the high crystalline quality of the Ge
crystals. Region II, labels the Ge crystals which are at the
borders of the 10x 10 pillars blocks, presenting an asymmet-
ric crystal expansion, turning in minor tilting of the crystal
lattice, not affecting the relaxation process [102]. More de-
tails about HR-XRD analysis on Ge/Si crystals can be found
in chapter 5 and in reference [130]. The right side peak of the
Ge crystals (region III, red line) shifted at higher @), values,
with in plane strain ¢,, = 0.09 % is related to the partially
strained material deposited in the trenches between adjacent
pillars (see panel a) to identify the different regions). Its in-
tensity, compared to that one of region I and II, is only 0.013
%. On the other hand, the (004) Bragg reflection peak of
the planar Ge layer, is shifted to higher (), values, revealing
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Figure 3.30: a) SEM image of 16 um tall Ge crystals,
deposited at 440°C and 4.2 nm /s on Si pillars with side d
= 2 pum, separated by 1 pm wide trenches and arranged
in 10x10 pillars blocks. b) HR-XRD scan along the @,
direction (Q,=0) for the (004) Bragg reflection of the Ge
crystals depicted in a) (red line), of the tensile strained
Ge planar layer (blue line) and a bulk Ge wafer (black
line). The roman numbers I, II and III refer to different
Ge positions labeled in a). FEM simulations of the strain
components €, and €., for 8 um tall Ge/Si crystals on
Si pillars with side d = 2 pm. Both strain components
are also extracted along the [001] z direction through the
middle of the crystal [98, 102].
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a tensile in plane strain e,, = 0.11 %, thus introducing wafer
bowing and cracks formation. Indeed, FEM simulations, re-
ported in Figure 3.30 ¢), show that the thermal tensile strain
in high aspect ratio Ge crystals is completely elastically re-

laxed after ~ 2 - 3um from the Ge/Si interface.
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Chapter 4

Dislocation Engineering in

Si;.;Ges/Si

The scope of integrating a mismatched epitaxial layer on a
Si substrate points to two different targets [41]: i) the het-
erostructure acts as the active layer in a device, or ii) the
epitaxial layer is used as a template, often called virtual sub-
strate to deposit another semiconductor film with interesting
electro-optical properties (typically a ITI-V crystal). In the
first approach, the performances of the device are mostly
limited by the nucleation of MDs at the hetero-interface to
relax plastically the lattice mismatch [131]. In the second

approach, the main requirement is getting an high quality
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virtual substrate, which enables the integration of an high

quality active layer, are the following [132]:

1. relaxed lattice parameter to avoid strain-related prob-

lems (see section 1.3)
2. low threading dislocation density
3. low surface roughness
4. reduced thickness

Therefore, the analysis of threading dislocation density, na-
ture and orientation is fundamental in order to develop a
deposition approach which fulfills all the listed requirements
ensuring an high quality virtual substrate. In this chapter we
will focus on the study of TDs character in Si;_,Ge, [133], de-
scribing also a viable approach to get fully relaxed, TD-free
Ge crystals on patterned Si substrates [19].

4.1 Threading dislocation analysis and
elimination in pure Ge crystals

A pure Ge epitaxial layer, 8um thick has been deposited by
LEPECVD on a Si patterned substrate (see sections 2.1.1
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and 2.2) at 490°C and 4.2 nm/s. In Figure 4.1 an AFM
scan of the Ge layer surface, deposited in the unpatterned
planar region, is reported, showing no crosshatch pattern
and a surface roughness with RMS=0.68 4+ 0.05 nm on a

surface area of 400 um?.

Figure 4.1: AFM scan of the surface of 8um thick Ge
layer deposited at 490°C and 4.2 nm/s.

The absence of the crosshatch pattern is typical in high-
misfit heteroepitaxial systems where an high number of short
dislocation loops are homogeneously nucleated [134, 135].
Indeed, a TDD of 9.0x10% cm =24 2.3x10% cm ™2 has been
measured counting by AFM dislocation etch pits after de-

fect etching in Iodine solution (see section 2.3) on an area of
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1000 ym?. Figure 4.2 shows the surface of the Ge layer after
defect etching in Iodine solution, emerging TDs are clearly

revealed as conical shaped valleys [136].

100 nm
0 nm

Figure 4.2: AFM image of the surface of 8um thick
Ge layer grown at 490°C and 4.2 nm/s by LEPECVD
after defect etching in lodine solution. Emerging TDs
are clearly visible as dark valleys.

From the TDD value of the Ge film in the unpatterned re-
gion alone, it is impossible to extract any information about
the nature (screw, edge or mixed) and orientation of the TDs.

Indeed, in order to shed light on the characteristics of the
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TDs, TEM, dark-field (DF) g- b and large angle convergent-
beam electron diffraction (LACBED) [137, 138] g- b analysis

have been performed.
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200 nm

Figure 4.3: TEM analysis of an 8um thick Ge layer
grown at 490°C and 4.2 nm/s by LEPECVD on a (001)
Si substrate. a) compilation of (004)-DF-TEM images
of the unpatterned planar region. b) g- b analysis of 3
different vertical TDs marked by the red circle in a) [19].
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In Figure 4.3 a), it is shown the cross-section (004)-DF-
TEM image of an 8um thick Ge layer grown at 490°C and
4.2 nm/s. Clearly, the majority of TDs is vertical (VDs), i.e.
aligned along the [001] direction [19]. The g- b analysis re-
ported in Figure 4.3 panel b), clarifies the nature of the VDs.
Indeed, here a bright field (BF) image is compared with two
DF images taken with two different scattering vector geome-
tries: g = [004] and g = [220]. The invisibility criterion,
states that a dislocation is invisible if the scalar product g- b
= 0, where b is the Burger’s vector and g is the scattering
vector. The vertical threading dislocation £2 is invisible for
g = [004], which means that is an edge-type TD (dislocation
line I = [001]) with Burger’s vector <110> oriented. Dislo-
cations #1 and #3 are invisible with g = [220], thus are screw-
type VDs with Burger’s vector b parallel to the dislocation
line I = [001]. Dislocation #3 is dissociated, ending with two
60° TDs at the side faces of the TEM lamella. The DF g- b
analysis reported in Figure 4.3 b) have been completed by
LACBED measurements (see Figure 4.4), confirming edge-
type Burger’s vector b = %[110] for TD #2 and screw-type
Burger’s vector b = a[001] for TD 1 and for TD £3 [139].
S. Harada et al. [17], have already observed the presence of
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— (20 10)
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Figure 4.4: a) LACBED analysis of dislocation #1 con-
firming the screw nature of the VD by the presence of
5 minima in the g = (115) Bragg line, which is possible
only for b = [001]. b) LACBED analysis fully confirms

1 -
the edge character of dislocation #2 (b —= 5(1[110]) thanks

to the -1m, 2m and 1m minima for the g = (2 0 10), (3
19) and (0 2 10) Bragg lines respectively [139].
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screw VDs in Ge/Si(001) crystals grown at T = 450°C by
CVD. Here, the authors present a possible model to explain
the formation of screw VDs, which is fully consistent with
our findings. Two complementary 60° TDs, gliding in {111}
planes, respectively with Burger’s vectors b; = j:g[ilO] and
by — ig[no] or b — ig[on] and b, — ig[oh] reacts
and after a climb process they align along the [001] direc-
tion. Edge VDs, belonging to the secondary slip system of
the diamond structure g <110>{110}, can be related to the
formation of edge Lomer dislocations (b = j:g[llo] or b =
ig[lio]) at the heterointerface due to the reaction of 60°
MDs [52, 140]. The residual TD arms of the two interact-
ing MDs, can join creating an edge VD via a climb process.
Climb processes are mediated by the presence of vacancies
[44], their concentration is expected to be several orders of
magnitude larger than the thermodynamic value [141] due
to the large out-of-equilibrium conditions of LEPECVD (for
further details see section 4.2). In order to have a better
statistic confirming that the majority of TDs is vertical, de-
fect etching and TDs counting have been performed on Ge
crystals 8um thick grown at 490°C and 4.2 nm/s (same sam-
ple of the planar region reported in Figure 4.3) deposited on
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square Si pillars with side d 5, 9 and 15 pm. Since slanted
60° TDs lay in {111} glide planes, above a critical aspect
ratio (height/width) of the deposited Ge crystals, 60° TDs
are filtered out at the lateral sidewalls, while VDs reach the
top (001) surface. Indeed, if the Ge crystal height h satis-
fies the dislocation expulsion condition h>dxtan(a), where
a=54.74° is the angle between the {111} glide planes and the
(001) interface plane, the TDs reaching the top (001) surface
are VDs aligned along the [001] direction. A sketch of the

slanted TDs mechanism expulsion is reported in Figure 4.5.
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VD

slanted TD

Figure 4.5: Sketch showing the slanted TDs expulsion
at the Ge crystal sidewalls for h>dxtan(a). VDs reach
the top (001) surface.

After defect etching in Iodine solution, the measured
TDD on the top (001) surface of the Ge crystals with side d
5,9 and 15 um is respectively 9.5x10%cm242.1x108%cm 2,
9.3x10%cm24£2.0x10%cm~2 and 9.4x10%cm—242.1x
10%¢m~2 (see Figure 4.6). In Figure 4.7 are reported an SEM
image of the 8um tall Ge crystals array deposited on Si pil-
lars with side d = 5 pm and an AFM scan after defect etching
on the top (001) surface of a single Ge crystal.
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Figure 4.6: TDD of 8.0um Ge deposited at 490°C and
4.2 nm/s on the planar region and on Si pillars with side
d =5,9and 15 um.
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Figure 4.7: a) SEM image of array of Ge crystals 8
pm tall deposited at 490°C and 4.2 nm/s on Si pillars
with side d = 5 pum separated by 2 pm wide trenches. b)
AFM scan after defect etching in lodine solution of the
top (001) surface of a Ge crystal reported in a) [19].
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The TDD values of Ge crystals grown on Si pillars and on
planar Si (001) are fully comparable within the experimental
error, clearly demonstrating that the majority of TDs are
vertical. Moreover, since the TDD in Ge crystals on Si pillars
is remarkably independent on the Si pillar size d, it indicates
that nucleation of dislocations is not influenced by finite-size
effects. The dominance of VDs in Ge/Si (001) is further
corroborated by the TDDs values reported in Figure 4.8.
Here the TDD on the top (001) surface of Ge crystals with A
ranging from 1 to 30 um, deposited at 500°C and 4.2 nm/s
on Si pillars with side d = 5 um is reported. Indeed, the
TDD values shown in Figure 4.8 are independent on the Ge

crystal height A, thus confirming the dominance of VDs.
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Figure 4.8: a) TDD on the top (001) surface of Ge
crystals with different heights h, grown at 500°C and 4.2
nm/s on Si pillars with side d = 5 um and separated by
3 p wide trenches. b) (BOTTOM) SEM image of a Ge
crystal (h=8 pm, d = 5 um) before defect etching and
(TOP) AFM scan of the top Ge (001) surface after defect
etching in Jodine solution [133].

According to the limited statistic of TEM analysis, we
found a larger fraction (by a factor of 2-3 in the Ge layer re-
ported in Figure 4.3) of screw VDs with respect to edge VDs.
For screw VDs, the dissociation of the Burger’s vector into
equal sum b:%<011> vectors is expected. This dissociation
mechanism has already been reported in Ref. [17] after Ge
annealing. Edge dislocation, are on the other hand sessile.

Indeed, the dislocation mobility in the secondary slip system
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<110> {100} is expected to be per se reduced compared
to the primary slip system case [44]; moreover the biaxial
stress, induced by the different expansion coefficients of the
epilayer and substrate during annealing, has zero resolved
shear stress. In order to study the stability, the different
behavior and the density reduction of screw and edge VDs,
annealing cycles have been performed. Annealing cycles in-
crease the mobility of dislocations, providing a driving force
for gliding due to the difference in thermal expansion coef-
ficients of the epilayer and substrate. The enhancement of
the dislocation mobility increases the annihilation/reaction
between TDs [142], thus reducing their density [143, 144].
Due to the large aspect ratio of the Ge crystals deposited
on Si pillars, finite element method (FEM) calculations (re-
ported in Figure 4.9) show that the thermal strain is released
elastically after ~ 2 pum from the Ge/Si interface [97, 130].
Therefore, in order to induce a comparable thermal strain in
the planar and patterned region during the annealing cycles,
they have been performed in situ after 1 um Ge deposition,
then Ge has been deposited up to the final thickness of 8
pm in the same conditions. The annealing cycles consist

in ramping the substrate temperature from 600°C to 800°C
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with a set-point rate of 2°C/s at 5 x 10" mbar in the LEP-
ECVD reactor.
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Figure 4.9: FEM calculations of the thermal strain Z-
distribution within a 8 um tall Ge crystal deposited on
2 pm large Si pillar. The graphs with the red and blue
curves show respectively the strain components €,, and
€.» in the center of the crystal (x=0) [102].

The TDDs of the annealed Ge layer, both on the planar
unpatterned region and on the patterned area with Si pil-
lars with side d 5, 9 and 15 pm have been measured (3.9 x
107+ 1.2 x 107em™2, 5.3 x 107+ 2.7 x 107em™2, 2.5 x 107+
0.8 x 107em™2 and 4.2 x 107+ 0.7 x 107cm ™2 respectively),

showing a reduction by a factor ~ 30 with respect to the as
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grown case. The TDD in the patterned area is fully compara-
ble (within the experimental error which has been evaluated
on a 500 ym? wide area) with the one in the planar region.
Therefore we can affirm that the reduction in TDD is mostly
related to the mutual interaction between TDs, rather than
gliding to the lateral sidewalls of the crystals. This effect is
probably due to the large initial TDD which suppresses the

TDs gliding favoring their interaction.

In order to analyze the different behavior of edge and
screw TDs under annealing cycles, g - b analysis has been
performed on 8 pum tall, annealed Ge crystals deposited on

Si pillars with side d = 2 pm, as reported in Figure 4.10.
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Figure 4.10: g- b analysis of a 8 pm tall, annealed Ge
crystal deposited on Si pillars with side d = 2 pum. a)
DF image with g = [220] close to the [110] zone axis
orientation. b) DF image with g — [202] close to the
|112]| zone axis orientation. ¢) DF image with g = [004]
close to the [110] zone axis orientation [19].

According to the DF TEM images reported in Figure
4.10, two VDs are present, they are visible in panels a) (g
= (220)) and b) (g = (202)) while they disappear in c) (g
= (004)) thus confirming the edge nature of these VDs with
Burger’s vector b = ig[ilo] or b = j:g[llo]. The same
conclusion has been also found for other 3 Ge crystals (not
shown here). Despite the relatively low statistic of TEM

analysis, it is clearly evident that after annealing cycles the
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only remaining VDs are sessile edge dislocations. Vertical
screw dislocations have been dissociated into 60° gliding dis-
locations and annihilated. Since the ratio between screw
and edge VDs density is ~ 2-3 in the as grown Ge case, and
the TDD reduction after annealing cycles is ~ a factor of
30, a certain fraction of edge VDs have been also annihi-
lated interacting with 60° dislocations. This conclusion is

also confirmed by the work of Luan [145].

Despite the annealing cycles, for Ge/Si, the TDD cannot
be lowered below ~ 10° cm ™2, as reported also in other works
[7, 143, 146, 147|. Here we present an innovative strategy for
reducing to zero the TDD of Ge/Si layers with any anneal-
ing treatment (low thermal budget) based on the epitaxial

deposition of faceted Ge crystals on patterned Si substrates.

Indeed, it has been demonstrated that if a TD is close to
the crystal surface, it bends within the glide plane, towards
the direction perpendicular to the growth front in order to
reduce its length and therefore its self-energy [18, 142, 148].
C.V. Falub et al. |97], have demonstrated that this bending
mechanism works also in the case of VDs in pure Ge crystals
deposited on patterned substrates. Indeed, in the case of

fully faceted {113} Ge crystals, VDs are bent and expelled
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laterally on the Ge sidewalls leaving the upper part of the
crystal completely free of TDs, while in the case of (001)
terminated Ge crystals the TDD is not reduced. This TDs

expulsion mechanism is better schematically illustrated in

Figure 4.11.
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Figure 4.11: Schematic sketch of the VDs bending and
expulsion mechanism in Ge/Si crystals. a) VDs reach the
top (001) facet. b) all VDs are expelled laterally thanks
to the fully {113} faceted crystal, leaving the upper part
completely free of TDs [149].

As already reported in section 3.3.3 and in references
[97, 98|, depending on the Si pillar size d and the growth

temperature it is possible to tune the Ge crystal faceting.
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Indeed in Figure 4.12, SEM images and AFM scans after de-
fect etching of 8 um tall Ge crystals deposited at 610°C and
4.2 nm/s on Si pillars with side d = 2 and 5 pm, are reported,

showing different morphology, i.e. (001) facet extension.

Figure 4.12: 8 um tall Ge crystals deposited at 610°C
and 4.2 nm/s on Si pillars with different sides. a) per-
spective SEM image of Ge crystals deposited on Si pillars
with side d = 2 um. b) AFM scan of the top Ge sur-
face after defect etching in Jodine solution of a crystal
reported in a). ¢), d) same of a), b) respectively, but for
d =5 pm [19].

From the SEM and AFM scans after defect etching on
Ge crystals reported in Figure 4.12, it is clearly evident the
impact of the Ge (001) extension on the TDD. Indeed, in the
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case of fully {113} faceted Ge crystals (d = 5 um, panels a),
b)) the TDD on the top Ge surface is 0, while in the case
of larger Si pillars (d = 5 pm, panels ¢), d)), the TDD in
the (001) surface remains in the 10® cm~2 range. In order to
study the VDs bending and expulsion mechanisms, 8 pum tall
Ge crystals with inserted 72 fully strained Sip;Gegg, 10 nm
thick markers, have been deposited at 610°C and 4.2 nm/s

on Si pillars with side d = 2 pm.

From the cross-section SEM image of a Ge crystal with 72
embedded markers, reported in Figure 4.13, it is possible to
trace the growth front evolution during the epitaxial growth.
The growth front evolution evidences that {113} facets are
already formed after few hundreds of nms from the Ge/Si in-
terface, thus confirming that the VDs bending process starts
from the very beginning of the epitaxial growth. From the
technological point of view, would be more attractive to have
flat topped (001) Ge crystals with TDD = 0. Indeed, this
achievement has been fulfilled by depositing firstly 8 pum tall,
fully {113} faceted Ge crystals at 610°C and 4.2 nm/s on Si
pillars with d = 2 um, to expel all VDs, then in a second
step the growth temperature has been lowered to 415°C and
additional 16 pm of Ge have been epitaxially grown. SEM
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Figure 4.13: Cross-section SEM image of a 8 um tall
Ge crystals with inserted 72 fully strained Sig1Geg.g, 10
nm thick markers, deposited at 610°C and 4.2 nm/s on
Si pillars with side d = 2 pm [19]. The spacing between
two adjacent markers is 90nm.
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images and AFM scans after defect etching are reported in

Figure 4.14.

Figure 4.14: a) SEM image of Ge crystals grown in
two temperature steps on Si pillars with side d = 2 pm
and separated by 2 um wide trenches. First step: Ge 8
pm grown at 610°C and 4.2 nm/s. Second step: Ge 16
pm grown at 415°C and 4.2 nm/s. The red inset shows
a magnification of the (001) top surface of a crystal. b)
AFM scan of the border between the Ge crystals reported
in a) and the planar region after defect etching in Iodine
solution. TDs etch pits are present only in the planar
region [19].

From the SEM images and AFM scans after defect etch-
ing, reported in Figure 4.14, it has been demonstrated the
(001) terminated Ge crystals with TDD = 0 can be obtained.
The first high temperature step, in which 8 pum tall Ge crys-
tals have been deposited at 610°C and 4.2 nm/s, ensures the

complete elimination of VDs, while the second low temper-
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ature step: 16 um tall Ge crystals deposited at 415°C and
4.2 nm/s allows to obtain (001) topped crystals. On the
other hand, the TDD in the planar region, where the VDs

expulsion mechanism is not effective, is 8.5 x 108 cm 2.

4.2 Onset of vertical threading dislo-
cation formation in Si; ,Ge,/Si

In the previous section 4.1, the attention has been focused
on the nature and stability of VDs in pure Ge crystals, while
in this section the critical conditions, in terms of Ge con-
centration, misfit strain and growth parameters, for their
formation will be treated. In particular, here we will demon-
strate that above a critical Ge concentration z~0.25, VDs
dominate over the standard slanted threading dislocations.
The dominance of VDs is explained in terms of activation of
a climb mechanism favoring their formation [133].

In order to study the critical conditions for the forma-
tion of VDs in Si; ,Ge, alloys (0.05<z<1.00), several sam-
ples have been deposited on patterned Si (001) substrates.
The list of Si;_,Ge, alloy samples and their respective growth

parameters are reported in Table 4.1.
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TABLE 4.1 List of Sij_,Ge, samples and their respective growth parameters.

Ge content x Crystal height & (um) Growth temperature (°C) Growth rate (nm/s)

0.05 15 740 52
0.20 8 715 6.2
0.25 15 705 6.5
0.30 8 690 6.9
0.40 8 645 73
0.50 8 600 7.4
1.00 8 500 4.2

The reported growth parameters in Table 4.1, ensure the
depositions of Si; ,Ge, epilayers with low surface roughness
(RMS<3 nm) for any Ge content z. Indeed, the large out-
of-equilibrium growth conditions of LEPECVD (growth rate
ranging between 4.2 to 7.4 nm/s) ensure to avoid island for-

mation, particularly for the Ge-rich alloys on Si [147, 150].

Moreover, the morphology of the Si;_,Ge, deposited on Si
pillars is also comparable independently of the Ge content z,
i.e. (001) facet extension, thus ensuring a fair comparison of
TDD between different crystals. The SEM images reported
in Figure 4.15 do confirm this observation.

The morphology of Si;_,Ge,/Si pillars is illustrated by the
SEM images reported in Figure 4.15. The Si;_,Ge, crystals
are characterized by slanted {113} and {111} facets close to
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Figure 4.15: Perspective view SEM images of Si;_,Ge,
crystals, with different Ge content z, deposited on Si pil-
lars with lateral side d = 5 pym. (a) z = 0.05, (b) z =
0.20, (c) z = 0.25, (d) z = 0.30, (e) z = 0.40, (f) z =
0.50, (g) =z = 1.00 [133].

the edges and a large central (001) area. Si; ,Ge, crystals
deposited on Si pillars with larger lateral size d = 9 and
15 pm are characterized by a comparable morphology, in
particular, as reported in Figure 4.16 for the z — 1.0 case,
the central (001) area gets larger while the {113} and {111}

facets remain unchanged with respect to the d = 5 um case.

As already described in the section 4.1, the deposition
of [001] elongated Si;,Ge, crystals on Si pillars, enables the
discrimination of the presence of VDs. Indeed, if the height

h of the crystal satisfies the expulsion condition for slanted
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Figure 4.16: Top view SEM images of 8 um tall Ge
crystals deposited at 500°C and 4.2 nm/s on Si pillars
with side d = 9 and 15 pm (indicated in yellow).
—
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TDs laying in {111} glide planes: h > d x tan(«), where
a=>54.74° is the angle between (001) and {111} planes, and
after the defect etching some etch pits are revealed on the
top crystal surface, the presence of VDs is confirmed (see the
schematic sketch of Figure 4.5). The TDDs of the Si;,Ge,
alloys reported in Table 4.1 have been evaluated firstly dip-
ping the samples in different etching solutions: lodine for z
= 1.0 or Secco for z < 0.50 (see section 2.3 and [93]), sec-
ondly by counting the etch pits formed at the emerging TDs
by AFM, Nomarski microscope and SEM on an area of at
least 200 x 200 pum?. The TDDs measured for Si; ,Ge, al-
loys deposited both on Si pillars with different sides (d = 5,
9 and 15 pm) and on the planar unpatterned Si (001) region
are reported in Figure 4.17.

For what concerns the Si; ,Ge, planar layers, as expected,
Figure 4.17 shows that increasing the Ge content z, i.e. in-
creasing the lattice mismatch with respect to the Si sub-
strate, the TDD raises since a larger number of dislocation
loops is required to relax the stress. However, the etch-pit
density counting in planar layers cannot give any informa-
tion about the character (slanted or vertical) of TDs which

have nucleated during the lattice relaxation process.
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Figure 4.17: TDDs of Si;.;Ge, alloys grown both on Si
pillars with different sides (d = 5, 9 and 15 pum) and on
planar substrate as a function of the Ge content z. The
height A of the crystals with z = 0.25 and z = 0.05 is 15
pm, in the other cases is 8 pm [133].
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On the other hand, the TDD of Si;  Ge, crystals de-
posited on Si pillars, for a certain Ge content z, strongly
depends on d. Indeed, for a Ge content z < 0.25, if the Si pil-
lar size satisfy the slanted TDs expulsion condition A > d X
tan(«), the measured TDD on the top surface of the Si; ,Ge,
crystals is zero (within the experimental accuracy), thus all
TDs are expelled laterally on the crystal sidewalls. There-
fore, it is possible to conclude that in the case of Si; ,Ge,
alloys with z < 0.25, all TDs are slanted in character, laying
in {111} glide planes.

On the contrary, for a Ge content £>0.25, the TDDs
on the top Si;,Ge, crystals surface, independently on d,
are always non zero and comparable (within the experimen-
tal accuracy) to the ones measured on the planar regions.
Therefore, VDs dominate, with no remarkable dislocation
expulsion effect on the lateral sidewalls. In Figure 4.18 are
reported two key example of Si; ,Ge, alloys: z = 0.20 and z
= 0.30, which are respectively below and beyond the thresh-
old of the VDs dominance.

The effect of the VDs dominance on the surface proper-
ties of Si; ,Ge, alloys is illustrated in Figure 4.18. Indeed,
panels a) and b) report AFM scans respectively of Sig sGeg »
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Figure 4.18: (a) and (b) are repectively AFM scans of
Sip.sGep.2 and Sip 7Gep.s planar layers after defect etch-
ing in Secco solution. Emerging TDs are clearly visible
as dark spots. The insets show the surface of planar lay-
ers before defect etching. The black size bar is 10 pym.
(c) and (d) are repectively AFM scans of the top surface
of Sig.sGeg. o and Sip 7Geg g crystals deposited on Si pil-
lars with d = 5 pum after defect etching in Secco solution.
Etch pits are absent for x = 0.20 while abundant for the
z = 0.30 case. (e) and (f) are respectively SEM images
of the same crystals reported in (b) and (c) showing the
distribution of TDs on the lateral sidewalls (marked by
a blue arrow). The high number of defects present on
the Si sidewalls (marked by a red arrow) is related to the
scalloped Si surface due to the Bosch fabrication pro-
cess of the pillars (see section 2.2). The dashed red line
represents the Si;.,Geg/Si (001) interface [133].
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and Siy ,Gey s planar layers before (insets) and after defect
etching. In the Sijy¢Gey o planar layer, the crosshatch pat-
tern is very pronounced and visible, as expected in the case
of a low misfit heterointerface (see section 1.2) where the
plastic relaxation is driven by dislocation multiplication and
piling up via {111} glide planes. On the other hand, for the
Sip.7Geg s planar layer, the AFM scans of panel b) reveal a
less remarkable crosshatch pattern. This behavior is in good
agreement with the fact that the crosshatch pattern is known
to disappear for rich Ge alloys on Si, because the large mis-
fit at the heterointerface promotes the homonucleation of a
large number of dislocation loops with an high interacting
probability. This effect has been observed also for growth
conditions closer to equilibrium than the LEPECVD case
[134].

Figure 4.18 ¢) and d) show the AFM scans, after defect
etching, of the top surfaces of a Siy sGey o and Siy ,Gey 5 crys-
tals both satisfying the slanted TDs expulsion condition A >
d x tan(«a), being d = 5 ym and A = 8 pm in both cases.
The Sip gGey. 2 crystal shows no TD etch-pit on the top (001)
surface, while on the Sijp,Geg s crystal they are abundant,

confirming the dominance of VDs. The SEM images of pan-
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els e) and f), which show the lateral sidewalls of respectively
the crystals reported in ¢) and d), confirm that in Sij sGeg 2
case, all slanted TDs have been expelled laterally close to
the heterointerface. Indeed, a larger number of TD etch-
pits is found on the lateral sidewalls of the Siy sGeg. s crystal

compared to that one of the Siy Gey s crystal.

The TDDs reported in 4.17, show an abrupt transition
between slanted 60° and vertical threading dislocations in
Si; .Ge, alloys for a Ge content larger than £~0.25. In sec-
tion 4.1, it has been shown that VDs can have both edge
(b = j:g[il()] or b = i%[ll()]) or screw (b = a|001]) char-
acter, with two different formation mechanisms. Edge VDs
are related to the reaction at the heterointerface of 60° misfit
dislocations to form Lomer MDs [140, 151]; the residual TDs
of the interacting 60° MDs can join and form an edge VDs
via a climb mechanism which aligns the new threading arm
along the [001] direction. On the other hand, screw VDs are
formed by the reaction of two TDs gliding in {111} planes,
with Burger’s vectors b; — :I:g[()ll], by — :I:g[OTl] or by —
j:g[iol], by = j:g[lol] succeeded by a climb process [17].

Therefore, both an high interaction probability and climb

processes are required in order to form VDs. The first re-
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quirement, is fulfilled by increasing the Ge content in the
Si;.Ge,/Si alloys, since a larger lattice mismatch induces
a larger number of MDs and TDs, as also confirmed by
Figure 4.17 and [152]. The out-of-equilibrium LEPECVD
growth conditions (very high growth rates, see Table 4.1)
which have been used to grow the Si; ,Ge,/Si alloys, ensure
a vacancy concentration several orders of magnitude higher
than close to the thermodynamic equilibrium for any Ge con-
tent z, as already reported for other growth techniques [141].
The super-saturation and diffusivity of vacancy are known to
promote climbing of dislocations [44], both at the heteroint-
erface and within the epitaxial film, out from the {111} glide
planes, thus favoring the alignment of TDs parallel to the
[001] growth direction to reduce their length and self-energy
[42, 153].

However, the abrupt z~0.25 threshold for the formation
of VDs, suggests that a critical value in the vacancy mobility
D has been achieved. Indeed, according to Ref. [154], the
vacancy diffusivity D can be described as the product of

three exponential terms, as reported in equation 4.1.

pe —E
D ox e x 0.042 x ekpT (4.1)
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where a and [ are positive parameters, E is the diffusion
activation energy, x the Ge concentration, ¢ the misfit strain
and T is the growth temperature. The first exponential de-
pends only on the chemical composition of the Si; ,Ge, al-
loy, while the second one on strain. However, in the TDD
analysis reported in Figure 4.17, by comparing two different
Si;.,Ge, alloys, both terms are changed since both terms lin-
early depends on z (¢ = 0.042z, according to the Vegard’s
law). Equation 4.1 gives a vacancy diffusivity D increasing
monotonically with the Ge content z in the whole range of
composition (0.05 < z < 1.0) analyzed in Figure 4.17 (for
activation energies F<3.5 eV), even considering the differ-
ent growth temperatures reported in Table 4.1. In reference
[154], an activation energy of 4.66 eV has been proposed,
but due to the large out-of-equilibrium LEPECVD growth
conditions, where a supersaturation of vacancies is expected
to be generated during the deposition, lower values of £ are
expected [155]. Thus, the TDD values reported in Figure
4.17, which show an abrupt transition to VDs dominance,
is therefore explained by assuming that a critical value in
vacancy diffusivity D has been reached at a Ge content z ~

0.25.
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In order to shed light on the individual role played by
the chemical composition of the Si; ,Ge, alloy and on strain,
two additional ad hoc experiments have been performed. In
these additional experiments, a two-step growth procedure
has been adopted, where the (Ge content is changed abruptly
after a suitable height of the Si; ,Ge,/Si crystals. In the first
case, SipgGey g crystals with height s; = 8 um (analogously
to those ones reported in Figure 4.17), followed by other
ho = 8 pm with z = 0.40 have been deposited, the growth
conditions for both alloys are the ones reported in Table 4.1.
The morphology of a crystal deposited on a Si pillar with
side d = 5 pum is reported in Figure 4.19.

The expulsion condition (h > d x tan(«)) for slanted
TDs in {111} glide planes is satisfied in both steps. In-
deed, the second SijsGey, step, is deposited on TD-free
Sip sGeg s crystals, as shown by the TDD values reported
in Figure 4.17. Surprisingly, despite the misfit strain at the
Sip.¢Geg.;/Sip.sGeg o interface is the same one of the
Sig.sGeg.o/Si interface, VDs turn to be dominant, as reported
by the SEM image after defect etching in Secco solution re-
ported in Figure 4.20 with a TDD = 3£1x107 cm™2.

Another similar sample has been grown, where the first
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Figure 4.19: SEM image of the two-step experiment
crystals deposited on Si pillars with side d = 5 pum. a)
first step: Ge content z; = 0.20 and height h; = 8 um,
second step: Ge content 25 = 0.40 and height hy = 8
pm. b) first step: Ge content z; = 0.10 and height hy =
8 pum, second step: Ge content 25 = 0.40 and height ho
= 8 pum.
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Figure 4.20: SEM image of the two-step experiment
crystals deposited on Si pillars with side d = 5 pum after
defect etching in Secco solution, emerging VDs are clearly
visible as pits on the top surface [133]. a) first step: Ge
content 21 = 0.20 and height by = 8 um, second step: Ge
content o = 0.40 and height hy = 8 pm. b) first step:
Ge content z; = 0.10 and height hy = 8 um, second step:
Ge content zp = 0.40 and height hy = 8 pm.
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step consists in Sig ¢Gey ; crystals with height Ay = 8 ym and
the second one still with 2, = 0.40 for hy = 8 pum. Despite
the slanted TDs espulsion condition is still satisfied and the
Sig.¢Gey. 4 alloy is deposited on TD-free Siy ¢Gey ; buffer, VDs
are present with a TDD = 3.241x107 ¢cm~2, fully compara-
ble, within the experimental accuracy, to that one found in

the former Sij Gey ;/Sig.sGeg.g/Si case.

The dependence of the vacancy diffusivity D on the misfit
strain and on the Ge content in the alloy can be separately
addressed by comparing the TDD results reported in Fig-
ure 4.17 with those of the two-step samples. Indeed, in the
latter case, the threshold for the VDs dominance has been
observed in samples with strain € = 0.0084 and Ge content z
= 0.40, while in the former case it has been found for strain
e = 0.0105 and Ge content z = 0.25. Equation 4.1 allows
to state that in the two-step experiment, a vacancy diffusiv-
ity D overcompensation between the reduction in the misfit
strain value and the increase in the Ge content, has been
reached with respect to the TDD data reported in Figure
4.17. Tt is worth noticing that the o = 8.1 and g = 14.9 val-
ues reported in Ref. [154] support this interpretation, since

the increase of D due to higher Ge concentrations is larger
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than the decrease due to lower misfit strain. Moreover, the
experimental results show that the higher Ge content also
compensate the reduction of vacancy diffusivity D due to
the lower growth temperature (see Table 4.1 and equation

41).
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Chapter 5

Nanofocused HR-XRD
analysis of Ge/Si crystals

In this chapter it will be discussed the nanofocused HR-XRD
analysis of Si; ,Ge,/Si crystals performed at the European
Synchrotron Radiation Facility (ESRF) of Grenoble during
the experiments HS-4674 and HS-4277 at the beamline ID-
01. In particular, the attention will be devoted to: studying
the lattice bending of the Ge crystals due to the relaxation
of thermal tensile strain, evaluating the net tilt of individ-
ual crystals after plastic relaxation, and finally, mapping the
crystal quality at the nanometric scale showing that a nearly

perfect single crystal structure has been obtained despite the
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heavily dislocated interface [130].

In section 3.4 and in Refs. [102] and [98], have been
presented an HR-XRD analysis of arrays of closely spaced
Ge crystals deposited on patterned Si substrates. However,
the informations, about strain and crystal quality, which can
be extrapolated from these measurements are averaged over
thousands of different crystals, since the spot size of the lab-

oratory X-Ray source is ~ 1 mm.

In this chapter, we discuss the crystal quality and strain
mapping at a nanometric scale, of isolated Ge crystals, using
a nanofocused synchrotron X-Ray beam, with the scattering
geometry reported in Figure 5.1. The incident and scattered
wave vectors, respectively Ky and Kj, define the scattering
plane with reciprocal space directions (Q.,Q.). Thanks to
the incident beam focusing and the use of a two dimensional
(2D) detector, the scattered X-ray signal simultaneously give

informations in the whole reciprocal space (Q5,Qy,Q).

Ge crystals have been individuated by recording the total
diffracted intensity for the asymmetric Ge(115) Bragg reflec-
tion, moving the sample in the real space (x,y) plane defined
in Figure 5.1. In Figure 5.2 are reported the (z,y) intensity
scans together with SEM images of Ge crystals with differ-
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Figure 5.1: Schematic representation of the experimen-
tal setup used at the ESRF beamline ID-01. The incident
beam (angle w and wave vector Kj) is focused down to
a spot size of ~ 500 x 300 nm? by means of Fresnel zone
plates and it scans across the sample by a high-precision
piezo-stage [130].
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ent height deposited on Si pillars with side d = 2 um and
separated by 1 pum wide trenches. It is evident that increas-
ing the amount of deposited material, Ge crystals get closer
and more difficult to spatially resolve due to the scattering

geometry and penetration depth of X-Rays.
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Figure 5.2: Top and perspective view SEM images of
Ge crystals with height 1,2 ym (a), d)), 3.1 um (b), e)),
7.3 um (c), T)) deposited on Si pillars with side d = 2
pm and separated by 1 pum wide trenches. The insets in
a), b) and c¢) show the total intensity scans in the (x,y)
plane for the Ge(115) Bragg reflection [130].
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5.0.1 Lattice bending at the Ge/Si interface

In this section the lattice bending of Ge crystals with height
1,2 pm, deposited on Si pillars with side d = 2 pym and
separated by 1 um wide trenches, will be treated.

Figure 5.3 reports the 3D reciprocal space maps (RSMs)
for the Si and Ge(115) Bragg reflections, projected on to
the (Q),,Q,) plane parallel to the Ge/Si interface (see Figure
5.1). The Si(115) diffraction peak position doesn’t change by
scanning the incident X-ray beam on different positions of
the Ge crystal array. On the other hand, this is not the case
for the Ge(115) peak, where the scattered intensity profile is

correlated to the incident X-Ray beam position.
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Figure 5.3: a)-d) projections of the (115) 3D RSM onto
the (Q4,Qy) plane, taken at different (z,y) positions (in-
dicated in the bottom left inset). The black arrows indi-
cate the local diffraction intensity maxima coming from
lattice planes with opposite bending in adjacent Ge crys-
tals. e) magnification of the Ge RSM marked in c¢) by
a dashed rectangle and rotated by 90°. The inset re-
veals how the lattice bending of adjacent Ge crystals
give rise to multiple diffracted peaks. K| and K[/, K
and KV, @ and Q" are respectively the incident wave
vectors, diffracted wave vectors and scattering vectors
arising from adjacent Ge crystals with opposite lattice
bending fulfilling the Bragg reflection condition. The Ge
lattice bending is displayed by black curves extracted
from the rotation tensor obtained by FEM simulations.
The FEM color map is extracted by cutting in the middle
a Ge crystal along the [110] direction (y = 0). The thick
black dashed line represents the experimental curvature
obtained by nanofocused XRD and its position along the
z-axis has been chosen to match the FEM value. The
scale of the lattice bending has been increased by a fac-
tor x 200 to make it more visible [130].
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Indeed, the bottom left insets of panels a), b), ¢) and
d), show different positions of the incident X-Ray beam and
correspondingly, one, two or four Ge(115) diffraction peak
maxima are detected. In particular, one, two or four peaks
are detected when the X-Ray beam is respectively centered
on one pillar (panel a)), on the trench between two pillars
(panels b), ¢)), on the crossing point between two perpen-

dicular trenches (panel d)).

To study the origin of multiple intensity maxima
diffracted peaks, we recorded their shift in the reciprocal
(Q,Qy) plane, while scanning the (z,y) position of the sam-
ple with 200 nm steps in the y direction and 400 nm in
the z direction. The data analysis reveals that the shift
of the Ge(115) diffraction peak is related to the concave
bending of the Ge lattice planes with a curvature radius
R=[(0Q¢/0¢)(1/Q.)], where ¢ is an arbitrary direction in
the (x,y) plane [156]. By averaging the radius of curvature
over 4 different crystals R=770 + 20 um has been obtained
for the Ge crystals reported in Figure 5.2 a) and d), corre-
sponding to a net bending of (001) planes towards the lateral
sidewalls of ~ £0.1°.

The bending of the lattice planes explains the appear-
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ance of several diffracted intensity maxima for the Ge(115)
Bragg reflection depending on the incident position of the
X-Ray beam. Indeed, as reported in Figure 5.3 e), close to
the trenches, the lattice planes of adjacent Ge crystals are
bent in opposite directions due to the bending. Thus, when
the X-Ray beam hits close to a trench, the Bragg condition
is satisfied for two different values of the (), component of
the scattering vector, stemming from lattice planes belong-
ing to two different Ge crystals on both sides of the trench.
The X-Ray data have been compared by 3D FEM simula-
tions of Ge/Si crystals (the geometry has been taken from
SEM images), revealing that the observed lattice bending of
Ge crystals is related to the elastic relaxation of the tensile
thermal strain (see section 3.4, [97]) accumulated during the
cooling process from the growth to room temperature. Fig-
ure 5.3 e) shows cross-section FEM simulations for the Ge
crystals reporting the bending of the (001) lattice planes by
black dashed lines and the color code map represents the
zz component of the calculated rotational tensor. The cur-
vature has been increased by a factor 200 to make it more
readable. The calculations reveal a decrease of the lattice

bending with the increase of the height of the Ge crystals,
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while the X-Ray data give informations which are averaged
on the whole structure.

An analogous analysis has been performed also on taller
Ge crystals. In the case of 3.1 um tall Ge crystals, a curva-
ture radius of R = 10 £+ 8 mm has been measured and accord-
ing to the respective FEM simulations the lattice bending at
the top of the crystal is negligible. This finding explains why
the measured lattice bending is smaller than 1.2 um tall Ge
crystals case, since now the volume contribution with small
lattice bending is larger than the former case. Finally for
the 7.3 pum tall Ge crystal case, the measured lattice bend-

ing becomes negligible.
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5.0.2 Random net tilt of Ge/Si crystals in-

duced by misfit dislocations

The analysis of the RSMs reported in Figure 5.3 a)-d), re-
veals that apart from the lattice bending of the Ge crystals,
due to the elastic relaxation of the thermal strain, a net tilt
of each Ge crystal as a whole, is also present. This net tilt is
typically attributed to the presence of misfit dislocations at
the Ge/Si interface with different Burger’s vectors [157, 158].
For 1.2 um tall Ge crystals, the effect of the lattice bending
is preponderant over the net tilt, thus only for taller crystals
the latter one predominates. Unfortunately, as reported in
Figure 5.2 ¢), it is impossible to resolve taller Ge crystals,
since the trench width is comparable with the measurement

resolution.

In order to measure the net tilt of one isolated Ge crys-
tal, we firstly performed an etching of the Ge crystal array
in hydrogen peroxide to increase their separation. Secondly
we removed the majority of the Ge crystals by a micro-
manipulator placed in a SEM, leaving only few of them sep-

arated by several micrometers.

Once the isolated Ge crystals are fabricated, RSMs
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around the Ge(115) and Si(115) Bragg reflections have been
recorded by scanning the Ge/Si crystal in the whole height,
as reported in Figure 5.4 a).

By comparing for each RSM, the Ge(115) peak position,
with respect to the nominal value and normalized with that
of the silicon substrate, the net tilt y of three different iso-
lated crystal can be accurately determined (see section S5 of
reference [156]) both along the z (x,) and y direction (x,).
Indeed, net tilts of y, = -0.023°+ 0.006° and x, = 0.033°+
0.005°, x = -0.006°%+ 0.001° and x, = 0.068°£ 0.001°, x,
= 0.012°£ 0.001° and x, = 0.023°% 0.001° have been re-
spectively found for Ge crystal £1, #2 and £3 (see Figure 5.4
b)).

Nevertheless the statistics is not very large, the discrep-
ancy of tilt for each crystal, explains the large peak broad-
ening of ~ 0.1° along (), observed by laboratory HR-XRD
presented in [97], where the diffracted signal is a convolution

of thousands of pillars.



“Isa_master” — 2014/1/28 — 16:28 — page 199 — #104

199

5um

Figure 5.4: a) scattering geometry for the (115) Bragg
reflection for isolated 8 pum tall Ge crystals, with {113}
top facets, deposited on Si pillars with side d = 2 ym and
4 pm wide trenches. (001) and (115) planes are drawn re-
spectively in gray and green. Yellow arrows indicate the
incident X-Ray beam at the top and bottom of the Ge
crystal, while the red ones depict the diffracted beams.
The color map represents the total scattered intensity
for the Ge(115) Bragg reflection scanning along the crys-
tal height. b) top-view SEM image of three isolated Ge
crystals, each yellow arrow indicates the net tilt of the
Ge crystals (magnified by a factor 500) [130].
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5.0.3 High quality Ge crystals from dislo-
cated Ge/Si interface

The ability of addressing one isolated Ge crystal by X-Ray
nanodiffraction, gives us the unique possibility to measure

the crystal quality at a nanometric scale.

The Ge crystals reported in Figure 5.4 a), and here ana-
lyzed, are deposited at 610° on Si pillars with side d = 2 um
and 4 um wide trenches, presenting a pyramidal top surface
morphology with {113} facets. As already described, in sec-
tion 4.1, the slanted {113} guarantee the complete expulsion
of all TDs at the lateral crystal sidewalls few micrometers

far from the Ge/Si interface.

The 3D RSM of an isolated TD-free Ge crystal, and
the diffracted peak projections on the (Q,,Q.), (Q,,Q.) and
(Q:,Q,) planes for the Si(115) and Ge(115) Bragg reflec-
tions, are reported in Figure 5.5. From these measurements,
it is possible to appreciate the extraordinary quality of the
Ge/Si crystals, despite the heavily dislocated interface due
to the 4.2 % lattice mismatch. Indeed, the FWHM of the
diffracted Ge(115) peak, both along the @, and @, is analo-
gous to that of the Si(115) substrate, being the peak widths
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limited by the instrument resolution (see [156]).

Moreover, we have recorded the RSMs along the whole
isolated Ge crystal, from the dislocated Ge/Si interface to
the TD-free faceted top surface.

Figure 5.6 a), shows the evolution of the Ge(115)
diffracted peak FWHM (AQ.) as a function of the crystal
height. As shown by the dashed black curve, AQ, expo-
nentially decays from the Ge/Si interface towards the top
crystal surface. The peak width is ~ 0.0048 1/A at ~ 200
nm from the heterointerface and it drops by a factor 1/e at
the crystal height of ~ 2.9 um, reaching the resolution limit
for height of ~ 4 pm.

In Figure 5.6 b), ¢), d) are displayed three representa-
tive RSM cross-sections with their respective Gaussian fits to
measure the FWHM. They have been recorded at three dif-
ferent heights of the Ge crystal, indicated by the roman num-
bers I, IT and III in Figure 5.6 a). The decay of the diffracted
Ge(115) peak with the increase of the crystal height (i.e.
distance from the dislocated interface) is a clear manifesta-
tion of the reduction of strain fields and of the expulsion
of TDs at the lateral sidewalls. To our knowledge, this is

the first example of a perfect, strain free, heterostructure
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Figure 5.5: 3D RSMs around Si(115) and Ge(115)
Bragg reflections, and the corresponding projections on

the (Q2,Q2), (Qy,Q-) and (Q4,Q,) planes, recorded at
the top of a Ge crystal reported in Figure 5.4 a) (Ge crys-

tal is TD-free thanks to the top surface faceting) [130].
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evolving from an highly mismatched interface. Interestingly,
the Ge(115) peak position measured at three different crys-
tal height doesn’t coincide. This is in agreement with the
analysis described before about the bending and tilt of the
lattice planes which strongly depends on the crystal height.
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Figure 5.6: a) FWHM (AQ.) and tilt (x) of the
Ge(115) diffraction peak versus the Ge crystal height H.
The experimental data are fitted with asymptotic ex-
ponential functions y(z) = yo + a X exp(—bx), where
a is respectively negative and positive for y = x, and
y = AQ, (dashed blue and black lines). b), ¢), d) Q.
cross-section of the Ge(115) diffraction peak at 3 differ-
ent crystal heights (I,IT and ITI) shown in a). The exper-
imental data are here fitted to single Gaussians [130].
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Chapter 6

Optical properties of
Ge/Si crystals

In this chapter the impact of the threading dislocation den-
sity (TDD) on the optical properties of Ge/Si crystals, as
measured by photoluminescence (PL) spectroscopy, is pre-
sented. In particular great attention has been devoted to
study the interplay between the TDD and the internal quan-
tum efficiency, presenting an innovative approach, based on
the insertion of Sij »5Gey 75 barriers, to address the location
of non radiative centers. Finally, the PL quality of TD free
Ge multiple quantum wells (MQWs) deposited on Si pillars

will be treated and compared with a standard reference sam-
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ple [159]. The PL measurements have been performed under
the supervision of Dr. F. Pezzoli at the Universita degli studi

di Milano Bicocca.

6.1 PL intensity vs TDD

In order to study the impact of the TDD in Ge/Si crystals
on the PL intensity, three different arrays of Ge crystals and
a planar layer have been studied. As already described in
chapter 3, depending on the lateral side d of the Si pillars and
on the growth temperature, different morphologies can be
achieved: fully {113} faceted crystals or truncated pyramids
with large (001) central surface. In particular, as described
in chapter 4, slanted {113} facets attracts and expel at the
crystal sidewalls the TDs, thus leaving the upper part of
the Ge crystal free from defects. This expulsion mechanism
doesn’t work for the (001) surface, since vertical TDs can
run within the entire crystal volume reaching the top surface.
The TDD both in a planar Ge layer and on the (001) surface
of the Ge crystals has been measured, being 3.5 £0.9x 108
cm™ 2

The Ge crystals which have been investigated by PL spec-
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troscopy are reported in Figure 6.1. Depending on the Si
pillar size d = 2, 5 or 9 um, the extension of the central
(001) area changes, thus influencing the overall TDD on the
entire crystal volume, as displayed by the AFM scans after
defect etching (see dashed insets in a), b), ¢)) and panel d).

In Figure 6.2 a) the room temperature (RT) PL spectra
of Ge crystals deposited on Si pillars with different size d
= 2 pm (blue line), d = 5 pm (red line) and d = 9 pm
(orange line) are reported, comparing also the PL spectrum
of the Ge layer deposited on the unpatterned Si (001) planar
region. The different Ge crystal arrays and planar layer have
been deposited on the same substrate and the PL measuring

conditions are equivalent.

The Ge layer deposited on the planar unpatterned Si
(001) region shows almost not detectable PL intensity, mostly
for two reasons. First, due to the total internal reflection,
the light generated within the crystal remains trapped and
absorbed, thus limiting the emitting efficiency. Second, the
large number of dislocations which are non-radiative chan-
nels, severely alters the carrier dynamic. Indeed, the time

scale for these processes is much shorter than that one of
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Figure 6.1: SEM perspective view images of 8 ym tall
Ge crystals array deposited at 610°C and 4.2 nm/s on
Si pillars with side a) d = 2 um, b) d = 5 pum and c)
d = 9 pum. The dashed insets display AFM scans of the
top crystal surface after defect etching in Jodine solution,
emerging TDs are visible as dark spots. d) Top surface
coverage of the (001) area as a function of the Si pillar
size.
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Figure 6.2: a) room temperature PL spectra of Ge crys-
tals deposited on Si pillars with different size d = 2 um
(blue line), d = 5 pm (red line) and d = 9 pm (orange
line) and Ge planar layer on Si(001) (black line). b) com-
parison of the RT PL spectra of a Ge bulk reference (grey
line) with TD-free Ge crystals (blue line). The transition
between the conduction band (CB) minima at the points
L. or I'. and the valence band (VB) I', point are indi-
cated [159].
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radiative inter-band recombination, resulting in a drastic re-
duction (comparable with the noise level) of the PL signal.
This is in agreement with literature results [160] which show

no PL signal for as-grown (no annealing processes) Ge/Si

layers with high TDD.

On the other hand, Figure 6.2 a) shows that the PL in-
tensity dramatically increases by reducing the lateral size
of the Si pillars, i.e. decreasing the fraction of the crystal
volume with high TDD. Indeed, in the case of Ge crystals
deposited on Si pillars with side d = 2 pm, the inter-band
integrated PL intensity is ~300 times the noise level mea-
sured for the planar Ge layer. Despite the large surface to
volume ratio of the 3D Ge crystals, this remarkable result
has been achieved without any post growth annealing pro-
cess or surface passivation treatment, thus confirming a slow

surface recombination process.

In the Ge layer deposited on the planar region, the emit-
ted light outside the critical angle of 14° experiences full in-
ternal reflection, thus preventing its collection from the top
surface of the sample. On the other hand, for Ge crystals,
the lateral sidewalls bounce off most of the emitted light out-

side the critical angle, being guided to the top surface. Here
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it can out couple with the air, thus enhancing the light ex-
traction efficiency compared to the planar layer case. Finite
difference time domain calculations show that in the case of
Ge crystals on Si pillars with side d = 2 pum, the extraction
efficiency of the emitted power into the detection solid an-
gle is 3 times larger than the planar layer case. Still, the
enhancement of the PL intensity by a factor 300 has to be
explained by the reduction of defects.

According to Figure 6.2 b), the RT PL emission of Ge
crystals (unintentionally doped with a B concentration of
4.2 £+ 0.8 10" ¢m?) deposited on Si pillars with side d =
2 pm (blue line), have been compared with a Ge bulk ref-
erence (gray line) with an As doping of 8.3 10'% cm?3. Two
main spectral features are labeled: L. — T, at ~ 0.7 ¢V and
I'. —I', at ~ 0.77 eV which respectively correspond to the
fundamental indirect band gap and the direct one. The two
PL signals have the same spectral shape: the intensity I¢ re-
lated to the direct recombination is weaker than the intensity
I’ of the indirect one, i.e. I? < I, By contrast, all previously
reported literature data [160-168] show exactly the opposite

behavior: I¢ > T%.

The relative intensity ratio between the direct-to-indirect
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gap emissions in a PL experiment id determined by the quasi
equilibrium conditions in the conduction band [160]. Apart
from excitations conditions, the ratio between the L and T’
valleys electron population is determined by the presence of
non radiative recombination centers. Indeed, an high density
of defects, besides reducing the internal quantum efficiency,
can modify the electron distribution in the conduction band
and reduce the PL spectral weight of the indirect recom-
bination, thus favoring I%>1¢. Note that for Ge/Si layers
with comparable thickness [163], and for 8 pum thick (same
thickness of the Ge crystals) Ge planar layers deposited by
LEPECVD and annealed to reduce the TDD to 7.9 +0.9x
10% cm~2, the PL spectra always present 1 > I', as reported

in Figure 6.3.

Although the Ge crystals deposited on Si pillars with d
= 2 pum display a PL spectrum resembling a defect-free bulk
reference, still TDs are not eliminated at all, but buried in
the first micrometers far from the Ge/Si interface, affecting
the overall emission efficiency. In order to analyze the role
of TDs on the band carrier population, temperature depen-
dent PL measurements have been performed on fully {113}

faceted Ge crystals. PL spectra have been recorded in a
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Figure 6.3: Room temperature PL spectra of 8 ym
thick Ge/Si planar layer with TDD = 7.9 +0.9x 106
ecm~2 a) and 8 pum tall, TD-free Ge crystals on Si pillars
with d = 2 um b) at different excitation powers.
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broader spectral region in order to collect both the inter-

band and dislocation PL signals.

As reported in Figure 6.4 a), at low temperature (6 K) the
PL spectrum is characterized by direct gap recombination at
0.882 eV, indirect gap recombination assisted by emission of
longitudinal acoustic phonons at 0.712 eV and no-phonon
transition at 0.736 eV [169]. The additional broad band in
the spectral range 0.45 - 0.67 eV is attributed to recombi-
nation at dislocations [170]. The broadening of the disloca-
tion recombination spectrum may depend on their dissocia-
tion into Shockley partial ones [170-172]. By increasing the
temperature, the PL spectral features become weaker and
broader. In particular, the low energy edge of the indirect
gap emission and the direct one, follow the Varshni law de-
pendence on temperature [173]. Moreover, the high energy
side of the indirect gap PL emission gets broader and its am-
plitude modified by the activation of transitions mediated by
phonon absorption [169].

Figure 6.4 b), reports the inter-band (direct -+ indirect)
and dislocation PL integrated intensities as a function of
temperature. Interestingly, the inter-band integrated PL in-

tensity exhibits two temperature regimes: below and above
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Figure 6.4: a) contour-plot of the temperature depen-
dent PL emission of 8 um tall Ge crystals on Si pillars
with d = 2 pm. Spectra recorded at 6, 75, 150 and 225
K are superimposed as references. b) integrated PL in-
tensity for inter-band (direct + indirect) and dislocation
band as a function of temperature. The inset is a scheme
showing the PL processes taking place in the Ge crystals
[159].
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a critical temperature T, = 125 K. Above T, the inter-band
integrated PL intensity rises sharply, whereas below T, it
increase gradually, thus presenting a minimum for 7" = T..
Simultaneously, above 7., the dislocation PL integrated in-

tensity drastically decreases.

In order to explain the observed inter-band and disloca-
tion PL integrated intensities behavior as a function of tem-
perature, we adopted the charge-dependent potential barrier
model described in references [174-176]. At a certain tem-
perature T, carriers trapped at the dislocations can either re-
combine radiatively, thus contributing to the dislocation PL
emission, or non radiatively or be released to the bands and
there recombining radiatively increasing the inter-band PL
emission. The inset of Figure 6.4 b) schematically describes
all these processes. According to the model, at low tempera-
tures, carriers leak out from the bands and get trapped on the
dislocations, thereby enhancing the dislocation PL emission.
When the temperature is increased,carriers trapped at the
dislocations can be thermally activated to the bands, thus
favoring the inter-band PL emission which becomes predom-
inant. Indeed, as shown in Figure 6.4 b), the critical tem-

perature 7., representing the border between the trapping
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and recombination regimes at the dislocation sites, coincides
with the temperature in which the inter-band PL emission

has a minimum and for higher T increases very sharply [175].

6.2 Inter-band PL intensity
enhancement via band gap engi-

neering

In the previous section 6.1, the optical activity of disloca-
tions located close to the Ge/Si interface of 3D Ge crystals
has been analyzed. In this section we propose an innovative
approach to reduce the carrier recombination at the disloca-
tion site by inserting fully strained Si,.,Ge, barriers to reduce
the carrier diffusion towards the dislocated Ge/Si interface.
The transmission coefficients for both carriers in Ge
through the Ge-rich Si; ,Ge, barriers, have been calculated
within the transfer matrix formalism [177] using the band
alignments and effective masses values reported in Refs. [178]
and [179]. Figure 6.5 shows the transmitted fraction of carri-
ers as a function of the Ge content z for 10 nm thick Si,_,Ge,

barrier by considering at room temperature an optically ex-
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cited carrier density of 1 x 10 ¢cm™3 on the upper side of the

barrier. The fraction of transmitted holes increases mono-
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Figure 6.5: Fraction of transmitted electrons (black
curve) and holes (red curve) in Ge through a 10 nm thick
Si;.zGe, barrier as a function of the Ge content z [159].

tonically with the Ge content z since the valence band offset
gets reduced. Surprisingly, the fraction of transmitted elec-
trons through the barrier has a minimum for a Ge content z
~ 0.75 due to the cross-over between the A and L valleys of
the Si,_,Ge, band structure under tensile strain.
Considering the transmitted carrier fractions calculated
in Figure 6.5, and taking into account that plastic relaxation
at the Ge/Si;,Ge, interface has to be avoided to prevent
additional dislocations, a Ge content of x = 0.25 has been

chosen for 10 nm thick barriers.
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Three different Ge samples with barriers have been grown
on Si pillars with side d = 2 pum in conditions analogous to
those used for the Ge crystals reported in Figure 6.1 a).
Sip.25Geg 75 barriers have been introduced after 6 ym (A), 4
pm (B) and 2 pym (C) from the dislocated Ge/Si interface.
A fourth sample with all A+B-+C barriers has been also
grown. Its cross-section SEM image is reported in Figure
6.6, Sip.25Geg 75 barriers, spaced by 2 um are clearly visible

following the entire crystal shape.
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Figure 6.6: SEM cross-section image of 8 um tall Ge
crystal deposited at 610°C and 4.2 nm /s on Si pillars with
side a) d = 2 um with embedded 3 Siy g5Geg.75: after 6
pm (A), 4 pm (B) and 2 pm (C) from the dislocated
Ge/Si interface.
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Figure 6.7 a) reports the inter-band PL emission, normal-
ized to the dislocation one, of the Ge crystals with embed-
ded Siy 05Geg. 75 barriers, together with the pure Ge crystal
reference. It is evident that the presence of 3 Sij25Geg. ys
barriers (A+B~+C) largely enhances the inter-band radiative
recombination, thus confirming that dislocations situated in
the Ge/Si interface region are responsible for the direct and

indirect gap PL quenching.
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Figure 6.7: a) integrated PL intensity, as a function
of temperature, of the inter-band emission for Ge crys-
tals without and with Sig 25Geg. 75 embedded after 6 pm
(A), 4 pm (B) and 2 pum (C) from the dislocated Ge/Si
interface. For each sample the inter-band PL emission
is normalized to its respective dislocation PL signal. b)
calculated number of carriers N (orange bars), normal-
ized to the Ng value of the Ge crystal without barriers.
Blue bars are the inter-band/dislocation PL intensity ra-
tio measured at 6 K. Tha data are reported as a function
of Sig.25Geg 75 reflectors [159].

The role of the Sij o5Gey. 75 barriers and the rate of recom-

bination at the dislocations, are further explained by calcu-

lations [159] of carrier diffusion summarized in Figure 6.7 b).

In the calculations, unipolar diffusion has been assumed and

the local excess of electron density n is determined by one

dimensional continuity equation:

0’n n

a_n = D————+4+G where

ot

022

T
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G is the carrier generation rate per unit volume, z is the [001]
direction and 7 is the total carrier lifetime. The role of the
Sip.25Geg 75 barriers has been modeled by assuming the two
regions on both sides of the barrier as independent integrat-
ing domains. The boundary condition for the transmitted
current is given by: J, = —PvpAn where P is the trans-
mission probability reported in Figure 6.5, An is the carrier
density difference between the two sides of the barrier and

vp the Fermi velocity.

Considering one Sip e5Geg 75 barrier, by pushing it to-
wards the Ge/Si interface, the numbers of carriers N within
the whole Ge crystal volume increases, in turn enhancing
the inter-band PL emission. Finally, the largest improve-
ment of the inter-band/dislocation PL emission ratio, has
been achieved by inserting three Sij 25Geg 75 barriers, since
this configuration is the most efficient to prevent carrier de-

pletion by the dislocations located at the Ge/Si interface.
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6.3 PL properties of Ge quantum

wells crystals

In order to pursue the analysis of the impact of dislocations
on the PL emission, keeping the active optical material sep-
arated from the defected area, 50 strain symmetrized Ge
multiple quantum wells (MQWSs) with nominally Siy ;5Geg. g5
barriers have been deposited on top of TD-free Siy ;0Geg.go
crystals. This structure is known to have type-I band align-
ment with both holes and electrons in the L and I' valleys

confined in the Ge well.

In Figure 6.8 a) and b) are respectively reported SEM im-
ages of arrays of Siy ;0Geg.gp crystals and crystals composed
by Sig.10Geg. g0 buffer + 50 Ge MQWSs with Siy ;5Geg g5 bar-
riers. In both cases the deposition has been performed on Si
pillars with side d = 2 pum and the growth temperature of
the Siy ;0Geg.gp buffer optimized to 690°C in order to ensure
full {113} faceting and complete elimination of TDs. Sub-
sequently, the MQWSs structure has been deposited at lower
temperature (535°C) to maintain sharp heterointerfaces, still
the {113} morphology is kept, as shown by the insets in Fig-
ure 6.8.
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Figure 6.8: Perspective SEM images of a) array of 8
pm tall Sip ;9Geg. gg crystals deposited at 690°C and 4.9
nm/s, b) same of a) with on top 50 Ge MQWs 10 nm
thick and Sig,;5Geg.g5 21 nm thick quantum barriers, de-
posited at 535°C on Si pillars with side d = 2 um. Insets
show top-view SEM images of a single crystal. The withe
size bar is 1 pm.
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As already mentioned in chapter 4, in the unpatterned
planar area, an high TDD (~ 108 cm™2) is expected for the
MQWs sample. Indeed the TEM and AFM scan after defect
etching, reported in Figure 6.9, confirm that in the unpat-
terned planar area, a large number of vertical TDs is present

and the total TDD is 2.8 + 0.9 x 10® cm—2.
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Figure 6.9: a) (004) dark field TEM image of the un-
patterned planar area taken at the interface between the
Sip.10Geg.go buffer and the MQWs. A large number of
slated and vertical TDs is present running through the
MQWs stack. b) AFM scan after defect etching of the
top surface of MQWs deposited in the unpatterned pla-
nar area, emerging TDs are visible as dark spots.

On the other hand, for the MQWs crystals deposited on
Si pillars, the TDD is zero in the active region, thanks to
the {113} faceted growth front of the Sij ;9Geg gy buffer.
Indeed the TEM images of Figure 6.10 shows that at the

Sig.10Geg.gp/Si interface a large number of dislocation is
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present (panel a)), while after ~ 2 ym far from it (panel b)),
TDs are absent and the active MQW region is completely
TD-free (panel c)).

From the TEM image of Figure 6.10 a), the thicknesses
of the Ge QW and the Siy ;5Geg g5 barrier have been extrap-
olated, respectively with the value of 16 + 2 nm and 22 + 2
nm on the {113} facets.

The X-Ray data reported in Figure 6.11, confirm that the
Sig.10Geg g buffer is fully relaxed with a Ge content of 91 +
1 % and from the spacing of the superlattice satellite peaks
along the <113> directions, the thicknesses of the Ge QW
and the Sip ;5Geg g5 barrier have been measured respectively
17+ 1 nm and 20 £ 1 nm, in good agreement with the TEM

results.

The huge impact of the absence of TDs in MQWs de-
posited on Si pillars, compared to the unpatterned case, is
shown in Figure 6.12. Indeed, in the unpatterned planar re-
gion, only dislocation related PL has been detected, on the
other hand for the MQWs on Si pillars, it is strongly sup-
pressed and intense quantum confined inter-band transitions,
both at the direct and indirect points, are present. The PL
peak at 0.959 eV has been attributed to the fundamental di-
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Figure 6.10: (220) dark field TEM images of MQWs
on Sigp 10Geg.gp crystal deposited on Si pillar with side
d = 2 um. a) the MQWs/Siy 19Gep.gp interface, b)
Sig.j()Ge(),g() buffer and C) the Si()lngeg_gg/Si interface.
TDs are clearly visible in ¢) as dark lines. In a) the crys-
tal has a flat top surface because the TEM lamella was
not cut exactly through the middle of the pillar.
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Figure 6.11: HR-XRD RSMs around a) (004) and b)
(224) Bragg reflections for the MQWs/Siy 19Geg.gg crys-
tals deposited on Si pillars with side d =2 pm. The black
and purple dashed lines refer respectively for the {113}
and {111} diffraction peaks of the MQW superlattice.
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rect transition at the conduction I' point with the heavy-hole
subband, called cI'l-HH1. The low energy PL doublet is re-
lated to the indirect recombination: the peak at 0.745 eV
is due to the cL1-HHI1 confined transition, while the one at
0.722 eV is the phonon assisted transition. These values are
in agreement with transition energies of comparable MQWs

deposited on graded buffer on Si(001) [180].
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Figure 6.12: Low temperature PL spectra of MQWs
deposited on Si pillars (blue curve) and on unpatterned
planar region (black curve). Quantum confined inter-
band transitions are also labeled [159].

In order to proof that the optical quality of the MQWs
grown on Si pillars is by far better than other results reported
in literature [180, 181] for Ge MQWs deposited on graded
buffer (TDD~ 3x 10% em™2) on Si (001), PL spectra at low
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excitation power have been measured and the results are
displayed in Figure 6.13. In the MQW sample deposited on
planar graded buffer the inter-band quantum well emission is
quenched whereas the defect emission below 0.7 eV is visible.
On the other hand, in the MQWs deposited on Si pillars, PL
spectrum is dominated by the indirect gap recombination,
thus confirming that QW crystals by far outperform high
quality QW emitters grown on thick graded buffer with low
TDD (~ 3x 10% cm™2).
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Figure 6.13: Low temperature and low excitation
power (P=2.5 mW) PL spectra of analogous Ge MQWs
deposited on Si pillars with side d = 2 um (black curve)
and on a graded buffer [180, 181] on planar Si(001) sub-
strate.
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Chapter 7

GaN /Si crystals by
PA-MBE

In this chapter will be discussed the integration of high qual-

ity GaN micro-crystals on patterned (001) Si substrates.

Their morphology has been analyzed and the optical proper-

ties studied by chatodoluminescence (CL) and micro-photolumuniescence
(micro-PL) measurements. The epitaxial growth by PA-

MBE has been performed during my Ph.D. internship at

the Paul-Drude-Institut in Berlin under the guidance of Dr.

R. Calarco.
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7.1 Growth and morphology

The crystalline quality of GaN/AIN crystals on silicon

strongly depends on the crystallographic orientation of the
Si substrate. Indeed, due to the fourfold symmetry of the
Si(001) surface, the deposition of GaN results in the for-
mation of poly-crystalline or very rough material [182, 183,
while it is favorite on the threefold symmetry Si(111) surface
[184]. In the latter case the GaN and AIN layers, grow with
the in plane orientations <1010, <1120~ respectively par-
allel to <112> and <110> Si directions (see Figure 7.1 b)).
On the other hand in the former case, the sixfold symmetry
of the GaN and AIN c-plane makes possible the formation
of two preferential rotational alignments: [1010]||Si[010] or
[1010]|Si[100] (see Figure 7.1 a)). The deposition of an AIN
buffer layer on the Si surface before the growth of the GaN
crystal has been adopted in order to prevent the formation
of amorphous silicon nitride and Ga etching of the Si surface

[185].

In our innovative approach the deposition of GaN crystals
by PA-MBE has been performed using (001) patterned Si

substrates (see section 2.2) on which 2.5 pum of Si have been
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Figure 7.1: Schematic of the AIN atomic arrangement

on Si surface with different orientations: (001) a) and
(111) b) [184].
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homoepitaxially deposited by LEPECVD. Indeed, as shown
in Figure 7.2, by depositing 2.5 um of Si at 750°C and 0.27
nm/s on Si pillars with side d = 2 pm, faceted crystals have
been obtained. The top part of the Si crystals shows {113}

facets which are surrounded by four large {111} facets.

Figure 7.2: Perspective SEM images of 2.5 ym tall Si
crystals deposited at 750°C and 0.27 nm/s on Si pillars
with side d = 2 pm. {111} and {113} facets are also
labeled respectively by black and red dashed lines.

Before the epitaxial deposition by PA-MBE, 1 x 1 cm?
chips containing the Si crystals have been diced from the
original 4" wafer and have been cleaned by oxygen plasma,

RCA, HF and finally loaded into the reactor and heated
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up to the maximum temperature for 15 minutes (~ 815°C).
Subsequently the substrate temperature has been lowered to

580°C for the deposition of the AIN buffer.

The AIN buffer has been deposited adopting a two tem-
perature steps procedure with equivalent fluxes of Al and N
respectively of ¢4, = 4.3 nm/min and ¢y = 2.34 nm/min.
In the first step at low temperature (580°C), 4.3 nm of Al
have been deposited in order to cover homogeneously the Si
surface, than the substrate temperature has been increased
with a ramp rate of 40°C/min to the maximum achievable
(~ 815°C) opening the nitrogen shutter for 180 seconds. Fi-
nally, at the maximum temperature, AIN buffer has been de-
posited with different thickness ranging from 50 to 200 nm.
In Figure 7.3 are reported SEM images and the RHEED pat-
tern (white inset) of 100 nm thick AIN buffer deposited on
Si crystals. Despite the visible roughness of the AIN layer,
confirmed also by the spotty RHEED pattern, it covers com-
pletely the Si surface.

After the deposition of the AIN buffer, the substrate tem-
perature has been set to ~ 610°C to grow the GaN layer. In
order to finely tune the surface temperature to match the Ga

intermediate growth regime, (see section 1.5) which enables
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E 3
Figure 7.3: SEM perspective view of 100 nm thick AIN

buffer layer deposited on Si crystals. The white inset
shows the spotty RHEED pattern.

to stabilize ~ 2 MLs of liquid Ga on the sample surface,
the desorption time of Ga has been measured and optimized
by laser reflectometry [90]. Indeed, for the equivalent Ga
flux ¢g, = 6.34 nm/min, which has been used to grow the
GaN/Si crystals, the Ga desorption time has been optimized
by depositing a smooth GaN film (surface roughness with
RMS < 1 nm) on a template. In Figure 7.4 is shown the in-
tensity of the laser reflectometry signal during the tuning of
the substrate temperature. From ¢, to ¢t; Ga is deposited for
30 seconds on the sample surface, then the Ga shutter has
been closed and the Ga desorption time measured from t¢;
to to. The substrate temperature has been finely optimized

to get a Ga desorption time of 23 -25 s, which ensures the
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deposition of a smooth GaN layer, as confirmed by growing

on a template.
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Figure 7.4: Intensity of the laser reflectometry signal
during the tuning of the substrate temperature. From ¢
to t1 Ga is deposited for 30 seconds on the sample surface,
then the Ga shutter is closed and the desorption time is
measured from ¢ to to. The substrate temperature is
finely tuned in order to get 23 - 25 s of Ga desorption
time.

The morphology of 410 nm thick GaN crystals deposited
on Si pillars with side d = 2 pum is displayed in Figure 7.5
a). Several GaN micro-crystals have been nucleated on each

Si facet but still without coalescing and forming a continu-
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ous layer. The spotty RHEED pattern reported in panel c)
confirms the formation of 3D micro-crystals also on {111}
Si facets. Indeed, spotty diffraction features inclined by o =
54.7°, which is the angle between (001) and {111} planes, are
present. The SEM cross section image of 300 nm thick GaN
crystals with embedded 5 AlGaN markers, reported in Fig-
ure 7.5 b), reveals that despite the initial large roughness of
the AIN buffer, after few hundreds of nanometers, the GaN

micro-crystals recover a smooth growth front.

a)

Figure 7.5: a) perspective view SEM image of 410 nm
tall GaN crystal deposited on Si pillar with side d = 2
pm. b) cross-section SEM image of 300 nm tall GaN
crystals with embedded 5 AlGaN barriers 10 nm thick.
c) RHEED pattern of the crystals reported in a), a =
54.7° is the angle between the (001) and {111} planes.
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The GaN micro-crystal orientation of the 410 nm thick
sample reported in Figure 7.5 a), has been studied by means
of electron back scattered diffraction (EBSD). The orienta-
tion maps displayed in Figure 7.6 a) and b), respectively for
GaN micro-crystals deposited on Si {111}, {113} and {15 3
23} facets, show that in the central part of each crystalline
facet, (0001) GaN planes are predominantly parallel to the

Si surface (large area colored in red), irrespective of its ori-

entation.

[10-10]

[0001] [2-1-10]

Figure 7.6: EBSD measurements of 410 nm thick GaN
crystals reported in Figure 7.5 a). Panels a) and b)
show SEM images of the analyzed area, marked in green,
and the respective orientation map for GaN crystals de-
posited respectively on Si {111}, {113} and {15 3 23}
facets. c) is the pole figure of the GaN crystal orienta-
tion.
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In order to promote the coalescence of the GaN micro-
crystals deposited on the Si pillars, getting a continuous
smooth layer, the thickness A of the deposited material has
been increased from 0.41 to 3 um. In Figure 7.7 perspective
view SEM images of GaN crystals deposited on Si pillars
with side d = 2 pum and separated by 5 pm wide trenches
are reported. The morphology of the GaN crystals is strongly
influenced by increasing the thickness of the deposited ma-
terial. Indeed, for GaN thickness larger than 1 yum, smooth,
fully coalesced crystals start to form on Si {111} facets. In
the case of 3 um thick GaN deposition, crystals with smooth
surfaces, RMS = 0.7 nm on Si {111} facets have been ob-

tained, as reported in the AFM scan of Figure 7.8.



EF “Isa_master” — 2014/1/28 — 16:28 — page 243 — #126

Growth and morphology 243

Figure 7.7: Perspective SEM images of GaN crystals
with different thickness h = 0.41, 1 and 3 pm deposited
on Si pillars with side d = 2 um and separated by 5 ym
wide trenches (labeled in yellow).
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0,89 pm

0,00 pm

Figure 7.8: 3D AFM image of 3 um thick GaN crystal
deposited on the {111} Si facets of pillars with side d =
2 pm and separated by 5 pm wide trenches.
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We now focus on the 3 pm thick GaN crystals deposited
on Si pillars with side d = 2 um which show the best mor-
phology in terms of crystal coalescence and surface rough-
ness. In Figure 7.9, top-view SEM images of GaN crys-
tals deposited on Si pillars separated by 5 or 50 pum and
on the unpatterned planar Si (001) region (white inset) are
displayed. In the unpatterned (001) area, the GaN surface
quality is poor with high surface roughness (RMS ~ 15 nm).
Moreover, due to the large thermal expansion coefficient mis-
match between Si and GaN, cracks are also present to relax
the thermal stress. On the other hand, GaN crystals de-
posited both on Si pillars separated by 5 and 50 pum wide
trenches, present similar morphologies: smooth and large

crystalline facets on Si {111} surfaces.
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Figure 7.9: Top view SEM images of different 3 pym tall
GaN crystals deposited on Si pillars with side d = 2 ym
and separated by 5 or 50 pum wide trenches (marked in
yellow). The inset shows a SEM image of the GaN sur-
face deposited in the unpatterned (001) Si planar region,
a thermal crack is visible as a dark line.

By looking at the top and perspective view SEM im-
ages, reported respectively in Figure 7.9 and 7.10, it is pos-
sible to distinguish two kinds of GaN crystals deposited on
the {111} Si facets. The first one, where large hexagonal
platelets are not completely attached to the pillar structure
(e.g. top right corner of Figure 7.10), and the second one
characterized by a compact structure (e.g. top left corner
of Figure 7.10). A crystal morphology similar to the former

case, has been already observed for pendeoepitaxial over-
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growth of GaN nanowires on Si (111) [186]. TEM analysis
will be performed in order to study the formation process
of the large hexagonal platelets. GalN has been deposited
also on the top {113} and steep lateral {15 3 23} Si facets.
The deposition on {113} Si facets results in the formation of
hexagonal-shaped GaN top crystals, while on {15 3 23} Si
surfaces, highly stepped GaN layers are formed.
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Figure 7.10: Perspective SEM images of different 3 ym
tall GaN crystals deposited on Si pillars with side d = 2
pm and separated by 5 or 50 um wide trenches (marked
in yellow).
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7.2 Optical properties

The optical quality of the 3 um tall GaN crystals deposited
on Si pillars has been also investigated by means of micro-
photoluminescence (micro-PL) and cathodoluminescence

(CL).

In Figure 7.11 a), is reported the room temperature
micro-PL spectrum, in the 340 - 600 nm range, of a compact
GaN/Si crystal. The D°X exciton peak is located at 363
nm (3.42 eV), the shoulders at higher wavelengths are asso-
ciated to LO-phonon replica spaced by 92 meV [187, 188].
The good crystal quality is confirmed by the absence of any
feature in the yellow spectral range up to ~ 600 nm. Indeed,
the presence of yellow luminescence has been attributed to
point defects, especially gallium vacancies and their com-

plexes, acting as deep acceptors [189, 190].

Figure 7.11 b) reports the comparison of the low tem-
perature (10 K) micro-PL spectra of two different GaN/Si
crystals: the first one with a compact morphology (green
line) and the second one characterized by a large hexagonal
platelet not completely attached to the structure (black line).
The D°X exciton emission is located at 357.4 nm (3.470 eV)
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with a FWHM of 9.8 meV and at 357.2 nm (3.471 eV) with
FWHM of 6.3 meV, respectively in the case of compact and
hexagonal platelet crystals. The spectral position of the ex-
citon peak is fully compatible with that one of fully relaxed
GaN. In both cases, the FWHM of the exciton peaks are
comparable, or even smaller, than literature results for GaN
layers grown on Si (111) substrates by MBE [191, 192] and
CVD [193] techniques. GaN micro-crystals grown by pendeo-
pitaxy, starting from GaN nanowires on Si (111) and bulk
GaN, grown by hydride vapor phase epitaxy, show respec-
tively exciton peak FWHM of 1 and 0.6 meV [186]. It is
worth to notice that in our case, the innovative approach of
depositing GaN on faceted Si pillars, allows to deposit good
quality crystals starting from (001) Si substrate.

At longer wavelengths, PL peaks related to recombina-
tion at defect sites, in particular stacking faults, are present
[194]. In the case of the hexagonal platelet (black line), a
strong PL peak, named Iy, related to stacking fault with
translational vector é[2023] [194, 195] is present at 363.7
nm, while it is absent for the compact GaN crystal (green

line).
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Figure 7.11: Micro-PL measurements of 3 um thick
GaN crystals on Si pillars with side d = 2 um and sepa-
rated by 5 pm wide trenches. a) Micro-PL spectrum at
room temperature of a compact GaN crystal. b) micro-
PL spectra comparison of different kinds of GaN crystals:
compact (green line) and hexagonal platelet (black line)
at 10 K. DYX labels the donor bound exciton emission
and [; the particular stacking fault recombination.
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The low temperature micro-PL map of the GaN DX
exciton peak, reported in Figure 7.12 for an area of 961
pm?, shows that a good uniformity of PL emission has been
achieved despite the different morphology of each GaN/Si
crystal. Indeed, the red bright peaks, which are spaced by ~
7 pm, are associated to the PL exciton emission of the high

quality GaN layer grown on the Si {111} facets.

log

Figure 7.12: 2D intensity map of the GaN DX exciton
peak emission for an area of 961 pm?, measured at 10 K.
GaN crystal are 3 pm thick and deposited on Si pillars
with side d = 2 ym and separated by 5 pm wide trenches.
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The high optical quality of the GaN/Si crystals is also
confirmed by room temperature CL measurements reported
in Figure 7.13. Panel ¢) shows the CL spectra of GaN crys-
tals deposited on two different regions: Si {111} facet (green
line, shown in panel b)) and ensemble of many crystals with
Si (001) surface included (red line, shown in panel a)). Both
CL spectra show exciton recombination at 363.4 nm, but
in the case of GaN crystal deposited on Si {111}, recom-
bination at wavelengths longer than 390 nm is not present
(green line). On the other hand, a broad defect-related CL
peak around 400 nm is detected for material deposited on
different Si facets (red line). The image shown in panel d)
confirms that exciton recombination (marked in blue) takes
place homogeneously in GaN deposited on {111} Si facets of
pillars with slightly different morphology and facet expan-
sion. Stacking fault recombination at A = 385 nm (marked in
red) is mostly present at the border between different facets.
Indeed, as also confirmed by the EBSD measurements re-
ported in Figure 7.6, at the borders between different facets,
GaN crystals are not perfectly c-oriented, probably due to
the presence of stacking faults. Moreover, a large density of

stacking faults is also expected on the highly stepped lateral
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surfaces (e.g. on Si {15 3 23}).
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Figure 7.13: CL measurements of 3 pum thick GaN
crystals on Si pillars with side d = 2 yum and separated by
5 pm wide trenches. a) and b) SEM perspective view of
the areas (marked respectively in red and green) analyzed
in ¢). ¢) CL spectra of the areas reported in a) (red line)
and b) (green area). In b) and d) blue and red colors
refer respectively to the A = 364 nm and A=385 nm CL
emissions.

In conclusion we have shown an innovative approach to
deposit high quality GaN crystals on patterned Si (001) sub-
strates by means of regular arrays of micrometer-sized Si

pillars. Each Si pillar is constituted by large {111} facets,
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enabling the epitaxial deposition of GaN crystals with high
optical quality (FWHM of the exciton peak at 10K of 9.8
meV) and good uniformity. EBSD and CL measurements
reveal that most of the defect-related optical recombination
processes happen at the borders between different crystalline
facets and on highly stepped surfaces. This innovative ap-
proach, after future refinement of the growth procedure and
device engineering, could pave the way to realize regular
arrays of light emitting diodes based on In(Al)GaN nano-
structures, integrated on Si (001) substrates with intrinsic

pixelated geometry.
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In this work we faced the problem of depositing on silicon
substrates Si;_,Ge, alloys, several micrometers thick, ful-
filling the requirements of complete lattice relaxation, low
threading dislocation density and absence of thermal cracks.
In particular, our innovative epitaxial growth approach was
based on depositing Si;_;Ge, alloys on deeply patterned ar-
rays of square micrometer-sized Si pillars.

The epitaxial growth was performed by LEPECVD. Thanks
to its out-of-equilibrium growth conditions: high deposition
rate (up to ~ 10 nm/s), low growth temperature (~ 500°C
for Ge) and partially isotropic distribution of the reactive im-
pinging species, highly non conformal growth of Ge crystals,
up to 50 um tall and separated by few tens of nanometers,
has been obtained.

We called this novel growth approach 3D heteroepitazy,
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which is based on self-limited lateral growth of the crystals.
Firstly, the high deposition rate and low growth tempera-
ture ensure the surface adatom diffusion length being smaller
than the Si pillar size and height, thus preventing material
flow from the top to the bottom of the crystals. Secondly,
steeper crystalline facets, close to the borders of the crys-
tals, receive smaller reactive gas flux compared to the top
ones, therefore having lower growth rate. Furthermore, in
the case of closely spaced crystals, lateral steeper facets also
suffer from reactive gas flux reduction due to shielding of
neighboring pillars, thus further limiting their growth rate

and lateral expansion.

The morphology and facet distribution of the crystals
strongly depends on the competing growth velocities of each
facet which can be finely tuned by changing the growth con-
ditions. Indeed, by increasing the Ge growth temperature
from 415 to 585°C, the top morphology can be switched from
a flat (001) surface to pyramidal shape made by {113} facets.

The finite dimensions and the control of the top faceting
of the crystals, allow to eliminate completely all threading
dislocations at the lateral sidewalls, leaving the upper part

of the crystals dislocation-free. Indeed, if slanted thread-
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ing dislocations gliding in the {111} planes are naturally
eliminated at the sidewalls, vertical threading dislocations
need to be bent and expelled by inclined {113} facets. We
demonstrated also the possibility to have flat topped (001)
Ge crystals with no emerging dislocations by reducing the

growth temperature after their complete elimination.

Photoluminescence measurements performed on Ge crys-
tals with different threading dislocation densities revealed
that, in the case of dislocation-free 8 pum tall crystals, the
inter-band PL signal is ~ 0.5 times that of a bulk Ge refer-
ence with fully comparable spectral shape. This result has
been achieved for unintentionally doped Ge crystals without
any annealing treatment. We also proposed a strategy to in-
hibit recombination of carriers at the defect sites by introduc-
ing fully strained Sij »5Geg 75 reflectors within the Ge crys-
tals, enhancing the ratio between the inter-band /dislocation
PL recombination rate. We finally demonstrated the supe-
rior optical quality of dislocation-free Ge multiple quantum
wells deposited on Si pillars compared to the best literature
reference grown on graded buffer with threading dislocation

density of ~10°% cm~2.

High resolution X-ray diffraction measurements,
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performed at the ESRF synchrotron, showed that Ge crys-
tals are completely strain free, even from the tensile strain
accumulated during the cooling from the growth to room
temperature. Indeed, finite element method simulations con-
firm that the tensile thermal strain is elastically released for
Ge crystals with aspect ratio larger than ~ 1. While wafer
bowing and thermal cracks are observed for thick Ge lay-
ers deposited on planar Si substrates, they are absent in
the case of Ge crystals grown on micrometer-sized Si pillars.
Moreover, in the case of dislocation-free Ge crystals, their
excellent crystal quality is confirmed by the FWHM of the
(115) Bragg reflection peak which is comparable to that one

of the silicon substrate.

Inspired by the relevant results we obtained in the case
of Si;.,Ge, epitaxy on patterned Si substrates, during my
Ph.D. internship at the Paul-Drude-Institut in Berlin, we
tried to pursue a similar approach for another technologically
relevant system: integration of high quality GaN crystals on

(001) silicon substrates by plasma-assisted MBE.

The novelty of our approach consists in depositing 2.5
pm of Si by LEPECVD on deeply patterned (001) silicon

substrates, in this way crystals with large {111} facets were
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obtained. The threefold symmetry of the {111} Si facets
favors the deposition of the AIN buffer and GaN crystals.
Indeed, after ~ 1 um of deposition, GaN micro-crystals on
{111} Si facets start to coalesce forming a continuous smooth
layer, and after 3 pum the surface roughness has a RMS of
0.7 nm. Micro-photoluminescence and cathodoluminescence
measurements confirm the high optical quality of the 3 ym
thick GaN/Si crystals. Indeed, no yellow emission is de-
tectable, while intense GaN bound exciton recombination,
with a FWHM of 9.8 meV, takes place on the material de-
posited on the {111} Si facets. Moreover, most of the stack-
ing faults recombination processes are located at the borders

between different facets and in highly stepped surfaces.

In conclusion we demonstrated a viable approach to de-
posit strain and dislocation-free Ge crystals on deeply pat-
terned Si substrates with excellent optical and structural
quality. We already have robust evidences that Ge crys-
tals can be used to realize high efficiency IR light emitters
and photodetectors, X-ray imaging detectors monolithically
integrated onto a Si CMOS substrate and can act as vir-
tual substrates for the deposition of ITI-As photovoltaic cells.

Moreover, as already demonstrated here with the epitaxial
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integration of GaN/Si (001) and from unpublished results
on SiC/Si, we strongly believe that once the conditions to
have self-limited lateral growth are fulfilled, i.e. large out-of-
equilibrium growth conditions and shielding of the impinging
species between neighboring crystals, the use of micrometer-
sized patterned Si substrates can be useful for the integration
of several semiconductors on silicon, irrespective of lattice
and thermal expansion coefficients mismacth, different po-

larity and crystal symmetry.
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