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General introduction

General introduction

Transmission of optical signals via optical fiberstead of electronic signals by metal
wires permits transmission over longer distancesigher data rates, with lower power
consumption, and without electromagnetic interfeeerOptical computers, using photons
for computing, will compute thousands of times éaghan any electronic computer can
ever achieve. Optical fibers are now well estaklisiior efficient data communication,
while on-chip data processing is still performeddzh on electronic integrated circuits
(EIC), although the processor clock rates have liedted by the interconnect problem
for years. Optical interconnects offered by optoelectromitegrated circuits (OEIC) is
considered as a solution to overcome this bottleradcmodern electronic integrated
circuits.

Silicon photonics, a technique integrating photahéwices and circuits onto silicon-
on-insulator (SOI) waveguide platfoff} opens the route for high performance and very
large-scale integration (VLSI) photonics. Silicoashbeen long ago the most important
semi-conductor material for microelectronic indystwing to its natural abundance, low
cost, high purity and availability of large singt@ystals. Silicon photonics shows
advantages such as compatibility with the low-casti mature complementary metal
oxide semi-conductor (CMOS) manufacturing, possibibf realizing compact optical
devices, high bandwidth, wavelength multiplexingl @anmunity to electromagnetic noise,
etc. Pioneered in the year of 198@ssilicon photonics is booming since 2000 and largel
applied in light emitters®, waveguideS "% modulator§®**, photodetectors*®

Nevertheless, silicon shows poor optical propertiegause its indirect bandgap
precludes the efficient light emission. Many stgis have been demonstrated to
efficiently enhance the light emission of silicosych as porous silicofi'® Erbium
doping®? Si nanocrystaf§® Erbium doped silicon nanocrystdig® Germanium
photodetectors on 8i***? etc. Challenges of Si-based lasers are loss fafiesfcy,
difficulty of high-density integration, and far l@w performances in comparison with the
[1I-V compound semi-conductors, which show highenimearity, higher speed, more
efficient light detection at infrared wavelengtlesc. Heterostructure of IlI-V on silicon

has then been proposed, taking advantage of therenahd low-cost Si technology and
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the high performance of 1ll-V materials, allowing altimate platform for on-chip optical
interconnects.

Three main approaches have been developed anedpplrealize the integration of
[lI-V compound semiconductor on top of a SOI wafdlip-chip, bonding, and
heteroepitaxy. For flip-chip integration, IlI-V aplectronic component processed on the
I1l-V wafer are flipped and bonded on the silicoiatform through soldering® Bonding
techniques, including direct bonding and adhesoding, allows the integration of IlI-V
thin film onto the SOI substrates and fabricatidnoptoelectronic devices afterwards.
Low temperature © plasma-assisted bondifg® has been recently developed to
overcome the problem of thermal expansion coefiicidifferences, which is a key
challenge in conventional direct bonding at higmperature. Though such hybrid
techniques have showed interesting results, theirsgent of stringent alignment not
only limits the integration density but also makesm time-consuming and expensive.

Heteroepitaxy is now the most promising and ativadechnique allowing a low-cost,
highly integrated, and large-scale monolithic im&tign of IlI-V material on Si. As
candidates, Ill-V materials such as G&A¥ InP®* InAs*™ AISK™ have been
reported successfully grown on silicon. However,smidl-V compounds present large
lattice mismatch with silicon, for example, 4% f6aAs and 8% for InP, which results in
quite a large density of treading dislocatién& The luminescence efficiency and long-
life performance of optical devices will be stropgtduced by these defects.

Gallium phosphide (GaP), an indirect band gap semdiactor material, due to the
very small lattice mismatch with Si (0.37% at rotemperature), has been proposed as an
ideal buffer material grown on silicon substrate deercome the problem of misfit
dislocations. Incorporation of other substance likedium(in), Arsenic(As) and
Nitrogen(N) enables the modification of band stuoetto create novel direct band gap
materials lattice-matched to GaP, making GaP/Sfqrla an efficient pseudo-substrate
allowing monolithic integration of direct band gal-V semiconductors towards Si
substrate.

Yonezu and co-workers at the University of ToyoldshJapan demonstrated the
heteroepitaxial growth of GaAsPN and GaNP layersSosubstrate covered with a thin
GaP initial layer of high structural perfecti®hA Dislocation-free double heterostructure

InGaPN/GaPN light-emitting diode (LED) grown on [8i solid source molecular beam
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epitaxy (SS-MBE¥ and a Si/GaP/GaPN/GaP/Si structures for OEICswwy ¢thamber
MBE*® were also obtained by their group. Volz and hisugrfrom Philipps-University in
Marburg (Germany) has achieved the defect free Gafeation on Si° and the growth
of Ga(NAsP) multi-quantum wells on GaP substratéheut any formation of misfit
dislocations by metal organic vapor phase epitAt@YPE). >*? Grassman et al. from
the Ohio State University also reported the groethGaP thin films on Si substrates
without any defects, using MBE or metal organic chemical vapor deposition
(MOCVD)***®

Our laboratory is skilled in growing GaP-based agdtidevices such as InP/GaP
quantum dots (QD3), GaAsP(N)/GaP(N) quantum wells (QWs)GaP/GaAsPN/GaP
PIN diodeg®, etc., as well as Ultra High Vacuum Chemical Vapeposition (UHVCVD)
MBE growth of GaP on &l. The aim of the thesis work is the structural gsial and
development of analytical methods for the strudtum@rovement of the GaP/Si platform,
mainly focusing on the characterization of crystlfects such as microtwins and
antiphase domains using X-ray diffraction, combimgth complementary microscopic
techniques. The dissertation is organized as fatigw

Chapter 1 describes some crystal defects commamelepted in heteroepitaxial thin
layers such as the stacking faults (SF), microtivi§), antiphase domains (APD), lattice
strain and relaxation, mosaic tilt, etc. Then bgsimciples and techniques of X-ray
scattering are introduced, including reciprocalcgpanap,w/28 scan,w scan, and pole
figures. Finally, crystal defect behaviors in reogal space and their characterization by
X-ray diffraction are briefly presented.

Chapter 2 briefly introduces the Si substrate sarfeleaning and the heteroepitaxial
growth of GaP/Si thin layers in the UHVCVD-MBE chier, the X-ray diffraction setups
using Synchrotron and laboratory sources, and cemghtary microscopy techniques for
structural analyses such as the Atomic Froce Moapyg (AFM), Transmission Electron
Microscopy (TEM) and Scanning Tunneling MicroscggyM).

Chapter 3 is dedicated to the development of MTntfieation methods, aiming to
improve the GaP/Si platform structural propertiggotigh the growth condition
optimization. Two quantification methods are depeld using X-ray diffraction pole
figures and rocking-curve scans, in order to measbe MT volume fraction. These

methods, along with complementary microscopy tespes, are used to optimize the
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growth conditions involving growth temperature, kéigon Enhanced Epitaxy (MEE)
procedure and two-step growth sequence. Quasi Bd-8aP/Si pseudo-substrates have
been obtained after growth optimization.

Chapter 4 presents the evaluation of antiphase ihgmaased on the analyses of X-ray
diffraction reciprocal space images and TEM techesy Si substrate surface preparation
and growth parameters like growth temperature, Geerage at the initial growth stage
and use of AlGaP marker layers are optimized taawe the GaP/Si interface quality and
to reduce the APDs density. The APD formation anditalation mechanisms related to
the growth conditions are also discussed.

Finally, Chapter 5 summarizes all the results olgdiduring the thesis, including the
structural analyses of the GaP/Si layer and thenigdtion of growth parameters towards
the defect elimination. Moreover, some perspecinaks based on experiments of
Coherent Bragg Imaging and Nanodiffraction micrggcare briefly introduced, along
with the preliminary analyses, providing new anabit means to a complete structural

evaluation of the GaP/Si platform.



Chapter 1 Advanced X-ray scattering on crystal

defects

Why and how can we use X-ray scattering to invastighe crystal structure of the
GaP epitaxial layers? The first part provides &fhimtroduction to the common crystal
defects like point defects, dislocations, stackiaglts, twin boundaries and antiphase
boundaries. Then the introduction is extended t® $kructural figures and defects
encountered in the GaP/Si heteroepitaxial systeoh &g strain and relaxation, misfit
dislocations, mosaic tilt, microtwins, as well agiphase domains. In the second part, X-
ray scattering principles and reciprocal spacepagsented: the construction of the Ewald
Sphere and different typical ways of reciprocalcgpaxploration such as linear scans,
reciprocal space maps, pole figures, etc. Findldgsed on the representation of the real
space structure in reciprocal space, some practcamples are given on the

characterization of heteroepitaxial thin layer stuwe by X-ray scattering.



Chapter 1 Advanced X-ray scattering on crystéads

1.1 Crystal defects in heteroepitaxial thin layers

1.1.1 Crystal defects

A crystal is composed of regular repetition of asomn molecules in all directions. The
smallest group of atoms or molecules that is reguee called the unit cell. The periodic
arrangement framework is called the crystal latéiod each lattice point is associated with
a unit cell. Therefore, one of the main propertésa crystal is the long-range order.
However, perfect crystal doesn’t exist in natureysStal defects are atomic arrangement
mistakes that break the long-range order and maylva: single atoms (point defects),
row of atoms (linear defects), plane of atoms (ptashefects) and bulk of atoms (volume
defects).

a Point defects

Point defects occur when an atom is missing orgutaly placed in the lattice
structure. There are several types of point defestshown in Figure 1.1. Vacancies are
lattice sites which should be occupied by an atoat,are vacant. They are present at an
equilibrium concentration in all crystalline matds at any temperatuf®In most cases
the solid diffusion in crystal is dominated by vacis since an empty site is needed as
target for the diffused atom. Besides vacancid§,rgerstitial atoms are another type of
intrinsic defects appearing in a pure material, nwvae atom occupies a lattice site that
should be empty. They are found in several metads semiconductors like Siin low
concentrations because they result in high stresshagh energy state around them.
Extrinsic defects are caused by foreign atoms. Batams such as carbon, nitrogen,
hydrogen and oxygen usually fill in an interstitsle since they introduce less distortion
to the lattice. These are called interstitial impes and are very common in solid
solutions and alloys. For example, dilute nitrilevVi-N semiconductor alloys have been
widely studied because of their electronic and elgictronic properties. Among them,
GaP(N) is created based on GaP and changes thegapncharacteristic of GaP, which
makes it possible to use the indirect-gap GaP/Bi film platforms in photonic and

photovoltaic applications.
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vacancy self-intersititial

\::,‘:: /

O .\
intersititial/i‘mpurity substitution
Figure 1.1 A schematic representation of typicahpdefects in a crystal

b Linear defects

Dislocations are linear defects within a crystatl amere discovered by Orowan,
Polanyi and TaylSf in the year of 1934. There are basically two typéslislocation:
edge dislocation and screw dislocation, but in noaste they exist as a combination of
both types and form a “mixed dislocation”. Edgelabation, as shown in Figure 1.2 a),
can be considered as the insert of an extra haifeplof atoms in the crystal. The
termination of the half-plane is called a dislooatiline, where the surrounding inter-
atomic bonds are strongly distorted. The direcaod magnitude of the lattice distortion
is represented by the Burgers vedi§r that is defined as the vector linking the stainpo
to the end point of a clockwise “rectangle” thani® closed around the dislocation line
but should be otherwise closed in a perfect cryattite, as indicated by the red lines in

Figure 1.2 b).

half-plane

\ |
dislocation ‘
a) b, |

line

Figure 1.2 a) A schematic representation of edge dislocatimhkg the definition of the
Burgers vectob.

It is more difficult to visualize the screw disladitans. The screw dislocation can be
created by applying a shear stress to the blocystal, in order to slice the bloc along an

atomic plane, stop at the dislocation line, angldise one part by a Burgers vector
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parallel to the dislocation line. When the appkbear stress is increased, the atoms bonds
at the dislocation line are broken, the dislocatlove moves towards the direction
perpendicular td and the bloc is finally plastically deformed. Figul.3 shows a typical

screw dislocation in a three-dimensional view.

dislocation line

Figure 1.3 A schematic illustration of screw disltion
In 1lI-V semiconductor thin films epitaxially growron Si substrate, the most
commonly linar defects are the misfit and treadirgjocations due to the lattice mismatch
between the IlI-V material and the Si. The GaPadichated to prevent these dislocations,

because the very small lattice mismatch.

c Planar defects

Planar defects mainly include stacking faults, mgrdioundaries and antiphase
boundaries.

Stacking faults are found especially in close-pdckteuctures where atomic layers are
arranged obeying a certain stacking order. Let® ribe first layer configuration as A.
When stacking the second layer B, the atoms cabearranged directly one on top of
another, but over the depressions of the firstrlaiee third layer can be placed so that the
atoms are directly above those of the layer A,aionfthe ABABAB sequence order as
shown in Figure 1.4 a). This is a hexagonal claseked structure (HCP). Otherwise, they
can arrange themselves as configuration C (Figuteb), to form the ABCABCABC
sequence order. This is a face centered cubictstaeu¢dFCC). When the long-range
stacking sequence is disrupted and becomes formgaABd] BCABC or ABCBABC,
there is a stacking fault. The former, where a @l&nis missing, is called an intrinsic
stacking fault and the latter, where an exBaplane is inserted, is called an extrinsic

stacking fault.
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an 0800 OO, oee :
-

<P eee:
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099 000 .

a) planview front view b, planview front view
Figure 1.4 Stacking sequence in closed packedtstas: a) HCP, b) FCC.

It is important to introduce the Shockley partiaslocations when discussing the
stacking fault. A perfect dislocation may decompoge two partial dislocations if the
energy state of the sum of the partial dislocatisn®wer than that of the original one.
Figure 1.5 a) shows the first two (1-11) layers paptly stacking in the direction of
[1-11] for the FCC structure. The Burgers vedbor a/2[110] is disassociated into two
Shockley partial®, = a/6[121] and, = a/6[21-1].

stacking faults

oA B ) 900 ;
B ' ]
c 000 00 - 00 ¢ ) 9000
a 00 9006
? B ) @ [
5 00 °000 - 00 ¢ ) 000
[ R : c 00.000Q -
B
- [1-11]
g €ie ' 000000 - 0000050000
gl 1l pyit 12 U8 distoation e partial dislocations
Figure 1.5 a) Decomposition of dislocatiomto a pair of partial dislocatiorts and

b, in a FCC structure, b) formation of stacking fadiitbm the partial dislocations

It is evident that the two adjacent layers areldisgd one over the other by a vedtor
or by in the (1-11) plane. When a shear stress is appiiestead of forming a perfect
dislocationb which results in the sequence order[AB CABCABGHa [1-11] direction
(Figure 1.5 b) left), it is energetically preferatib slip into two partial dislocations and
therefore creating the stacking faults such as ABJABC®* (Figure 1.5 b) left).

There is a special stacking fault named twin, whosén characteristic is the mirror
symmetry of the stacking sequence, just like ABCABECABC, as shown on the hith
resolution TEM image of a GaP Ia%in Figure 1.6. The twinned domain contains 4
monolayer atoms in the C, A, A, C positions, lirditey the twin boundaries indicated by
the blue lines in the figure.
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Twin boundaries

Figure 1.6 High resolution TEM image of the GaPelayOpen circles labeled with ABC
show stacking order along the [111] direction. TBAAC sequence corresponds to a four
monolayer twin domain, with its boundaries indichly the blue lines®

Phase boundaries are interfaces separating twdatrgsains of same chemical
composition but of different crystal structures.eQsf the very common phase boundaries
is the antiphase boundary. Antiphase boundaries baen discovered in sphalerite (also
called zinc blende) structifearound the year 1970. Sphalerite structure isapacteristic
of most IlI-V or II-VI compounds. It can be considd as a FCC close packed stacking of
type-A atoms combined with another FCC latticeypietB atoms and offset by a quarter
of a body diagonal in the [111] direction. The stuwe has two types of lattice sites and
exhibits polarity in the [111] direction, since atcA and atom B are linked by a polar
covalent bond representing unequal electron shdratgeen them. If in one domain, all
the sites of the nominal FCC are occupied by atBraad the offset FCC is constituted by
atoms B, this domain is called an antiphase dor(@afD). The polarity in the APD is
inversed. The boundaries between the APD and thminad phase are antiphase

boundaries (APB), as illustrated in Figure £77.

O A - .

B I I

Figure 1.7 lllustration of antiphase domain andpdrase boundaries in zinc blende structure,
projection in the [110] direction.
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d Volume defects

Volume defects are small regions in the crystal rehdefects are present, such as
voids that can be thought of clusters of vacanqgiescipitates that are small bulks of
accumulated impurities. In my thesis, we are ontgriested in the antiphase domains and
twinned domains, formed from the antiphase bouedand twin boundaries.

1.1.2 Defects in hetoroepitaxial GaP/Si thin layers

Epitaxy is the growth of a crystalline overlayerasfe material, or compound, on the
crystalline surface of another crystalline mater@ compound, such that the in-plane
crystalline orientation of the overlayer is wellfided with respect to the in-plane
crystalline orientation of the substrate. It is ecoamly used in the high quality growth of
integrated crystalline layers or nanostructurepgeiglly for compound semiconductors.
Homoepitaxy consists in the epitaxial growth odgdr composed of the same material as
the substrate, whereas heteroepitaxy consisteipphaxial growth of a material different
from the substrate, such as the growth of GaPfilmis on silicon substrate. Besides the
common defects discussed above, and due to thenmeesf an interface (both structural
and chemical), heteroepitaxial layers may disptayes specific crystalline defects, owing

to the lattice mismatch, misorentation, interfacaldy, etc.

a Lattice strain of the epilayer
From Figure 1.8, we can easily see that all thetnsosnmonly used cubic IlI-V
compounds, have a lattice constant much largerttiesilicon one.

3

Band Gap (eV)

1 1 1 l 1 1
5.4 5.6 5.8 6.0 6.2 6.4 6.6
Lattice Constant (Angstroms)

Figure 1.8 Band Gap energy versus lattice constimtsilicon and most common IlI-V
semiconductors

11
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Table 1.1 lists some basic parameters of the GaPttan Si that are useful for the

following discussions.

Table 1.1 Some basic parameters for GaP and Si
GaP Si
300K Lattice constant 0.54506 nm 0.54309 nm
Cu 140.5 GPa 166.0 GPa
Crz 62.0 GPa 64.0 GPa
Energy gap 2.26 eV 1.12 eV
Thermal expansion coefficient 4.65X1” 2.6x10%K
800K Thermal expansion coefficient ~5.5%1K ~4.2x10°/K

The lattice mismatch is defined by Equation®t-vith a and a being the lattice

constant of respectively the thin film and the stdis:
f=

In the case of a GaP thin film heteroepitaxiallpwgn on Si, the lattice mismatch is

? Eq. 1-1
estimated to be about 0.36% at room temperaturagrentlm material can be elastically
strained to accommodate the lattice parametereottipstrate under the critical thickness
(defined in the following), as shown in Figure BPand in Figure 1.10 a). We call this
growth mode “coherent growth” or “pseudomophic giwwThis is the case of the GaP
grown on Si at the initial stage of growth.

For GaP pseudomophically grown on nominal Si(OQbsgate, the strain of the GaP

lattice structure is tetragonal (Figure 1.9 a))s#minge, ande,, the strain in vertical and

lateral directions:

_ aJ_—af _ ag —af
e, = P , e/ = o Eq. 1-2
According to the elastic theory:
_ 2Cqp
e, =— c111 e, Eq. 1-3

where G» and G; are elastic constants of GaP. With=8.54506 nm, &0.54309 nm,
C11=140.5 GPa, =62.03 GPag, for fully strained GaP is calculated to be 0.5467.

12
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GaP

SN =
s f: da| faf| | 7
N TP
a) = b, s
Figure 1.9 2D presentation of lattice strain of Ggdtlayer grown on a a) nominal Si

substrate, b) vicinal Si substrate misoriented.by

In case of vicinal Si substrate misorientedoythe lattice deformation is triclinic. If
the lattice mismatch is small, this deformation t@ncharacterized by the andge (the
tilt angle between the [001] orientation of GaP #mat of Si) and is calculated using the
following equation®

tan(da) = ((a, — ag)/ag) X tan(a) Eq. 1-4

Foro = 6°,0a is calculated to be 0.041°. This value is quitaliend can be neglected.
Therefore, the ou-of-plane lattice parameter of gitayer growth on Si substrate
misoriented of 6°, is considered to be the samthe@ssaP grown on nominal substrate,
that is, 0.5467 nm.

b Lattice relaxation and misfit dislocation

For llI-V materials with larger lattice mismatch tvithe Si, or as the GaP film
thickness increases, the rising strain energy @sctee energy of dislocation formation. It
is then energetically more favourable to generastéochtions, in order to relieve the
elastic strain, which leads to a relaxation (Figlrg0 b))’° This type of dislocation is

called the misfit dislocation.

strain relaxation

||
[ |
[ |

\

a) b)

Figure 1.10 A 2D schematic representation of adtiglastrain and b) plastic relaxation at the
interface of a heteroepitaxial thin layer growneolattice mismatched substrate.

For every misfit dislocation, there are always tthiceading dislocations at the two
ends that thread to the layer surface, as illlesdrly the example in the SiGe/Si thin film
in Figure 1.11 a). The treading dislocations canobeiously evidenced by a cross-
sectional TEM image. Figure 1.11 b) shows a cressianal TEM image of an

InP/GaP/Si structure, presenting a large numbéeatling dislocationg?

13
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threading
P dislocations ===

InP

GaP
b) Si

Figure 1.11 a) schematic illustration of misfit Idsation and treading dislocations in the
system SiGe/Si, b) cross-sectional TEM image of@#P/Si structure showing a large number of
treading dislocations generating from the InP/Guaerface’*

Si (100) substrate

The growth thickness beyond which the plastic rafiax occurs through the
introduction of misfit dislocations is called thetical thickness. For the GaP/Si(001)
system, the critical thickness is estimated to h@ua90 nm by Sod4 between 45 nm
and 95 nm by Taka®i and 64 nm by Skibitzki. GaP layer grown on Si below the
critical thickness is theoretically fully strainaedd free of misfit dislocations. It has to be
noticed that most of the GaP layers studied in ttesis has a thickness small enough to
prevent the misfit (threading) dislocatios, as veslimicro-cracks due to the difference of

thermal expansion coefficients between the GaRlan&i.

c Mosaicity characteristics

The heteroepitaial thin layers usually consist afab single-crystalline blocks,
typically of size of a few micrometers, which a@ndomly slightly misoriented with
respect to each other. We call this mosaicity iystal, as shown in Figure 1.12. The
average sizes of the mosaic blocks in vertical latetal directions are called coherence
lengths. Out-of-plane rotation perpendicular tolthyeer surface is called “mosaic tilt” and
in-planed rotation around the surface normal is saio twist”. In practice, the vertical
coherence length is commonly determined by therltyekness in heteroepitaxial layers,

and the lateral one is related to the planar defect

coherence length tilt twist

vertical lateral
-

|

Figure 1.12 Characteristic parameters of mosaicigingle crystal§*
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d Antiphase domains and antiphase boundaries

The APDs in GaP on Si were firstly observed by Mane on Si substrate oriented in
the [100] and [110] directiorfd,and were found to be generally formed due to tiarp
on-non polar materials growth and is favored byptesence of single stepped Si surface
or the imperfect coverage of Ga or P at the infiaburface’ It was suggested that the
APDs could be partially avoided via double stepfg@01) surface, realized by using a
vicinal Si substrate with a miscut of a few degremsards the [110] directiof?>* "> The
APD density in the epilayer could be characteribgdAPD volume percentage in the
whole layer (the APD volume fraction), or the melistance between two adjacent APBs
defined as APD correlation length (CL) as showkigure 1.13 a). Indeed, Figure 1.13 a)
schematically presents the emerging APD with APfsrging to the layer surface, which
are detrimental to the surface roughness, effictaminel junction for tandem solar
cells®™>7® and suitable carrier injection across the interfdor integrated photonic
devices. Therefore, it is of great importance tppsass the APD generation at the GaP/Si
interface, or makes them annihilate during the gnowigure 1.13 b) shows another type
of APD, called self-annihilated APD. We find thhetAPDs can be suppressed by APBSs’

merging.

E ing APD
merging Self-annihilated APD
APD CL

YYYYYY%AAAAAAAAAAA’VYYYYYY 0 0000000000000000000 €
100000086 0000005000008, YYYYYYYYYYYYYYYYYYYYy
1000000900000 000000 ¢ YYYYY Y Y Y Y Y Y YYYYYYYYY
0000006000000 5000000, YYYYYYY Y Y Y YYYYYYYY Yy
YYYYYYY?\AAAAAA"}’YYYYYY 00000000000 00000000 ¢
0000006000000 5000000, [00000000500000000000.
YYYYYYY:\AA)\AA):‘*(YYYYYY YYYY Y Y'Y Y AYYYYYY Y'Y
0000006 0000005000000, YYYY Y YNV Y Y Y Y Y Y Y Y
Y'Y Y Y Y'Y Y YYYYY Y'Y Y'Y Y Y Y Y Y Y Y Y Y Y Y Y'Y

55§§5§‘ 0000000006000

J

[001] “: i § : § : ing;A;)\;AAA%VYYYYY\ e
. “ H .

APB APB APB APB

a) [110] b)

Figure 1.13 a) Schematic representation of an ange®§PD in GaP layer grown on mono-
atomic stepped Si substrate. The lateral correldéagth related to APD (CL) is defined by the
distance between two adjacent APB; b) schematieseptation of a self-annihilated APD.

e Microtwins

In zinc blende GaP/Si heterogeneous epitaxial syste twinning domain can be
considered as a 180°C rotation of the {111} plaokethe main phase around a [111] type
axis. Microtwin (MT) is defined as a sequence ofBBrtwinning domains. As shown in
Figure 1.14 a), the nominal GaP {111} planes acdined by 54.7° from the (001) plane
and the MT planes are inclined by 15.9°. Four MTiargs can be obtained due to the
fourfold symmetry of the zinc blende GaP crystalstructure, called MT (111), (1-11),

15
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(11-1) and (11-1), labelled by their boundariesnpta For example, Figure 1.14 a)
represents the MT (11-1) since their boundariely¢he (1-11) planes, and with an axis
of rotation [11-1]. A more simple notation is givéry Skibitzki research grodp as
illustrated in Figure 1.14 b). In this figure, tekample displays a miscut along the [110]
direction, giving rise to a stepped surface. ThesMlongated in the real space parallel to
the atomic step edges are labelled MT-A and MT+(@ #hose perpendicular to the steps
are labeled MT-B and MT-D. They correspond respettito MT (11-1), (111), (1-11)
and (-111).

Axis of rotation [1 1 -1]
11-1)pl
001] ( ) plane

GaP(111)™., ,MT(11-1) GaP(111)

%Y, ‘—iqr 9 - =54.7 > 4
a) [_1 1 0] p=12.9 a=24. [1 1 O] b)

Figure 1.14 a) Geometrical stretch of nominal GEERL] and MT (11-1) plane inclinations in a
thin film of GaP. b) Skibitzki notation of MT varmigs. MT-A, C, B, D correspond respectively to
MT- (11-1), (111), (1-11) and (-111).

Two factors are used to characterize the MT densitg first one is the MT volume
fraction, i.e. the percentage of MT domains inwhwle GaP layer. The second one is the
correlation length (CL) in the lateral and longitual direction, giving rise to the average
MT size (Figure 1.14 a)).

1.2 X-ray scattering in reciprocal space

1.2.1 Reciprocal space and reciprocal lattice point

In real-space, the crystal unit cell can be defibgdhree basis vectoes, a, andas
and therefore the lattice points are representatidyector®,, = n,a; + n,a, + n;as,
with n, n, and n integersThe reciprocal space is defined by a set of basitovsa; , &

andag , with

azXxas azXxXaq ajXap

L Eq. 1-5

* *
a; = a, = a .
1 2 ai-azXxas

W *

aj-azXxas g ai-azXxaz ’
In terms of a crystallographic plane (hkl) in rephce, we define a vector in reciprocal
space a& = haj + ka; + laj. It is easy to prove that the vector is perpendrctdahe

(hkl) plane and the magnitude of the vector isitiverse of the inter-planar distanggd
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i.e. G| = 1/dw. Such reciprocal vector is constructed for eacheldukl) and the point at
the end of each such vector is a reciprocal lafimat (RELP), noted thereafter as: HKL.
All directions in real-space are preserved in nexpl space. The scale of the reciprocal
space, called reciprocal length, is the inverséhefcorresponding real-space length. For
example, an orthogonal real-space unit cell withidbaectorsa; = (a, 0, 0),a2= (0, b, 0)
andag= (0, 0, c), the reciprocal space vectors are @gmgonal and are respectively=
(2n/a, 0, 0)a, = (0, 2t /b, 0) andas = (0, O, Z /c).

1.2.2 Diffraction conditions

a Bragg’s condition

X-ray diffraction from a crystal can be consideesdscattering from atoms located at a
set of crystallographic planes (hkl). Assumifighe value of both incident angle and
emergent anglek; andks are reduced scattering vectors along, respectiviedyincident
and scattered directions, witki| = |ks| = 1A. The scattering vector is defined 8y ks -

ki, as illustrated in Figure 1.15. The directiorSa perpendicular to (hkl) planes with the

magnituddS] 225;n9_
S=ks - ki
ki =" ks
0 o
dnwi] ~.
Figure 1.15 lllustration of X-ray scattering geompdtom the (hkl) planes

The family of planes diffracts X-rays when the Byagcondition is satisfied:

Zdhkl sinf = /1, Eq. 1-6
wherel is the wavelength of the incident x-ray. In thindition, §| =253n9 = di
hkl

with S a vector of reciprocal lattice, that 8= G.

That is to say, the X-ray diffraction is observedden and only when the scattering
vector is a reciprocal lattice vector. This is Liaie Condition, which is exactly equivalent
to the Bragg Condition.

17
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b Ewald Sphere construction

A useful way to find the direction of X-rays diffried by the crystal and visualize the
diffraction in reciprocal space is provided by theald Sphere construction (Figure 1.16).
Let us consider the reciprocal lattice for a gieeystal fixed at the origin of the reciprocal
space O. Monochromatic X-ray beam arrives on tiistal with an incident angle and is
scattered. Now, we construct a virtual sphere dfusalh centered at C, such th@D
coincides withk;. By definition, the scattering vect8rstarts at O and points to the sphere
surface. When the incident beam changes its dmeatiith respect to the crystal, the
sphere rotates around the origin O. According taeL&ondition, the X-ray is diffracted
when S is a reciprocal lattice vector, in other words, whbe RELP is located at the
Ewald Sphere surface. The incident and diffractegles corresponding to the RELP can
be then determined. Moreover, the rotation of Ewgithere defines a limiting sphere of
radius 2X centered at O, which covers the region of recigrgpace accessible to X-rays
of a given wavelength. Therefore, higher diffraction order can be reacbely by using

X-rays with higher energy (smaller wavelength).

Ewald sphere ? ooL

limiting sphere

HKO

below cryqtal surface

Figure 1.16 lllustration of Ewald Sphere constretiProjection on 2D.

1.2.3 Reciprocal space map and line profile scans

The characterization of crystal properties by X-saattering can be realized by the
measurement of the scattered intensity | for adisgae values 08. The distribution of If)
in the reciprocal space, is called a Reciprocalc&pdap (RSM). RSM around a RELP
HKL, involving the intersection between the RELRIahe Ewald Sphere surface, gives
information on the HKL planes and furthermore thgstal microstructure. The RSM is a

powerful method for structural characterizatiorheferostructureg’
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Figure 1.17 schematically represents a RSM aro@#] ®@ith respect to the Ewald
Sphere described above. It has to be noticed thgtloe RELP marked with a black solid
dot can be studied by conventional X-ray technigsasce the two grey semi-spheres
covers the region where incident or emerging beaimelow the crystal surface, and the
RELP outside the limiting sphere are inaccessibkbaé X-ray beam. Such measurement is
generally acquired using a conventional0 diffractometer, with the incident X-ray
beams fixed when the sample rotates to change tiregle and the detector arm rotates to
change 8. Three typical linear scan types are depictedhénfigure:m scan where only
angle changes and th@ angle is kept at a constant valug26 scan where the sample
rotation angleAw and the detector rotation angi20 are coupled such tha26=2xAw,
and B scan where the sample is fixed and the detectarratates around ad2Bragg
position. The RSM is usually done by performingesies of w20 scan at differento
settings. It is important to distinguish twoe scan types, that is, rocking-curve scan and
transverse scan: rocking-curve scan is performdad am open-detector and transverse
scan is high resolutiom scan performed with channel-cut in the diffrachesém path in
order to differentiate contributions orthogonal gpatallel to the sample surface. The
transverse scans are more accurate in the chazatimn of a thin film with mosaic

structure.

444

(o 0 [ 0113
incideng bea 4 emergent beam
below surface below surface

@

N
730 220 000 220 440 HKO
1
1

Figure 1.17 Different scan type presented in Evgdtere
1.2.4 Pole figure

A conventional symmetri/20 scan permits investigating only the planes orinte

parallel or nearly parallel to the thin-flm sammarface, or in other words, the planes
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whose normah coincides the scattering vector, as shown Figut8 &). For tilted planes
that are oriented in other directions, there am@ ways to bring the normal vector into the
scattering vector direction. The first way is iliated in Figure 1.18 b), consisting oba
rotation to bring the plane norm@alonto the scattering plana¢ =0 if n is initially in the
scattering plane, which is the case in the figusich is followed by a» scan to bringn
parallel to the scattering vector (heév@=a). This is a conventional asymmeté20 scan
and it is performed with a Bragg-Brentano diffratdsr, with a linear source, while the
direction distribution accessible with this methedsmall. It is commonly used when the
orientation direction is given, for example, in ttedy of lattice parameter of GaP layer
grown on a Si(001) substrate misoriented of 6° towahe [110] direction. Another
method, as illustrated in Figure 1.18 c), can bestered as turning the firstly by a¢
rotation then make & rotation (rotation perpendicular to the scatterplgne). So this
time A@=90° andAy=a. This method requires a 4-circle diffractometethwa point
source (Figure 1.19). The and @ angles are fixed at the Bragg position of the @lah
interest, and then a 360° rotation aroynd performed with successiyevalues. A wide
range of direction distribution of diffraction plkes is reachable, showing a great

advantage for detection (111) plane twins.

Scattering plane Scattering plane

X-rays § X-rays Ad):OQ

o, 4

e
A9 o
a) b) ©
Scattering plane
X-rays Ap=-90°
US

=L
C) v

Figure 1.18 Measurement of crystalline planes fiédint orientations. a) Conventionai20
scan to study the planes parallel to the samplfairb) asymmetrico-26 using w offset to
compensate the crystalline plane tilt, c) 4-ciraleasurement using offset to compensate the tilt.
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X-rays —.¢ detector

N

|~

Figure 1.19 Scheme of a four-circle diffractometéth variable azimutlp and tilt anglay "

The intensity 1§,J) recorded in the 4-circle measurement can be septed on a 3D
reference sphere. Figure 1.20 illustrates the sgigorojection of crystal planes on the
reference sphere for a cubic lattice crystal. Tiystal is placed at the center of a reference
sphere. The intersection between the plane nornuiltlee sphere is called a pole. The
origin of azimuth angl@ is fixed at the radius along the [010] directiod& is defined
as the angle between the plane normal and [00&ttiin. The poles of all the planes
form a spherical projection of the coordinatégp). Such a spherical projection allows
conservation of the angle between planes, whichbeameasured from the great-circle
distance between the two corresponding poles andphere radius. In Figure 1.20, poles
corresponding to several representative faces ar&ed on the reference sphere with a

black point.

010 v =90

100

001
Figure 1.20 Spherical projection of a cubic crystal
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Although the spherical representation is obviousrtderstand, it is always preferential
to work with a 2D representation af,{)) coordinates for convenience, in condition that
all the angle relationships between planes candmserved. Hence, the stereographic
projection is commonly employed, using the equatqulane as projection plane. Figure
1.21 describes the stereographic projection priacipf all the poles in “northern
hemisphere”. For any pole P at the reference sphdren being linked with the South
Pole, the piercing point P’ is considered as it§qmtion on the equatorial plane, which is
characterized by the initial azimuth angl@end the distance r from the sphere center. The

relationship between r andcan be described by the Equation 1-7.

r=R- tan(lp/z) Eq 1-7

Figure 1.21 b) shows the stereographic projectioth® poles in Figure 1.17, and we
call this a pole figure. A four-circle measuremdisiplays such a pole figure.

100

110

11 1

~

Equumrinlk
plane

010

100
Figure 1.21 Stereographic projection

1.3 Analysis of heteroepitaxial layers by X-ray scattang

techniques

The X-ray diffraction patterns are indeed the is¢etion of the Ewald sphere with the
reciprocal space lattice nods corresponding tostinelied structure. By definition, the
reciprocal space scale is inversely proportionath® real space scale. So that a 3D
infinitely great volume is interpreted in reciprbspace as a 0D point without any volume;
a 2D plane becomes a line in reciprocal space, evldirection is perpendicular to the
plane. Contrarily, a real-space 0D point is exprddsy a 3D volume and a 1D line by a

2D plane in reciprocal space. Now let's think gpexfect thin layer with limited lateral
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size a and a thickness T, composed of a serieaysthtline planes with regular inter-plane
distances, as shown in Figure 1.22. Its interpian reciprocal space should have an
elongated form, in the way that the lateral andjitualinal sizes are respectively inversely
proportional to a and T, taking into consideratibat the X-rays beam is monochromatic.

thin layer elongated representation
in real space in reciprocal space

T =) 7

a ~1/a

Figure 1.22 A thin film with a lateral limited size and a thickness T in real space and its
interpretation in reciprocal space.

Therefore, the traditional 00Ww/26 scans along the longitudinal direction, is sewsiti
to the variation of lattice parameter in the ouptEne direction due to the lattice strain,
while the O0L transverse scans on the perfectléyars grown along the [O0OL] direction
should display a very thin peak, and any defecth{sas small crystallites, lattice
misorientation (“tilt”) and planar defects) thastlirbs the lateral long range order brings a

broadening effect on the transverse scans.
1.3.1 Determination of epilayer strain and relaxation

The strain status of the epilayer can be reveaedugh the alignement of the
substrate reciprocal lattice point and that ofép@ayer in a reciprocal space map (RSM),
taking into consideration that the lattice parameté the epilayer is changed to
accommodate that of the substrate in case of 8itlgined. Figure 1.23 a) shows a 004
RSM from a 20-nm-thin GaP/Si sampfeThe red cross and the black spot represent
respectively the center of the Si and GaP reflacspots. They are well aligned in the
lateral direction (), indicating that the GaP epilayer is fully stiedhn If fully relaxed, the
position of the GaP will be shifted towards the empleft side, as marked by the black star.
Indeed, the 004 RSM is sensitive to out-of-plamaistwhile the 224 RSM is sensitive to
the in-plane lattice parameter. Figure 1.23 b) shaw24 RSM of the same sample. Here
we can also conclude that the epilayer is fullgistd.
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Figure 1.23 a) 004 RSM and b) 224 RSM on a 20-nm-@aP/Si sample. The calculated
position of Si substrate, fully strained and tgta#llaxed GaP are marked respectively by red cross,
black spot and black star. The alignement of Stezeand GaP center in thg &rection indicate
that the epilayer is fully strain€d.

We can also estimate the strain status from Q{R6 scans, by simply taking into
account the lattice parameter of the epilayer endtt-of-plane direction. For example, as
calculated in the section 1.1.2, the lattice camstd fully strained GaP is 0.5467 nm in
the [001] direction, a little greater than the ttegwal (fully relaxed) value 0.54506 nm.
Figure 1.24 shows they20 scan profiles of specular 004 diffraction from exies of
GaP/Si layer§® Knowing that the X-ray wavelength=0.1540562 nm, @gjaxeq and
20sraineg@re calculated to be respectively 68.84° and 68d&dcording to the Bragg's Law.
The B position of the fully relaxed GaP is indicated bhydashed line for easier
determination: for samples whose GaP peak is Idcat¢he left side of the line, the strain
is compressive and the epilayer is strained; fos¢hwith a GaP peak at the right side of
the line, the strain is tensile and there is rdiaxain the layer. Notice that the peak
position of the 45 nm thin layer is found to beglstly less than the theoretical fully

strained position 68.61°, this disagreement mayobginated form the experimental
adjustement.
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Figure 1.24 w20 scan profiles of specular 004 diffraction fromesiss of GaP/Si samplgg.
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1.3.2 Evaluation of lattice misorientation

The heterepitaxial GaP on Si layers may consissmall “mosaic blocks” with
rotational misorientation (or “tilt”) relative ton@ another, as shown in Figure 1.25 a).
Therefore the normal directions to the crystallphia planes of same index in different
blocks are distributed within a “tilt” angfe These blocks are much larger than the spatial
coherence length in XRD experiments (order of magie: 1 um in this case) and thus
scatter X-rays incoherently with respect to eadredt® The reciprocal space (SS)
being defined along the directions parallel toltheer surface and its normal, a dispersion
on S is seen within a small angle, resulting in a besadg on the diffraction peakwy,
as depicted in the Figure 1.25 b), and this broadecontribution is more evident on high
index reflectiond® Whereas the broadening due to the crystallite @ieee the average

lateral size of the bloc) is constant on any reiters.
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Figure 1.25 a) Schematic presentation of mosaiucttre composed of disoriented small blocs
b) Peak broadening due to mosaic®ilt
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Therefore, the tilt angle along with the averagestllite size in the direction parallel
to the layer surface can be evaluated via the dposition of thew scan peak broadening
of OOL reflections, that is, the Williamson-Hall thed, as proposed by Williamson and
Hall in 1953. A more detailed derivation can berfdin the APPENDIX of ref®.

1.3.3 Measurement of layer thickness

The layer thickness is another important paranudtére thin layer. The determination
of layer thickness is based on the coherent intmfee between the layer surface and the
layer/substrate interface. Considering an epitalager with flat interface with good
parallelism and few distortion, interference fringean be observed in the scattering
pattern. The layer thickness L can be determingtjube he angular separation between
the corresponding thickness fringes, which is gibgnthe following expression, in the

case of a specular reflexi8h:

sin6

A(6,y,) = Asin(wn Eq. 1-8
Differentiating$ = 25;"9, one obtains:
AS == cos040, Eq. 1-9
Then, combining theHAg. 7-8) and Eq. 1-9) relationships:
2sinfcosf 1
AS—W—Z Eq. 1-10
Therefore:
m = LS,, + cte Eq 1-11

with m the fringe order and3ts position.

Figure 1.26 shows a 0@428 scan profile of a 100-nm-thin GaPN/GaP safiiplEhis
is a very typical profile of heteroepitaxial layégsically composed of a substrate peak, a
layer peak and the thickness fringes. The layektiéss measured from the figure is about

114 nm, a little bigger than the nominal 100 nm.
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Figure 1.26 XRD 0040-26 scan profile displaying thickness fringes, theelathickness is
measured to be 114 nm for a 100 nm-thin GaPN/Gar i

1.3.4 Observation of MTs in reciprocal space

All the above analyses are based on the studyeafeitiprocal lattice characteristics of
the epilayer. Now let's consider the MTs, beingareigd as 180° rotation of the {111}-
type nominal crystal planes along a [111] type adesreciprocal space, the twinning
effect produces new reflection spots as schembBtidapicted in Figure 1.27. The green
streaks correspond to the rotation of the nomiattice point around the [11-1] axis,
indicating the additional reflections due to the M Twhose boundaries are limited by
(11-1) planes. The elongation of the spot along[1iel] direction comes from the fact
that the MT domain is a thin “platelet” with (11-bpundaries. In the same way, the
orange streaks correspond to the MT-C. The MT-BtaedMT-D can be seen in the plane
defined by the [001] and [1-10] vectors.
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(11-1)A c (111)

Figure 1.27 Reciprocal lattice points of GaP. Theck blue and red solid circles represent
strong, medium and weak reflections. The greenaaadge ellipsoids represent respectively the
MT-A and MT-C spots.

1.4 Summary

Perfect crystal doesn’t exist. Variant crystallimefects can be generated in
heteroepitaxially grown thin layers, involving straand relaxation, misfit and treading
dislocations, mosac tilt, microtwins and antiphakenains. The X-ray diffraction is
shown to be a powerful technique in investigatihg tepilayer structure. Different
techniques consisting ab scan,w/20 scan, reciprocal space mapping, pole figure are
widely used in measurement of strain status, masaangle, epilayer thickness and other
structural parameters. On this basis, we are ablievelop analytical methods to evaluate
the structural quality of the GaP/Si layers, esgbcihe MT and APD densities. These
analyses, combined with complementary microscop@surements, lead to a complete

understanding of structural qualities of the Galdgers.
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techniques

This chapter presents the experimental suppotiseathesis work. Firstly | will give a
description on the GaP/Si samples growth, includimg Si substrate, the Si surface
preparation, the homoepitaxial growth of Si butterer and the heteroepitaxial growth of
GaP layers. Then three X-ray diffraction measurdnsetups are presented: laboratory
Bruker D8 Discover diffractometer on high resolatiand low resolution mode and the
beamline BM02 of European Synchrotron RadiationilféacFinally, complementary
techniques such as Atomic Force Microscopy, Trassiom Electron Microscopy,
Scanning Transmission Electron Microscopy and Seogniunneling Microscope are

very simply introduced.
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2.1 Growth of GaP/Si heterostructure

2.1.1 Vicinal Si substrate

The Si substrates used in this work aiaches n-type Si(001) wafers, containing two
flats telling us the crystallographic orientationtlee substrate, as shown in Figure 2.1 a).
Two types of surfaces are used: the nominal Siasarfwith the [001] crystallographic
direction parallel to the surface normal, ant ti@mal Si surface with 6 degrees miscut
towards the [110] direction, as illustrated in Fg@.1 b). The vicinal Si substrate is now
widely studied since it has been shown that the &Rére formed due to polar on non-
polar materials growth and could be partially aegidvia double stepped Si(001) surface,

realized by the miscut of a few degrees toward§he] direction?®°3>*

[110]
A
4 [001]
60

[110] [-110] ‘ == 1S
v T/ 5
[1-10] , s

a) b) (110
Figure 2.1 a) Schematic representation of the 3$)(OPafer orientation. b) The vicinal

substrate shows a miscut of 6° towards the [11@kction.

Indeed, on such a vicinal surface, both singleflayeps and double-layer steps can be
formed. The relationship between the miscut amglehe atomic step height d and the
average terrace length D can be described as fiokpw

tan(a)=d/D. Eq 2-1

Knowing that for single layerg = % and for double layerg = 2 x%, with & =

0.5431 nm the lattice constant of silicon in th@1[Pdirection. Then the terrace lengths D

are calculated for different miscut angles andrésellts are listed in Table 2.1.

Table 2.1 Calculation of the terrace lengths DSbsubstrate with different miscut angles
Miscut angle (°) 1 2 3 4 5 6

Désingle layer(NM) 7.779 3.888 2.591 1.942 1.552 1.292
Ddouble layer(NM) 15.558 7.776 5.181 3.883 3.104 2.584
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According to Chadi’s notatioff,we distinct two types of steps for both singleciagS)
and double-layer (D), labeled bw,SSs, Do and . The subscript denotations indicate
whether the Si-Si dimerization direction on the eipferrace near a step is perpendicular
(A) or parallel (B) to the step edge, as depictedrigure 2.2. On single stepped surface,
we can observe an alternation of two domains: (If®R)the terrace with Si-Si dimers
perpendicular to the step edges and (2x1) for lidt Si-Sidimers parallele to the step
edges. Therefore, the surface with with @uble steps reprenstes a single (1x2) domain
and that [@ double steps represents a single (2x1) domainpiiésence of single domain

is the signature of double layer formation.

o-0 O- 1X2
o-0 O- %
[001] Oo-0O O-
O"O O" O O C@D
P4 [

110] SA
a) o] Ss

1x2

[001]

. [110]
byl Da c) trio] Ds

Figure 2.2 lllustration of Si surface presentingaligrnation of $ and $ single steps with
(1x2) and (2x1) domains b),Riouble steps with single (1x2) domain and g)dduble steps with
(2x1) single domain. The dimerization directiontbe upper terrace near a step is perpendicular
(for Sy and D) or parallel (for § and ) to the step edge,

They also calculated the formation energies perlangthi for the four types of steps:
A(S4) = (0.01 £ 0.01eV)/a,
A(Sg) = (0.15 £ 0.03eV)/a,
A(Dy) = (0.54 + 0.10eV)/a,
A(Dg) = (0.05 + 0.02eV)/a.

We havel(Dg) < (MSa) + M(Sg)) < M(Da), therefore, I3 double steps with the surface
dimerization parallel to the step edge are morergatieally stable, which is also
consistent with the calculation by Oshiydfhand the experimental observatidig®

Althouth energetically favorable, the formation @§ double steps strongly depends
on the miscut angle and the surface preparatioanfaal cleaning, thermal treatement

and homoepitaxial growth of Si buffer layer, etc.)
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Figure 2.3 shows the evolution of double steps &iom as a function of miscut
angle?* measures under the same thermal conditions (héate2D sec at 1525K). The
closed squares represent the relative populatidheof1x2) domain which decreases with
the increase of miscut angle. The open squaresgsept the percentage of double steps,

which increases witht the miscut angle. Both dertrates that higher miscut angle

facilitates the formation of Pdouble steps.
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Figure 2.3 Relative population of the (1x2) dom@ilosed squares, left axis) and percentage
of double steps (open squares, right axis) as@ifumof miscut angle’™

Actually, the 4 degrees miscut has already beediestuin our laboratofy? and it
turned out to be not sufficient for obtaining afpet double stepped surface, therefore,
most of the samples studied in my thesis are grawtihe Si(001) substrate misoriented of
6°. The Si surface cleaning procedures have betmiapd by Tra Thanh Nguyen during
his thesis (Foton, Insa Renrf@sand will be briefly introduced in the next parthel
growth of Si buffer layer is one of the importaarameters to be studied in this thesis and

will be discussed in Section 4.2.2.

2.1.2 Si surface cleaning

Si is a very reactive material and contaminantd sag carbon, oxide, metallic and
organic impurities are easily formed on Si surfakeing the fabrication and storage
process. Contaminants on the surface may act esfexrgntial nucleation site and result in
high defect density in the compound semiconducigei>** Smooth and contaminant-
free Si surface is a key point to the successfithejal growth of 11I-V materials on Si to
limit the defect generation. Evaluating the cleasdis of a chemical preparation is not
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straightforward. Fortunately the Chemical Vapor B&pon (CVD) technique is
dramatically sensitive to substrate surface comatiun. Even low contaminant density
results in a highly rough and pitted surface atbiomoepitaxial growth. The efficiency of
the silicon surface preparation can be thus ingastd by post-growth surface
morphology characterization of silicon buffer lager

Firstly a cleaning process based on the standadtbRzorporation of America (RCA)
proces?’ and called herein the “modified RCA process” hasrbapplied. The main steps
of the process are listed in Table £Zhe sample is firstly dipped in the NOIH-H,O.-
H,O solution for removing particles, small organisideies and most metallic impurities,
then in the HF-KO solution and HCI-KD,-H,0O solution for oxide removal, and finally in
the HF-HO solution after an oxidation in UV &atmosphere for residual carbon removal.

These last steps are repeated 5 times.

Table 2.2 Main steps of the modified RCA processpfitans room temperature.

Chemical environment| T(°C) Time (min) Effect

NH,OH : H,0O, : H,O 70 10 Particles, organic, and metals (Cu, Ag, Ni
10: 30: 200 Co and Cd) removal;

DI water RT 20 Fe and Al introduction.

HF : H,O RT 1 Oxide removal;

12.5:237.5 Carbon and small amount of ions (especially
HCI : H,0, : H,0 80 10 Cu) introduction;

30 : 30 : 150 Metallic residues removal;

Dl water RT 10 Oxide layer formation at surface.

HF : H,O RT 1 Oxide layer removal.

12.5:237.5

DI water RT 10

Oxydation in UV/Q RT 2 Carbon and Sulfur removal.

DI water RT 3

HF : H,O RT 1

12.5:237.5

DI water RT 3

The last 4 steps are repeated 5 times using nesolEion with the same concentration. Finally,
the wafer is immersed in a new HF bath and is Idadehe reactor.
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We have discussed and report the influence of tihiace cleanness on the quality of
the GaP layer and the GaP/Si interfatés shown in the cross-sectional scanning
electron microscopy (SEM) image (Figure 2.4 a))rtwdified RCA process followed by
150 nm Si homoepitaxial layer leads to a pittedasa, displaying a flat bottom surface
whose depth corresponds to the epitaxial layekti@ss. The inclined edges of the groove,
showing a constant angle value of 25° with the maaface, indicate the (113) crystal
facets. These grooves, also observed in the imsé&® M image, result in a very high
r.m.s. surface roughness of 48 nm. This evidencesptesence of contaminants at the
substrate surfadé which prevent any subsequent high-quality epitagiowth.

Figure 2.4 a) Cross-sectional SEM image and iadeM image of Si homoepitaxial layer
grown on the Si substrate cleaned by modified R@&ess; b) HRTEM images of a GaP epilayer
grown on the Si substrate cleaned by modified R@dcgss; ¢) Cross-sectional SEM image and
inserted AFM of Si homoepitaxial layer grown on t8e substrate cleaned by optimized HF
cleaning proces$®

Figure 2.4 b) presents the cross-sectional HRTEMgenof a GaP layer grown
directly on a Si substrate freshly chemically pregaby the modified RCA process. The
GaP/Si interface is quite diffuse with localizedght areas which are attributed to the
presence of contaminants at the Si surface. Theeaf the contaminants has not been
determined, but is usually assumed to be carbosxpgen atom$® This assumption is
supported by various observations made at diffesglales on samples with different
chemical preparations and different 1lI-V regrowgbnditions, but not shown here for
clarity. In this situation, large packets of MT® ajenerated from these disturbed zones
and emerge to the GaP surface, which has beenocalserved on different parts of
different samples.

We attribute these observations to the numerous ckemical steps used in the
modified RCA process. This likely increases theasype of the silicon surface to non-
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intentional contaminations, if the purity of theechical solutions and the chemical
environment is not perfectly controlled.

In order to limit the exposure of silicon to chealisolutions and improve the cleaning
effect, a second method called “optimized HF pretésis been developed, as described
in Table 2.3. A first dipping in HF 1% bath for 8@conds for native oxides removal is
followed by an exposure under U\J@Quring 10 minutes to remove carbon, organics and
metal particles removal, but this second stepslteesu the SiQ layer formation. The
process is finished by a final HF (1%) dipping & seconds, in order to remove the SiO
layer and promote a hydrogen passivated surfadeighlaelieved inert to atmospheric
contamination for 10 min or mate This process is similar to that reported by Talcatet
al. who claimed successful achievement of clean aadon-free silicon surfac&® and
already proved its efficiency for 11-V/Si growfii:'®* Figure 2.4 c) shows the cross-
sectional SEM and AFM images of the Si homoepitabaiger grown on the “optimized
HF process” cleaned substrate. The epilayer is #maeithout any detectable defects (pits,
holes, grooves) and with a r.m.s. roughness arduBdnm. This indicates that the

substrate surface was efficiently cleaned beforgr&@ath.

Table 2.3 Main steps of the optimized HF cleanirgepss
Chemical environment| T Time (min.) Effect
HF 1% RT 1.5 Native oxide removal
uv/O3 RT 10 Carbon, organics and metal particlesoeal;

SiO2 layer formation

HF 1% RT 15 SiO2 layer removal,

Passivation of surface with hydrogen

All GaP/Si samples in this work are grown on thetimized HF process” cleaned Si

substrate, if not specially mentioned.
2.1.3 Heteroepitaxial growth of GaP thin layers on Si

The epitaxial growth is realized in an Ultra-Higladum Chemical Vapor Deposition
(UHVCVD) - Molecular Beam Epitaxy (MBE) cluster dgeped and installed in
laboratory FOTON-OHM/INSA since 20f8.The Riber UHVCVD reactor dedicated to
IV group element growth is connected by a UHV turmaintained at 18 Torr to the
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Riber compact 21 solid source MBE chamber devotediltV compound growth, as
shown in Figure 2.3. Both chambers are equipped aviReflection High-Energy Electron
Diffraction (RHEED) system composed of a RHEED Gamd a fluorescent screen,
operating at 30 keV for UHVCVD and 12 keV for MBIg, order to monitor the growth

in-situ.

== Primary Turbo
ionic Pumb
Ga&P Pump \O,O'*f,o g = SiH,
Ce!!s/ \.ffbo\ Gauge
RHEED Gun R
Fluorescent pf/ ™ o B Fluorescent
screen © , .. . screen
Pyro.
lonic ; 4
AN R
v »S\
Nitrogen Al o%x“'
6N UHV-Transfer tunnel

Figure 2.5 Schematic representation of the UHVCVBBVgrowth cluster. The UHVCVD
reactor for group IV growth is linked to the MBEawtor for group IlI-V growth by a UHV
transfer tunnel maintained atTorr>®

For samples with GaP directly grown on Si, freghgpared Si substrates are loaded
into the MBE chamber, heated at 800°C during 5 temfor dehydrogenation and cooled
down to GaP growth temperature.

For samples with Si buffer layer prior to GaP giovthe substrates are introduced to
the UHVCVD chamber after chemical preparation aedtéd to 800°C (heater on the
sample holder) under a residual atmosphere ofest@mbout 18 torr. The homoepitaxial
Si layer is deposited using silane (QiHinjected through a mass flow/Baratron
flux/pressure controller and the pressure is fiaeds.10° Torr, with 10 min annealing
before cooling down. The Si/Si substrate is themdferred under UHV to the MBE
growth chamber for GaP overgrowth.

The Ga is generated from conventional Knudsen ieifusells containing pure metal
solid source and the P is provided by valved-cracedls (R). Two growth modes are
applied. The first one is the traditional Moleculeam Epitaxy (MBE) growth where the
Ga and the P are simultaneously supplied, andrthetly rate is controlled by the Ga flux.

The Ga and P flux have already been optimized bdfas thesis, so that for most samples
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described hereafter, the Ga flux is in the ordefL.dx10’ torr and the P flux is in the
order of 1.1x16 torr. The second mode is called Migration EnhanSpitaxy (MEE)
consisted of alternated Ga and P deposition. Twaorant characteristics of the MEE
mode is the growth rate expressed by monolayer (Mir)second and the Ga amount per

cycle that will be discussed in detail in Chapter 4
2.2 X-ray diffraction setups

X-ray diffraction experiments have been carried aut lab setup and using
Synchrotron Radiation at European Synchrotron RadigFacility (ESRF) in Grenoble
(France). Despite different X-ray sources and @ptoonfigurations, unique notation of
surface azimuths has been defined to study theteftd substrate misorientation on MT
formation: the first azimuth (noted hereafter agl*aor “az ¢ = 0”) with the incident X-
ray beams onto the (001) plane is parallel to th€lp] direction, and the second azimuth

(noted as “az2” or “ap = 90”) with the incident beams parallel to theediron [-110].

detector

detector

[001]
[-110]

[110]

Figure 2.6 Notation of two azimuths: azigD° and az2 ap=90°.
2.2.1 Laboratory X-ray diffraction

Laboratory X-ray diffraction experiments have begemnformed on a 4-circle Brucker
D8 Diffractometer, at the Institut des Sciencesn@ibues de Rennes of University of
Rennes 1.

X-rays are generated from a Cu source and collienayel D Gobel Multi-layer Mirror
placed on the linear focus window of a standardesetube. The feeding power is set at
40 kV/40 mA. Two different modes of this instruméyatve been applied for different type
of measurements: a hith resolution mode and aéselution mode.

Figure 2.7 illustrates the optical arrangementtiier hith resolution mode. The source

slit is placed at the exit of the source tube tuce the horizontal width of the beam. A 4-
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bounce Ge (022) asymmetric monochromator (Bariels$}ed to reduce the divergence of
the X-ray beam down to 0.008° and also to seleetkh rays with a wavelength of
0.154056 nm. An Anti-scatter slit of 8 mm horizdntédth and 15 mm vertical width, as
well as a 2.5° Soller slits are used before thedet to reduce the background signal. The
detector is a LynxEy#&', 1 dimensional position sensitive detector (PSDthwi80

channels making a maximum of 13.5 mm in the hotalodirection ( corresponding to a

20 range of 2.6°).

Monoghromator

Sample Source Slit

Anti-scatter Slit f E %
E E X-rays

Soller Slits

1D PSD
Detector

Figure 2.7 Optical arrangement for high resolutimode

Figure 2.8 represents the basic optical arrangerfentow resolution mode. No
monochromator is used, but instead, the beam sizmited in height and width to about
2x2 mnf by a cross slits system to produce a quasi-pa@atrband a Ni filter is placed
before the detector to reduce thg pollution and to select the mean, Kays with a
wavelength of 0.154184 nm. In low resolution mottes LynxEye detector is used in
point detector mode, with an 8 mm width aperturéhm horizontal direction and the full
width aperture (about 15 mm) in the vertical dit@ct

Sample Cross slits Source slit

Anti-scatter slit
Ni filter

Soller slits

1D PSD
Detector

Figure 2.8 Optical arrangement for low resolutiood®
The goniometer geometry is showed in Figure 2.@ Jdmple can be rotated around 3

circles and the detector can be rotated arounctleci
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» Theta @): sample rotation around the vertical z axis, paticular to the incident
beam which arrives from the direction x;

* Phi (@): sample rotation around its normal

» Chi (x): sample rotation around a horizontal axe, indigathe angle between the
sample normal and the scattering plane (horizomstatl defined by Theta and
2Theta). The sample lies vertical at Chi=0° andZomtal at chi =90°.

» 2Theta (B): Detector arm rotation around the vertical z axe.

Figure 2.9 4-circle goniometer of the Brucker D&daiver diffractometer with illustration of
sample and detector motions

2.2.2 Synchrotron X-ray diffraction

Synchrotron X-ray diffraction experiments have bperformed at BMO2 - the D2AM
French CRG Beamline. The beamline working energsetsat 16 keV, providing X-rays
of wavelength 0.07749 nm, in order to reach théndmgdiffraction orders like 008 and
0010. Figure 2.10 presents the basic optic, cangisff a two crystal monochromator with
sagittal focusing (mainly Si (111) but Si (311) available), located between two
cylindrically bent mirrors in a compact arrangemenith double focusing (3:1). The
typical angular divergences are 3%¥1@d at vertical direction and 3x%@adat horizontal
direction for a beam size of 3x30 rfiwn the monochromator. The point focusing of the

beam on the sample can be less than 0.3x0.3 mm
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monochromator

mirror

experiment mirror

'

slits

Figure 2.10 Sketch of the optic system on the BMO2AM French CRG Beamline. Source:
D2AM webpage

The beamline is equipped with a Kappa goniometwang users to record data in
and out of the polarization plane. Figure 2.11 giweschematic representation of the
goniometer overview. All the angular motions haveesolution lower than 0.001°, the
confusion sphere being smaller than®g.

The sample can be oriented through 4 circles ofrtbeument which can be defined
both as physical axis or virtual Eulerian ones #m detection line uses 2 circles. The
scattering plane is vertical.

* MU: sample rotation around a vertical axis (z).

« ETA: virtual eulerian angle: sample rotation aroanlorizontal axis perpendicular

to the incident beam (y). Note that Tsz indicakesttorizontal translation along y.

e CHI: virtual eulerian angle: sample rotation aroxnd he sample lies horizontal at

chi=90 (its normal is z) and vertical at CHI=0 (itsrmal is then y).

* PHI: virtual eulerian angle: sample rotation arotimel sample normal. It is carried

by CHI and ETA. At CHI=0, ETA and PHI axis are gégband horizontal.

» KETA: physical rotation associated with ETA

» KPHI: physical rotation associated with PHI

» KAPP: physical rotation around the Kappa axis.

* NU: horizontal motion of the detector arm to allomeasurement out of the

polarization plane, its full use needs a specialfigaration of the experiment
control program.

* DEL: vertical motion of the detector arm. It isiGad by NU.
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DEL

ETA & KETA

KAPPA

RX

Figure 2.11 Sketch of the Kappa goniometer, attioposiCHI=0. The X-rays arrive from the
direction parallel to x.

The detector used in this experiment is a XPAD3ridybixel detecto’? designed
with chips using IBM 0.2um technology. The wide Si detector is built witm®dules,
with each module consisting in 7 XPAD3 chips of 828 pixels. The pixel size is 130
x130 um?. The counting rate is above 2xXJghotons/pixel/s, corresponding to more than
2x10 photons/mrffs. The detector is combined with a pixel cameffpwing an
acquisition of a reciprocal space images withiny@00 seconds while it takes more than
5 hours on lab setup to acquire a similar image.

Figure 2.12 shows an initial image (on the GaP @déction of a 45 nm-thin GaP/Si
sample) taken on the detector. The whole imageaamtl148 pixels in X direction and
576 pixels in Y direction. The transform of pixed teciprocal space coordinate is
necessary for appropriate data treatement. For geanone can use the following

eqguations to convert X to the reciprocal space Agit
_ .D _
20— actan((X — X,) /Ds—d) Eq. 2-2
AS, = 2sinfy /A Eq 2-3
wherebfy is the angular difference between the detectorecemd the studied point, X

the abscissa position of the studied pointthé detector center abscissa,sfhe distance
between the detector and the sample center.
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Figure 2.12 A typical initial image taken on the AP detector. This is an image on the GaP
004 reflection of a 45 nm-thin GaP/Si sample.

The detector to sample distancgsds measured as following. Let’'s consider that the
position (X,Y) of the incident beam spot moves iaitty or horizontally with the motion
of the detecter arm in vertical direction (DEL)inrhorizontal direction (NU). By fixing a

reference point O and taking several images orerdifft DEL or NU positions, the4l@

can be estimated &;_; = d/tan(cS)' wheres is the angular detector motion, and d the

translation of the incident beam spot on the detantage, as illustrated in Figure 2.13.

TDEL

sample

NU
detector

Figure 2.13 lllustration of the measurement of thistance between the detector and the
sample center

2.3 Other analytical techniques

Complementary techniques such as Atomic Force Meopy (AFM), Transmission
Electron Microscopy (TEM), Scanning Transmissioredilon Microscopy (STEM) and
Scanning Tunneling Microscopy (STM) are used tcegavcomplete characterization of
sample structures.
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2.3.1 AFM

AFM is a type of scanning probe microscopy. It isimportant tool to study the
sample’s surface morphology at a high resolutiothatatomic scale. AFM operates in
two basic modes: tapping mode and contact mode.nTdie difference is the manner of
interaction between tip and the sample: repulsored for contact mode, and alternation
of repulsive and attractive forces for tapping modiie of the measurements in this thesis
have been performed on contact mode on a 2007 Meeocwa AFM setup in laboratory
FOTON-OHM, allowing 100x100 pfrimages with maximum depth amplitude of about 6

pm.
2.3.2 TEM and STEM

TEM is a microscopy techniqgue whose basic workimgpgiples are same as the
optical microscopy but uses electron beams instdalight. The electron beams pass
through the ultra-thin specimen, interact with ithiernal structure and are scattered by its
crystallographic planes in diffraction conditior image is then constructed from the
information contained in different electron wavésgm which we distinguishe two
imaging modes:

- Bright field (BF) mode deals with the transmittadedt beam (ie. weakened by the
interaction with the specimen) selected by an aperplaced in the back focal
plane of the objective lens. In this case, thickaar heavy atoms and diffracting
crystalline areas appear with dark contrast.

- Dark field (DF) mode deals with the scattered beéwnsnore properly diffracted
beams since the scattering is coherent and elastietted by placing an aperture
in the diffraction plane, the direct beam beingckkd. Information on the planar
defects or particle sizes can be extracted fronbDfa@mage.

Providing sensitive phase contrast, TEM has beetdelywi employed for ex-situ
analysis of crystal structures and defects. Morgosice the wavelength of electrons
controlled by acceleration energy is much shottantthe visible light, TEM may achieve
resolution below 0.05 niff at magnification of 50 million. This allows to erin the
specimen at the atomic scale. The main disadvantdg&@EM is that it requires

burdensome sample preparation and heavy work ilysasaf TEM images.
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STEM is a type of TEM but uses a very small probth iocused electron beam to
scan over the sample in a raster and the imagensel point by point. The two imaging
modes are distinguished in the same way as in . However, the scattered beams in
STEM are mostly incoherent and inelastic, and atected depending on the angle with
the direct beam. The High-Angle Annular Dark-Fi¢ldAADF) imaging is a method
which collects electrons of high scattering anglthwan annular detector. This technique
is highly sensitive to the atomic number of thenao(Z-contrast) and hence gives
information on the chemical composition of the $pem.

All TEM and STEM measurements in this work haverbesalized in collaboration
with M. Bahri, G. Patriarche, L. Largeau at the twdioire de Photonique et
Nanostructures (LPN) in Marcoussis, France, and

with A. Ponchet and J. Stodolna at the Centreali&itation de Matériaux et d’Etudes

Structurales (CEMES) in Toulouse, France.
2.3.3 STM

STM is also a microscopic imaging technique, wagkibased on the quantum
tunneling effect, usually made of tungsten. Whengdtanning probe is brought very close
to the sample surface, the applied voltage alldwes dlectrons to tunnel through the
vacuum between the tip and the surface atoms, ancteate tunneling current. The
tunneling current is very sensitive to the distabetween the tip and the sample. The
surface morphology can be therefore recorded bpikgethe probe at a constant height
and measuring the variation of the current, or kegthe current constant and registering
the probe height variation. The advantage of uSimlyl is that it allows surface imaging
at the atomic scale. The STM measurements presantils thesis were performed in
collaboration with S. Charbonnier and P. Turbaimatitut de Physique de Rennes (IPR)

in Rennes, France.
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growth condition optimization

This chapter is dedicated to the development ohous to quantify the MT density
using X-ray diffraction, aiming to improve the G&P/platform structural properties
through the growth condition optimization. Firsthy brief overview is given on previous
synchrotron X-ray diffraction studies on non-opted samples, displaying a high MT
density. Then two methods are developed using aay>diffraction laboratory setup to,
first, highlight the presence of MT and, secondargify the MT volume fraction. These
analyses, along with surface roughness measurerbgngéd=M and TEM experiments,
have allowed understanding the effect of the dffiérgrowth parameters on the MT
generation and, therefore, their successful elitrina Indeed, quasi MT-free GaP/Si

pseudo-substrates have been obtained after grgaithipation.



Chapter 3 Quantification of MT density for grovabndition optimization

3.1 Previous MT study on non-optimized GaP/Si samples

The previous work on MT quantification was realizged Tra Thanh Nguyen during
his thesis, in FOTON-OHM laboratory, and mainly dxdhson synchrotron X-ray
diffraction experiment&?*'% Figure 3.1 is a detector image taken around thie GG2
Reciprocal Lattice Node (RLN) for a sample of 20-tiim GaP/Si(001) 4°-off, with an
exposure time of 300 seconds. The elongated spgspomnds to the reflection of MT-A.
The integral widths deduced from cuts over the MINRIin the longitudinal and
transversal directions, as depicted by the dashexva in the figure, give correlation

lengths of structural defects, uased to estimaedmresponding average MT siZ8s

100 pixels

Transversal cut

Longitudinal cut

Intensity (cps)

Figure 3.1 Evidence of MT reflection around the ivtath GaP 002 reflection for a 20-nm-
thin GaP/Si(001) 4°-off sample and illustration aafrrelation length measurement: longitudinal
and transversal cuts through the MT streak areated by dashed lines with double sided arrows.

Moreover, for each variant, a series of 11 imagestbeen captured at increasing
value with a step size of 0.25°, leading t@w&can around the center of the R The
step size is relatively large, in order to cover thin and elongated MT spot. Figure 3.2
shows thew scan images (detector imges) of MT-D for sampl20®1 a 45-nm-thin GaP
grown on Si(001) 6°-off (before growth parametetimjzation). The intensity of MT
RLN reaches the maximum at and keeps decreasing when themoves apart away

from the center.
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®.-0.75 ®.-0.5

®+0.25 H0.5 o +0.75 o +1.0 o+1.25

Intensity (Counts per second)

Figure 3.2 w scan around the MT-D RLN of sample S1200, witstep size of 0.25°. The
exposure time of each image is 20 seconds. Themmaxiintensity of the MT spot is seenuat

The integrated intensity of the MT RLN is considkte be proportional to the overall
volume of MT inside GaP layer. Figure 3.3 a) shdles sum of the 11 images for every
MT variant of S1200, so that the overall volume tbé RLN is integrated. Strong
reflection intensities are clearly evidenced on4heriants, indicating a high MT volume
density. Anisotropy of MT intensities is observedith MT-A the most intense, which
could be attributed to the atomic steps on the tsatiessurface (see 3.4.1). Such non-
optimized sample also displays rough surface (r.mwgghness = 7.1 nm) as measured by
the 5x5 prm AFM image in Figure 3.3 b). This roughness is efated to the presence of a
high density of emerging APBs, as described infdtHewing chapter.

Intensity (arb. units)

20

Figure 3.3 a) Sum of the 11 images for every MTiardrof sample S1200 indicating high
MT density, b) 5x5 uMAFM image of the same sample, revealing a higfesarroughness of
7.1 nm.

When comparing to laboratory X-ray experiments,ciyatron radiation has many

advantages such as the possibility to vary thederdi wavelength toward small ones that
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makes possible the study of higher diffraction esdéke GaP 008 and GaP 0010, a very
high brilliance suitable to visualize very low deffelensities inside very thin samples, and
rapid image acquisition within several minutes wereseveral seconds. For instance, these
experiments have allowed us to study the very §itages of the GaP growth, at the level
of the GaP/Si interface. Moreover, for practicahsens, and complementary to the
synchrotron X-ray diffraction, we have developedwvnanalytical methods for MT

guantification using laboratory X-ray setup, in tight of the synchrotron analyses results.

3.2 Development of new gquantification methods

3.2.1 Visualization and evaluation by pole figure method

a Performance of pole figure and visualization of MT

The pole figure method has been developed anddginealely used to investigate the
twin formation within epitaxial layers like YBaCuS¥TiOs;(100)°® InP/SrTiQ"’,
Ge/Si(0013%, Si-C/Si(001)%, epi-Si/Si(1113*° and of course 1I-V/Si thin film&**
Here we develop a new quantification method for Mensity evaluation in the GaP/Si
epilayers, using the pole figures. As describecCiapter 1 (Figure 1.14), the nominal
GaP {111} planes are inclined by 54.7° from thel(D@lane while the 4 MT variants
planes are inclined by 15.9°. For GaP thicknessé&sbthe critical one that is around 90
nm in the GaP/Si(001) cdSé? we can consider that the GaP layers are fullgirstd
when grown on the Si substrate. The principle oDXpble figure method is to set thé 2
and w angles to the strained GaP 111 Bragg position ¢krye to the Si 111 position,
especially since the detection angle of acceptat¢arge in the case of the pole figure
experiments, allowing to harvest both the GaP 1id & 111 Bragg intensities at the
same detector position. Then, the orientationshef (L11) planes are determined by
bringing them perpendicular to the scattering veatsingg angular scans (polar angle) at
successivey values (sample inclination with respect to theidant X-ray beam), as
depicted in Figure 1.18 c). The GaP and MT reftetiare expected to be observeg at
around 54.7and 15.9°, respectively, for samples grown on nairf8i001) substrate.

Pole figures are performed on the D8 discover alitibmeter using low resolution
mode (see section 2.2.1 for optics and goniometeip}, with a beam sized 2x2 rhiand
the detector widely opened in the out-of-plane diom, in order to integrate the
maximum of the broadened MT signal. The sampleisntation is initially set at the
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azimuthal direction opposite to “azl1”, with the iohent X-ray beams parallel to the [110]
direction.

Figure 3.4 a) shows a typical 111 pole figure takmnGaP thin layer grown on a
nominal Si(001) substrate (that is, the (001) dio#cis the substrate surface normal). The
pole figure is drawn using thgandyx polar coordinates, such thatrepresents the polar
angle andg the radial distance from the origin. The MT vargaate observed on the pole
figure aroundy = 16°. The four spots negr= 55° correspond to the GaP 111 nominal
reflections. Actually, the low resolution XRD doésallow separating the GaP and Si
reflections, thus the diffracted intensity evidesh@e the figure comes mainly from the Si
substrate due to its far higher effective scatterinlume as compared with the GaP thin
layer. Figure 3.4 b) shows the pole figure for seEn§1189, GaP layer grown on vicinal
Si(001) 6°-off substrate. Due to the 6° misoriantatthe MT-A and MT-C, as well as the
corresponding 111 nominal reflections are shiftey{ i by + 6°, while a@ shift and MT

reflections distortion are observed on MT-B and BIT-

S1379
90° ]

960 960

860 860
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660
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460 £

Counts per second
=
(2]
o

w s
[}
o O

360 ©
260 260

160 160

— Si&GaP(111) 60 270 sigGap(111) 60

a) b)

Figure 3.4 Typical 111 pole figure for GaP/Si: a)rmminal Si(001) substrate, b) on vicinal
Si(001) substrate misoriented of 6° towards thé®]tirection

The pole figure intensity is normalized taking imtccount the intensity of the incident
beam §. The integrated intensity of the MT spok() is considered to be directly
proportional to the MT volume in the GaP layer. ute figure provides a visualization
of MT volume level, thus permitting a rapid and ligative comparison between samples
of same thickness. For quantitative comparison ompgarison between different
thicknesses, quantification should be carried asitiescribed below.
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b Quantification of MT density
We represent the pole figure in Cartesian coordiggstem for easier integration, with
@ as axis x angt axisy, as shown in Figure 3.5. Two rectangular Regmfristerest (ROI)
are defined around the reflection spot, to meateenean background signal per pixgel |
and the MT intensitywr:
Iy = (I, — 1)/ (A; — Ay), Eq. 3-1
Iyr =1 —A;- 1. Eq. 3-2
where | and } are the total integrated intensity in the ROJ,ahd A the area of the
two ROI. The ROI size must be carefully chosengeitoo smaller regions don’t permit
the total integration of the MT signals and togy&aregions lead to an overvaluation of
MT density as a result of integrating too large Hground signals (See Appendix Al).

Indeed, the background signals should be carefalipstracted before doing the
integration.

Figure 3.5 lllustration of ROI definition and MTténsity integration on the pole figure
The Wt (normalized so that without unit) is indeed naithiee intensity initially
scattered by the MTs, nor the MT volume densitgalh be seen as a merit factor directly
proportional to the MT volume fraction. Figure &P shows theyr measured from the
pole figures for three non-optimized samples grawnSi(001) 6°-off substrate, using
conventional MBE mode with a first 10-nm-thin laygrown at 350 °C followed by a 35-
nm-thin layer grown at 500°C. The difference lieghe growth of a prelayer prior to the
GaP growth: a Ga prelayer without Si buffer layar$1200, a Si buffer layer followed by
the Ga deposition for S1180, and a Si buffer |dgkowed by the P deposition for S1189.
Figure 3.6 b) shows the quantification by synclmoetimages for the same samples,

referenced from the thesis of Tra Thanh Nguifen.
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Figure 3.6 Measurement of MT intensity by a) latory pole figure (without correction)

and b) synchrotron images, for samples S1200, S4a8GG1189.

One can find that the integrated intensity of Miletion spots from both pole figures
and synchrotron images provide an estimation ofttit@l MT volume density and the
same results remain when comparing the three sampie200>S1189>S1180. However,
the anisotropy characteristics (relationship betweariants) are not the same. Indeed, it
has been reported in our previous woand also by Skibitzki et Zlthat the MT densities
in GaP layers grown on such vicinal Si substrapgagent an anisotropy of A>C=B.
Indeed, this anisotropic phenomenon in GaP layensrgon vicinal substrate is due to the
effect of the atomic steps, which will be discussedhe section 3.4.1. The synchrotron
guantification (and also the rocking-curves thdt e presented in the next part) shows a
stronger intensity on MT-A than on MT-C, being cstent with the literature, while the
pole figure quantification shows the contrast.

Two factors should be taken into considerationaiwectly use the pole figures for MT
density quantification. First, the layer thicknessng with the incident and emergent
beam angles determines the effective scatteringnve] that is to say, the MT intensities
measured on different variants correspond to diffevolumes of GaP layer. Second, the
pole figures are not well centered due to the Geksj miscut, so that thiescans’ linear
speeds are not the same on the 4 MT variants tedoeated at different positions. As
shown in Figure 3.7, the spot of MT-A is much smiathan that of MT-C, while in a
nominal sample shown in Figure 3.5 the 4 MT spatslet the same shape. This indicates
a signal loss on MT-A, since the scan over MT-A=2° is 2.2 times much faster than
that over the MT-C gt=10°.
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Figure 3.7 Pole figure represented in Cartesiarrdinate system for GaP layer grown on
vicinal Si substrate (S1189). The diffraction s@btMT-A is much smaller than the others,
indicating a loss of signal due to the higher sspeed.

In the following, a more precise and reliable gifamattion method using rocking-
curve measurements performed on each diffractiomk peariant is described. Then

corrections on pole figure quantification will alse presented.
3.2.2 Quantification by rocking-curve method

This method based on rocking-curve (RC) measuresradad uses the low resolution
diffraction setup. Indeed, rocking-curve scans Haseen carried out on, first, the four MT
variants and, second, the nominal GaP 002 reflectio quantitatively evaluate the
absolute volume fractions of respectively MT ananimal GaP (See Appendix A2 for
experimental details). Figure 3.8 shows an examptee RC scans performed on the MT

variants of the sample S1180.

s1180 MT-A 51180 MT-D
Imax=450.101cps — RCdata 700 i max=668.537cps == Rcdata
10=33.431cps — PsdVoigt fitting 10=34.445¢ps — PsdVoigt fitting
1B=1.646deg. 00| 1B=1.632deg
A=685.824cps A=1034.767cps
m o 500
o o
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Imax=275.300cps — RCdata . Imax=234.484 — RCdata
=275. e Imax=234.484cps e
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Figure 3.8 Rocking-curve scans on 4 MT variantsSafl80 fitted with a Pseudo-Voigt
function, for extraction oful., lng (“10” in the figures), and IB.
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The RC scan profiles are fitted by a Pseudo-Voigicfion and the experimental
integrated intensity (in counts) diffracted by MT &aP of nominal orientation is

measured from:

IB
step size

Lintexp = (Imax —Ipg) X ( X step time) , Eq. 3-3

where haxis the maximum measured intensiiy, is the average background intensity,
IB is the integral breadth of the profile, stepesiz the scan increment and step tismthe
acquisition time for each scan step.

Next, the theoretical integrated intensity diffettby a small single crystal rotated
around the Bragg position can be calculated bydhewing equation, when absorption is

neglected, as explained by B.E.Wartén

@y, VASFf
Iint,theo - ETO 2 PL; Eq. 3-4

a

where®y is the intensity of the incident beam in count¢nd x unit areay is the
constant angular velocity of the crystal rotatinyis the classical radius of electron agd r
the scattering cross section of electron, V isvibleme of the crystal, is the incident X-
ray wavelength, yis the crystal unit cell volume,;Fis unit cell structure factor taking
into account the Debye-Waller factor, and PL isltbeentz-polarization factor.

Then we consider the real case of an X-ray beamtesed by a monocrystalline thin

layer sample, as shown in Figure 3.9.

Ao
® [ .. " 20-0
dl;
Figure 3.9 Sketch of effective scattering volumeaithin layer, withl, and A the intensity

and cross section of the incident X-ray beanand 3—o the incident and emergent angled T
the layer thickness.

We define § and A as the intensity and cross section of the inciderdy beamw

and (d-w) as the incident and emergent angle, and T ashtbleness of the thin layer.
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The fact that the flux density reduces due to giigor before and after the elastic Bragg
scattering gives rise to the effective scatterialyime, i.e. V.

According to the Beer-Lambert law, the intensitffrdcted by the elementary crystal
volume dV = d|xAq located at a depth of z can be expressed by tlosvfog equation:

dz
sin(w)’

dl o [Oe—u(l1+lz)dV = ]Oe_”(sinz(w)+sin(zze)—w))A0 Eq. 3-5

Where | and } arethe lengths of X-ray path andis the linear attenuation coefficient
of the material. The integration of the equationdmthrough T leads to the effective
scattering volume of the crystal V:

V=4 sin(20-w) (1 _ e—ur(ﬁ+—sm(219_w)))' Eq. 3-6

0 U (sin w +sin(20-w))

In our study, the beam could be considered as anpet without the use of

1+cos226
2sin 26

has detailed the calculation of Bnd we have applied the approximation of Kushw&ha

monochromator, the Lorentz-polarization factor ssuaned to beL = . Warren

for the Debye-Waller factor. These Debye-Wallerrections are indeed very small on
111 and 002 reflections (with a Debye-Waller fadb@tween 0.970 and 0.985). This
brings advantages for using these low angle rédliest for the MT evaluation, the 222 has
a low unit cell structure factor that make the pesds intense, and 333 presents a much
higher Debye-Waller factor correction; in the exsion of GaP of nominal orientation, it
is difficult to correctly integrate the 004 dueth® Si substrate contribution and its thermal
diffuse scattering (TDS) contribution (see APD stud Section 4.1.2) and the 006 is also
less intense and affected by a larger Debye-Wedieection.

The final equation to calculate the theoreticalrddted intensity becomes:

Eq. 3-7

] 1 1 2 2
_ @ A sin(20-w) —uT e 2 A3Ff 1+cos? 26
Iint,theo - - 1-e ( ) To

© U (sinw+sin(20—-w)) s Sin0=) v2  2sin26

Finally, thel;ne exp / Iinttneo 1atio is used to estimate the volume fractionitifez one
MT variant or the GaP of nominal orientation.

In ideal case, the total of these volume fractisimsuld be 100%. Table 3.1 shows the
rocking-curve quantification results on three samplS1319, a 45-nm-thin GaP layer
grown by MEE at 350°C, presenting very low MT dénsand the previously introduced
S1189 and S1180 with a very high MT density. THatiee errors originate mainly from

the fluctuation of the incident beam intensity dgrthe experiment (of about +10%).
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Table 3.1 Volume fractions of MT variants and th@PRGof nominal orientation (NO)
measured from the rocking-curve scans for S13198%and S1180.

Sample | MT-A| MT-D | MT-C | MT-B | MT-S (%) | NO (%) | NO + MT-S
(%) | () | (%) | (%) (%)

S1319 0.4 0.2 0.3 0.4 1.3+1.0 110.3+1pM1.6+13.1

S1189 7.8 5.3 5.2 6.4 24.6+2.5 69.2+7 93.8+10

S1180 4.6 3.8 3.0 3.4 14.8+1.6 62.1+7 76.91+9

These measurements lead to a total near the edp&@@80, varying from 76.91+9%
to 111.6+£13%, and is less than 100% for sampldsgbfer MT density (S1189 and S1180)
while greater than 100% for S1319. Several phenanmesly lead to such disagreements.
Firstly, the very small intercrossing MT (espegialh the case of high MT density, as
evidenced in the cross-sectional STEM-bright figldage in Figure 3.10) which is
difficult to integrate correctly with a limited agoint detector may lead to underestimate
the MT volume fraction. Moreover, the presence &D5 (usual case in samples with
high MT density), producing a strong effect on tieadening of the GaP 002 reflection
that is only partially integrated (see Chapter 4 detailed explanation), leads to an
underestimation of the GaP of nominal orientatibhese factors contribute to a sum
lower than 100%. Contrarily, atoms located at bauies of the MT and the GaP of
nominal orientation are counted twince since thegtiibute both to the GaP and to the
MT variants. This may vyield to a total volume fiact higher than 100%. Thus, a more

systematic study should be carried out to evaltseources of discrepancies.

Figure 3.10 Cross-sectional STEM image evidencigpresence of intercrossing MTs in a
sample with high MT density. (LPN)
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3.2.3 Correction of pole figure quantification

Firstly, the MT intensitiesy for each variant measured on the pole figure leen
corrected with respect to the effective scattenntume calculated using Equation 3-6.
This type of correction factors is constant for pea of same thickness. Then,
considering that the rocking-curve method whichetaknto account the layer thickness,
the effective scattering volume, the Debye-Walbetdr, the Lorentz-polarization factor,
etc, is accurate and reliable, another type ofextion factors is deduced by comparing
the quantifications from the pole figures (PF)he tocking-curves (RC). Table 3.2 shows
the calculation of the RC/PF ratios, based on teegeples presenting large MT densities:
S1180, S1189 and S1200, for which the measurenametsmore precise than other
samples. The difference on the ratio RC/PF foredéiit MT variant originates basically
from the incident angle difference, and the slidifiterence on the same MT variant for
different samples may come from the experimentplsdéeément. Then an average value is
obtained for each variant, regarded as the coomedtictor that will be applied hereafter
on all the samples quantified by the pole figurethod. Indeed, the relative errors of
about £10% due to the fluctuation of the incidee&im intensity are excluded in the table
for clarity, since it doesn't affect the ratio RE/PAfter correction, all samples show an

anisotropy of A > C.

Table 3.2 Calculation of the second type of coroectactors for pole figure quantification,
according to the rocking-curves. The final cormagtfactors are the average RC/PF ratio of the
three samples. Notice that all the values of PHtjization in the table are f@imes the original
values, for easier representation.

Sample | S1180 S1189 S1200

PF RC RC/PF| PF RC RC/PF PF RC RC/PF Corr.
factor

MT-A | 4.83 46 0952 825 | 7.8|/0.945 |14.22| 13.1] 0.921 0.940

MT-C | 7.42 3.0 | 0404 |12.24| 52|0425 |16.66| 7.5 | 0.451 0.427

MT-B | 4.76 34 |0.714 |8.64 | 6.4|0.741 |13.29| 9.5 |0.713 0.723

MT-D |5.85 38 |0650 |7.75 | 5.3/0.684 |12.73| 8.5 | 0.667 0.667

To summarize, two methods have been developedusmig a lab XRD setup on low

resolution mode. The pole figures allow a rapidualgzation of the presence of MT, as
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well as quantification of MT density after correets. The rocking-curve method is more
accurate and leads an absolute quantification @M volume fraction in the thin GaP
layer. The detection limit of the apparatus forhbotethods is estimated about 1.0 % in a
45-nm-thin GaP layers. Althouth it takes 14 howsatquire a pole figure while the
acquisition time reduces to about 6 hours for tl&@ Rethod, the pole figure is more
frequently used in the thesis, since on the one hars very simple to carry out, requiring
only a rough alignment of the z position (in theedtion perpendicular to the sample
surface), and on the other hand, it gives rapididaek for comparison of the samples and

then the optimization of the growth conditions.

3.3 Growth condition optimization towards the elimination of

MT: application of the MT quantification methods

MT elimination is a key issue for the use of thePZ@ pseudo-substrate as an
appropriate platform for optoelectronic devices silicon substrate, either lasers or
photovoltaics, and is one of the main objects @ thesis work. In this part, | will
describe the work on the growth parameter improventteanks to the use of the MT
guantification methods. Indeed, we have succegsialproved the GaP/Si structural
characteristics, in particular at the GaP/Si istegfand at the GaP surface.

It has been demonstrated in previous work of thmriatory that the use of a Ga
prelayer instead of a P prelayer leads to a resluaif the MT density®*'* Indeed, as
argued by Grassman et’althe use of Ga prelayer prevents the surface rotigheaused
by P and Si reactiolt>**®In fact, the P deposited directly onto the Siacefforms Si-P
heterodimers that will replace the Si-dimers, s the Si surface atoms become adatoms
incorporated into the GaP epitaxial layer during ¢gmowth, leading to a diffuse interface
and then a rough epilayer surfdééTherefore, all the samples studied in my thesis ar
grown with a Ga prelayer. A first series of 45 nmR&Si 6°-off samples grown by MBE at
different temperatures will be investigated to shbe influence of this parameter on the
surface roughness and MT formation. Secondly, tlwavip rate influence on the MT
density will be studied. Then, | will show thataotstep procedure consisting of MEE
technique at lower temperature followed by conwerdl MBE at higher temperature
leads to a dramatic improvement of the structuraperties. Finally, quasi free-of-MTs

GaP layers with smooth surface are successfullyeaeti by applying all optimized
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parameters. Table 3.3 lists all the samples toismussed in this Chapter, with the detail
of their growth conditions.
Table 3.3 Samples studied in this chapter, withir tlietailed growth conditions. The

common parameters such as Ga prelayer (otherwisganed) and substrate of Si(001) 6°-off are
not shown in the table for clarity.

Sample| Thickness, mode, and temperature Growth aae Fluxes

S1180 | (Si buffer layer) + 5 nm GaP by MBE gtRate: 0.1 ML/s.
350°C + 40 nm GaP by MBE at 480°C Ga flux: 1.4 16 torr

S1189 | (P prelayer) + 5 nm GaP by MBE at | P flux: ~ 4 1Ctorr
350°C + 40 nm GaP by MBE at 480°C

S1200 | 5 nm GaP by MBE at 350°C
+ 40 nm GaP by MBE at 480°C

S1254 | 45 nm GaP by MBE at 350°C Rate: 0.1 ML/s.

Ga flux : 1.1x10Torr,

S1255 | 45 nm GaP by MBE at 400°C
P flux :~ 10°Torr.

S1256 | 45 nm GaP by MBE at 450°C

S1264 | 45 nm GaP by MBE at 500°C

S1265 | 45 nm GaP by MBE at 550°C

S1266 | 45 nm GaP by MBE at 600°C

S1319 | 45 nm GaP by MEE at 350°C Rate: 0.1 ML/sec.
Ga amount per cycle: 0.9 ML
Ga flux : 2.1x10, P flux :~ 4.510.

S1330 | 10 nm GaP by MEE at 350°C For MEE: Rate : 0.1 ML/sec.

+ 35 nm GaP by MBE at 500°C Ga amount per cycle: 0.9 ML.

For MBE: Rate: 0.2 ML/sec.

Ga flux : 2.3x10Torr, P flux :1.1x10Torr.

3.3.1 Growth temperature

In this part, | report the study of S1254, S12582%%, S1264, S1265 and S1266, i.e.
the 45-nm-thin GaP thin layers grown on Si(001)pf°substrate by conventional MBE
technique at respectively 350°C, 400°C, 450°C, 60®50°C and 600°C. Firstly XRD

experiments including pole figureey20 scans ando scans are presented to show the
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influence of growth temperature on the structurahliy of the GaP epilayer. Then a
discussion on MT formation mechanism is given,tegldo the growth conditions.

a Reduction of MT density at higher growth temperature

In the XRD pole figures, the GaP layers grown &t temperature (< 500°C) present
strong MT intensity while a dramatic reduction off Nhtensity is observed for samples
grown at temperatures higher than 500°C (Figur#)3.1

S1254 S$1255
90°

$1256

51266

660 =

3
360 ©

270° 270°

Figure 3.11 Pole figures on the 45-nm-thin GaP thyers grown by MBE on Si(001) 6°-off
at increasing temperatures, revealing a high iitien$ MT reflections for samples grown below
500°C (S1254, S1255 and S1256) and a dramatic tiedwf MT intensity for those grown above
500°C (S1264, S1265 and S1266).

Let us notice that the pole figure intensities rmoemalized with ¢. In Figure 3.11, the

discrepancy between the signal-to-noise ratiosuestd an optimization of this parameter
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for some samples (See Appendix A3 for details).eét] a part of the samples were
analyzed after this improvement. However, this sancy does not jeopardize the
following conclusions.

The MT volume fractions quantified from the polgutes for each variant of the
samples have been corrected using the correctmioréa and are shown in Figure 3.12.
The total corrected volume fraction for theses dampre respectively 3.0%, 17.3%,
13.9%, 1.1%, 1.0%, and 1.4%. Samples grown at 4@0feC450°C present the highest
MT density, and a dramatic reduction of MT densstgeen when the growth temperature
is increased above 500°C. The MT density anisotdgyT-A > MT-C is observed on all
samples.

. A
B C
I B | 1
5p I D | 4

corrected volume fraction (%)
w
L]
Il

S§1254 S1255 S1256 S1264 S1265 S1266
350°C 400°C 450°C 500°C 550°C 600°C

Figure 3.12 Corrected volume fractions of MT varsameasured by pole figures, on samples

grown by MBE at increasing temperatures, revedaimyamatic reduction of MT density at higher
growth temperatures.

Assuming a thermally activated process following #rrhenius law, the total MT
density as a function of the growth temperaturdatbe fitted with the following equation:

Eq

I(T) = Iy — C - exp (_E) Eq. 3-8

Or equivalently: in(ly — I(T)) = InC — kEaT, Eq. 3-9
B

where § represents the volume fraction extrapolated at G ks a prefactor and,Ehe
activation energy of the growth mechanism consiulere

Taking into consideration that the MT density fdretsample grown at 350°C
unexpectedly doesn't follow this relationship, amdassuming that from 500°C the MT
density remains very low and constant, the activasinergy is obtained only based on the

samples grown at 400°C, 450°C, and 500°C. Firgtly éstimated around 17, through the
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interpolation of the I(T) curve towards 0. Then armal adjustment was performed to
evaluate ¢, in order to make the cur\lﬁ(l0 — I(T)) vesus {/T) the most aligned and we
find lo = 16.9 Figure 3.13 shows the plot ¢f(16.9 — I(T)) as a function of(T) and
the linear fit from which C and fre deduced to be respectively 1.17%40d 0.697 eV.
This value is in the range of the values usuallyasneed for Ga adatom surface
diffusion**® Indeed, the activation energy should drasticalpehd on the step edge
density and on the exact configuration of the s&farhus, a more systematic study

should be carried out on different vicinal and noeahiSi surfaces.

14
1.24

y=11.67-8094.3x

1.04 500°C R=0.9999

0.8
0.6
0.44
0.2
0.0

0.24

-0.44

y (In(16.9-I(T))

400°Q

000130 0.00135 000140 0.00145 0.00150
X (L/T)

Figure 3.13 Total corrected volume fraction meaguwre pole figures for the samples grown
at 400°c, 450°C and 500°C, as a function of thevivrdemperature. Linear Arrhenius fitting (red
solid line) has found an activation energyg®&697 eV.

Moreover, the overall crystalline quality of the R5¢hin layer is improved at high
temperature (above 500°C), as shown both by the X&ZD scan analyses and the
w scans (Figure 3.14 a) and Figure 3.15). These suangserformed on the laboratory D8
diffractometer on hith resolution mode, using tbpmer wavelength (0.15406 nm).

Taking into account the wavelength and the Gatcdéatonstant in theoretical and
fully strained cases (0.54506 nm and 0.54670 napeively, as calculated in Chapter 1),
the corresponding GaP 004 positions expressed eitfraction vector modulu$ are
calculated to be 7.317 rihand 7.339 ni. At 500°C and higher temperatureg26 scans
(Figure 3.14 a)) display well-defined diffractiomgk with a width limited by the layer
thickness and not by the defect density. Besidhskriess fringes are also observed which
is characteristic of a coherence length of theratition planes from the GaP/Si interface
to the GaP surface. The GaP peaks are shifted edefih side (extra fully strained
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positions). This shift can originate from the expemtal adjustment and is generally
existent in the GaP/Si heterosystem with a 6° ntiatang the [110] direction.

Assuming that pand $ represent respectively the directions parallel aodnal to
the sample surface, the Si 004 RELP is locatedgaibe crystallographic [001] direction
that is tilted of 6° with respect to the,&s depicted in Figure 3.14 b). Fully strained GaP
having the same lattice constant in the lateraatiion as Si, is found below the Si 004 at
the same Bposition, while the relaxed GaP is located aldmg[001] direction. The GaP
center positions for the/26 scans were determined by doingy20 scan passing through
the Si peak center. Possible shifts may be intreduturing this procedure. In fact, RSMs
are needed to tell the exact strain status of taB (@&yer. For samples grown at lower
temperature, the GaP layers are partially relakedhis case, broad and very weak GaP

peaks are observed, which are signature of poorl&e structural quality.

Si (004)

0 S [001]
108 GaP (004) N A
10 .
N { Si(004)
~10
8 \w /26 scan
8’10 relaked .
210 GaF strained
2 10 _ ;¥ GaP
[¢)] [
c 10 -,5_“ '
= s 0
10° s
£ '
10 o
100 1 1 1 1 1 1 8 1 1 1 ) - . > S//
722 724 726 728 730 732 734 736 738 740 s .
a) S (nm”) b) >[110]

Figure 3.14 a)w/20 scans around the GaP 004 reflection for this seoiesamples: The
vertical red line and blue line indicate the reoial space positions of the fully strained GaP and
the theoretical one, respectively, b) illustrat@RLN positions of the strained and relaxed GaP
layer, with respect to the Si substrate.

1E8| GaP (004) 1

Intensity (a.u.)

274 276 278 280 282 284 286 288 29.0
w (degrees)

Figure 3.15 wscans around GaP 004, with thinner peaks for timepkes grown at higher
temperature, indicating smaller lattice misorieiot@and defect density in the lateral direction.

62



Chapter 3 Quantification of MT density for grovabndition optimization

In addition, as shown in Figure 3.15, ttdescan (or transverse-scan since the detector
was opened at 0.375 nm with a very small angleo¢ptance) profiles are thinner at high
temperatures, indicating a smaller distributiontioé lattice misorientation (“tilt”, as
introduced in Chapter 1) and smaller defect densitize lateral direction.

In brief, all the XRD measurements (pole figureg/20 scans andw scans)
demonstrate better structural qualities for GaRAgirs grown at higher temperatures.

However, higher growth temperature leads to a higheface roughness. The r.m.s.
roughness measured on 5x5%4&FM image is about 2.06 nm for S1254 grown at 850°
while up to 5.70 for S1266 when the growth tempeeteaches 600°C (Figure 3.16). The
acceptable roughness of the GaP/Si platform isidered to be of the order of 1 nm. The
high surface roughness of the GaP/Si platform isirdental for optoelectronic device
applications since it makes the GaP/Si platformuiiable for subsequent overgrowth of
other IlI-V semiconductors, it is therefore of gremportance to choose appropriate
growth parameters to fulfill simultaneously the ditions of MT generation limitation and

the minimization of surface roughness, as showretiter.

b~

Figure 3.16 5x5 pufmAFM images of a) S1254 grown at 350°C and b) Siftéén at 600°C,
respectively showing a r.m.s. roughness of 2.0&nd5.70 nm for the two samples.

b Discussion on MT formation and prevention

The reduction of MT density at higher temperatuas been experimentally proved,
but the mechanism of MT formation and its relatfdpswith the growth temperature still
remains unknown. In closed packed alloy systemsC(l6€ HCP), twins can be formed
during a deformation mechanism, from dislocatitfis?® The dissociation of a
dislocation into two Shockley partidfd is energetically favored and provides a driving
force for the generation of stacking faufté The temperature dependent glide of partial
dislocations on contiguous {111} planes forms twifis
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For highly strained layers like GaAs on Si, pladefects are believed to be formed
due to the lattice mismatch induced interfaciaéstes?*?° In our case (close packed
FCC zinc blende GaP structure), misfit dislocatiares absent within the critical thickness
(about 90 nf?""4 since the lattice mismatch between GaP and Birig small (~0.36% at
room temperature) and the evolution of GaP lattmestant as a function of temperature
can be neglected, verified by a calculation takingp account the linear expansion
coefficient at T >300K (about 5.5x2(K). The twins are believed to be formed during the
heteroepitaxial layer growth, when growth mistakesur on the {111} planes. Indeed,
the growth of twins is commonly observed in semdwmting epitaxial layers.

In MBE growth mode, the Ga atoms are supplied togetvith the P atoms; GaP
islands are formed at the initial stag&Takagi et df’ have experimentally evidenced
using HRTEM technique the formation of 3D roundssddh GaP islands at the GaP/Si
interface during the very first growth stage (5Myg-thick), as shown in Figure 3.17 a).
As the growth continues (until 15 eg-ML thick), clteng faults are introduced in the
process of coalescence by lateral expansion otstlGaP islands as shown in Figure
3.17 b).

o vl

Figure 3.17 HRTEM images of GaP/Si grown by MBEthva) 5 eg-ML thick layer, showing
the formation of isolated round-shape GaP islartdtha interface, b) 15 eqg-ML thick layer,
showing the generation of stacking faults at titerface during the expansion and coalescence of
GaP islands?

The generation of MTs has been attributed to thekatg errors on the {111} facet of
the GaP islands, as argued by Ernst & Pitttend Narayandf’. At low temperature, the
atoms arriving at the {111} facets are not ablénmorporate the low energy configuration
but rotate 90° and may occupy incorrect sites. Assg that a {111} facet is terminated
by atoms of A sites (seen as the first layer). Wilhenatoms occupy the C sites instead of
the expected B sites on the second layer, a stakiror occurs. If the atoms on the

subsequent layers continue in the correct orderfCABABC sequence is formed and
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results in an intrinsic stacking fault, as depictedrigure 3.18. A single-layer twin is
therefore created. Let’s go back to the third lalfethe atoms are deposited on the B sites
and then continue in the correct order, the stackequence becomes ABCA|C|BCABC,
leading to an extrinsic stacking fault as if anidddal C plane is inserted. A two-layer
twin is formed. According to the calculation of @whand Cartef° the extrinsic and
intrinsic staking fault energies of GaP were resipety 40.5+3 mJ/rhand 43.4+2 mJ/fn
Extrinsic staking faults, leading to a faster MTrfmtion and with lower formation energy,

are therefore energetically favored.

ABCACAB

VAGEA\\\

(001) Si

Figure 3.18  Formation of an intrinsic stacking fari a {111} facet’**

The authors then suggested that firstly, the uskigifer growth temperature, which
allows the atoms to arrange themselves in low gneogfigurations, helps to reduce the
MT formation, and secondly, low growth rate prewegtthe nucleation of GaP islands

can also limit the MT density.
3.3.2 Migration Enhanced Epitaxy growth

The GaP growth rate can be controlled in the MigraEnhanced Epitaxy (MEE)
mode which consists of alternated growth of Ga Rndhe control of the Ga rate as well
as the interruption time between the Ga and P da&pos allows a pseudo-2D growth.
Indeed, Takagdf’ et al has already shown the GaP layers freearidsl and stacking faults,
by using the MEE. In this section, | will show ythe MT elimination in our GaP thin
layers by the MEE growth mode.

Figure 3.19 a) shows the XRD pole figure perforrmnadsample S1319, a 45-nm-thin
GaP layer grown on a Si 6°-off substrate using MteE growth technique at 350°C.
When compared to the MBE-grown samples of samekrkgs and under same
temperature (S1254), S1319 shows much lower MThgitg and smoother surface with a
r.m.s. roughness of 0.97 nm, as measured fromx&e15f AFM image (Figure 3.19 b)).
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Figure 3.19 a) Pole figure and b) 5x5#fFM image of S1319
However, since the MT reflection intensities ardrexely weak, it is difficult to
correctly integrate the MT signals on the pole fegiHere we can find another advantage
of rocking-curve method over the pole figure: thepacity to accurately quantify the
samples with lower MT density. Figure 3.20 représédine 4 rocking-curves taken around
the 4 MT variants. The profiles show well-definegags and can be correctly fitted by

Pseudo-Voigt functions.
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Figure 3.20 Rocking-curves of S1319 for the 4 MTiasats, fitted by Pseudo-Voigt functions.
The volume fractions of each MT variants and the,scalculated from the rocking-
curves are shown in Table 3.1, used as an examgiroduce the rocking-curve method.

The total MT volume fraction of 1.3 + 1% indicategreat improvement of the structural
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quality of the GaP layer by using the MEE growthdmdnstead of the MBE growth mode.

Again, the most intense MT signal is seen on thi@amaA.
3.3.3 Two-step growth sequence

The two-step growth sequence inspired from thepeeof Grassman et . consists
of a low temperature MEE growth to enhance the 2iDleation at the early stage of
growth, and a subsequent high temperature MBE ¢rawateliminate the remaining
defects*****|ndeed, the MEE is not suitable for the secondieege because firstly, it
takes too much time (more than 4 hours) to growa® Gyer of 45 nm at such a low
growth rate (0.1 ML/sec.) and secondly, the 2D dhodoesn’t permit the annihilation of
APDs which will be discussed in detail in the n€©hapter. Sample S1330 is therefore
designed using such two-step growth sequenceuasrdted in Figure 3.21.

Growth interruption

lcycle=1ML

Temperature (°C)
v
=]
=)

350
Substr::lte MEE MBE
degassing
Time (s)
Figure 3.21 lllustration of the two-step growth edure. MEE growth mode consists of

alternated growth of Ga and P, leading to a goadrobof the Ga content and incorporation to
obtain a pseudo-2D growth mode, followed by GaRg@resvth using conventional MBE mode.

The substrate is firstly heated to 800°C for deiggsand ramped down to 350°C for
the 40 ML (about 10 nm) MEE growth. One MEE cycter@mnolayer (ML) consists of a
first 0.9 ML Ga deposition at a growth rate of 0lL/sec., followed by 4 sec. growth
interruption and then an exposure to phosphorugosssure for P deposition. Each MEE
cycle is separated by 60 sec. growth interrupttamally, a 35-nm-thin GaP layer is grown
by MBE at 500°C. When compared to S1319, S1330alispa slightly lower density of
MT defects (volume fraction of about 1%) and a msietoother surface (r.m.s. = 0.3 nm),
as measured in the pole figure and the 5x3 ARM image shown in Figure 3.22. Indeed,
the improvement of surface roughness is independithtthe MT elimination and related
to the APDs levéP*'* (see next Chapter).
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Figure 3.22 Structural characterization of S1330apypole figure, showing very weak MT
intensity, b) 5x5umAFM image, showing a smooth surface with a r.masghness of 0.3 nm.

Complementary MT analysis is given by cross-seeliddRTEM-BF images on
S1319 and S1336 (grown under exactly the same tomslias S1330). The experiment
has been carried out in collaboration with A. Patcand J. Stodolna at CEMES in
Toulouse, France. Both S1319 and S1336 present déhsegenerated at the GaP/Si
interface. The MT density is slightly lower in SB3Zonfirming the results of the XRD
analysis. Indeed, plan-view TEM observation ondafield showed a MT surface fraction
of 5% for S1319 and 4% for S1336.

Figure 3.23 Cross-sectional HRTEM-BF image of a31®land b) S1336. (CEMES)
However it has to be noticed that S1336 and S13#9gsown under the same

conditions for the first 10 nm. Since the MTs aengrated at the GaP/Si interface as
confirmed by the HRTEM-BF images, and are strongfijuenced by the initial growth
stage, the slight improvement of the MT densitynsea S1336 is probably due to the
overgrowth by MBE: the intersection of MTs that yeets the propagation until the
surface is enhanced on MBE mode and at higher tenype.

To conclude, the growth parameters involving terapge, MEE growth mode, and

two-step growth sequence have been investigatédeoreduction of MT density, with the
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help of the pole figure and rocking-curves methodchbined with complementary AFM
and TEM images. We have successfully obtained Ggb¥&udo-substrates displaying
very low density of MTs and a smooth surface, grolmwn applying all optimized
parameters (a first MEE layer starting with Ga ds#jmon and grown at 350 °C followed
by a MBE layer grown at 500 °C).

3.4 Other discussions and comments on the MT formation

and quantification

3.4.1 Anisotropy and influence of the Si surface atomicteps

Most of the samples studied in this thesis are growa Si substrate misoriented by 6°
towards the [110] direction and as mentioned abawesotropy has been observed along
the atomic steps on the Si surface. Here we trysymmetrically investigate the
dependence of anisotropy on growth parameters ciedlyethe growth mode (MBE or
MEE) and growth temperature.

Firstly; we define the anisotropy factor as theoraf MT denstiy between the variant
A and the variant C. Table 3.4 lists the MT volufnaction quantification of some
representative samples and the calculation of @ factor for each sample that is

schematically represented in Figure 3.24.
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Figure 3.24 Anisotropy factors as a function ofvgifotemperature

69



Chapter 3 Quantification of MT density for grovabndition optimization

Table 3.4 MT volume fraction evaluated by polaifies (with correction) or rocking-curves,
to study the relationship between the anisotrogthe growth conditions
Sample | Principal growth parameters ~ MT-MT- | MT- | MT- | MT- Anisotropy
A C B D total factor
S1254 MBE, 350°C 1.13] 0.71 0.72 0.44  3.00 1.58
S1255 MBE, 400°C 6.19| 3.19 4.21 375 1734 194
S1256 | MBE, 450°C 4.02| 350 340 297 1389 1.15
S1264 MBE, 500°C 0.46| 0.127 0.29 0.21 1.08 4.00
S1265 MBE, 550°C 0.24] 0.117 0.3§ 0.0y  0.77 2.29
S1266 MBE ,600°C 0.61| 0.38 0.09 0.30 1.37 1.63
S1200 | MBE, 350°C+480°C 13.37 7.11 961 849 38.58.881
S1189 MBE, 350°C+480°C 7.76 5.23 6.25 517 24.40481.
S1180 MBE, 350°C+480°C 454 317 344 390 15.05431.
S1330 MEE, 350°C+MBE, 500°C 0.47 0.10 0.13 0.08 80.7| 4.76
S1319 | MEE, 350°C (45 nm) 040 030 040 0.20 1.30 .334
S1306 | MEE, 350°C+MBE, 550°C 1.24 070 028 0.28 025 1.776
S1308 | MEE, 350°C (10 nm) 799 726 6.2 7.81 29.33.106
S1322 MEE, 350°C (45nm) 7.09 407 581 5.3 22.23 734.

From the above anayses, we find that all the amipgtfactors are greater than 1,
indicating a higher MT density on MT-A than on MT-Qonsistent with the
literature®>® "> Secondly, the evolution of anisotropy factor on BIBrown samples
shows a peak value at 500°C. Samples grown at lteemaperature, either by MBE or by
MEE, shows a relatively weak anisotropy. Finallyamples grown under same
temperature using same growth mode can presemtrelitf anisotropy factors, that is to
say, other parameters (especially Si surface paéipaj can also influence the anisotropy
characteristics (or kink density).

We attribute the anisotropic phenomenon to the sbktomic steps on MT generation
and propose a kinetic mechanism of staking faudt i formation from the step edges,
after a discussion with A. Ponchet (CEMES, Toulpuysgance). Assuming that the Si
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surface prior to the Ga growth is perfectly crystatl without any defects nor any
contaminants, and only presents @uble steps, as shown in the Figure 3.25 a). Oy

Ga atoms being capable to form two Ga-Si bonddediirstly incorporated, and perfectly
cover the Si surface (Figure 3.25 b). Then one nayeo of P atoms is deposited, each
form two P-Ga bonds (Figure 3.25 c¢). The growthticmes with the correct deposition
sequences and a perfect GaP/Si layer is formedutitany defects. However, this is a

hypothetical ideal case which cannot be true itityea

step edge

Figure 3.25 lllustration of GaP layer growth ogtype Si surface. a) thegRype surface
before growth, with Si dimers parallel to the segfges; b) the deposition begins with a perfect
coverage of Ga atoms on the Si surface; c) a mgeolaf P atoms are deposited and perfectly
bonded to the Ga atoms; d) the growth continuegctly and no defect is formed.

Less ideally, we can assume that the Si surfagetisperfectly covered by the Ga
atoms and it is possible to adsorb atoms that fooig one bond with the former layer.
Taking into account that extra Ga atoms will froretatlic droplets than can dissolve the
Si,’*® no sufficient Ga atoms are supplied during thed€position. The atoms diffuse on
the terrace and preferentially migrate towards libdom of the steps (notice that the
atoms can less easily jump from one terrace tohanatue to the energy barriers of the
step edge). Then a vacancy site is created abheftthe step edge, as shown in Figure
3.26 a). During the P deposition, one P atom cay at the step edge as adsorbed atom,
forming only one P-Ga bond with the Ga atom atléis side, since the right side is a
vacancy (Figure 3.26 b)). It is then energeticplbgsible that the P atom is rotated around
itself (Figure 3.26 c)). In the following, a Ga atarrives at the step edge and is adsorbed
by the P atom (Figure 3.26 d)), rotated itself idev to form a stable double-bound with

the newly coming P atom, as shown in Figure 3.26New, a stacking fault ABCA|C
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along with a single-layer twin is formed. Howevér,the growth continues with a
repetition of step (b) to step (d), thicker twimains can be created. Finally, a dislocation,
whose Burgers vector corresponding to the diffezebetween the adjacent Ga planes
(here presented respectively by red and rose siiald=igure 3.26 f)), is introduced, in
order to join the two domains. This mechanism psagahe formation of MT-C from the
step edge. Further studies should be made, bast#tisomechanism and the Ga diffusion
energies on Si surface and step edges, to intetipgetelationship of anisotropy and the
growth parameters.

® : Z' (O <— vacancy site « dsorbed?
o Pa
[001]
[ (a) (b)
i adsorbed Ga

(c) (d)

Figure 3.26 Formation of stacking fault and twionir the step edge. a) the deposition begin
with the Ga atoms and the Si surface is partiatlyeced by the Ga atoms with a vacancy site at
the upper part of the step edge; b) a layer obkatare deposited with an adsorbed P atom at the
step edge; c) the P atom is rotated round itsgl; @a atom is adsorbed by the P atom and rotated;
e) the adsorbed Ga atom forms stable bonds witlynemning P atom, and a stacking fault along
with a single layer twin is created; f) a dislooatis introduced to close the two domains.

3.4.2 Horizontal homogeneity of MT distribution

This is a complementary study to justify the latdramogeneity of the structural
quality (MT density distribution) of the GaP epikag. Generally we set the sample in the
way that X-rays arrive near the center of the sanspiface to avoid the diffusion caused
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by beams outside the sample. However, sometimesdimples are already cut to half
before XRD analysis. Hence it is of interest toifyethe homogeneity of the thin layer
quality, especially the MT density level in diffetesurface position of the sample. To this
end, rocking-curves on MT variants and GaP 002 Hzeen carried out on S1189 at
different surface positions. The lateral and lamgjhal movement was guaranteed by the
X and Y motors. The X-ray beam of about 2x2 fnanrive around the center of the
sample at (X=0, Y=0) with a foot print on the sedaof about 8x2 mfat the vertical
position (=0°). But the foot print size changes when the darnmzlines with respect to
the arriving X-ray beams, which makes this study very precise. Volume fractions of
both MT and GaP of nominal orientation are measaretishowed in Table 3.5.

Table 3.5 Volume fractions of both MT and GaP ofimtal orientation for S1189 measured
at different positions. Every measured term hadative error estimated around +10%.

(X,Y) position | MT-A MT-D MT-C MT-B MT-sum | NO-azl | NO-az2
(mm)

(0, 0) 7.8 5.3 5.2 6.4 24.6 69.2 70.2
(0, 8) 8.2 5.3 5.0 6.2 24.7 69.1 70.2
(0, -8) 7.4 4.8 5.3 6.0 23.5 70.0 71.5
(8,0) 7.6 5.0 5.5 6.3 23.9 71.0 72.0
(-8,0) 8.0 5.8 5.2 6.0 25.0 68.8 71.0

Several observations from the table are worth dsiog. Firstly, the volume fractions
at different positions of either every MT variatite sum of all MT variants or the GaP of
nominal orientation (NO) in two azimuths are velyse to each other and within the 10%
error bar. The sample can be considered as homogegrad the scale of the XRD beam
size. Secondly, where the MT volume fraction igtglly smaller, the GaP volume fraction
is slightly greater. This may shows the validitytbé “RC method”, considering that the
sum of MT and NO volume fractions should alwaysidentical and equal to 100% in

ideal case.
3.5 Summary

We have developed two MT quantification methodsgisk-ray diffraction on lab

setup. The pole figures for fast visualization &stimation of MT volume fraction after
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corrections, and the rocking-curves for absolutangtication of MT volume fraction.
Based on previous non optimized samples and thboroX@RD analyses, with
complementary TEM and AFM analysis techniques, @&P/Si platform structural
properties have been significantly improved, a#iar optimization procedure involving
growth temperature, MEE growth procedure and tvep-gfrowth sequence. GaP layers
guasi-free of MTs are obtained at the first 40 MaRxyrown by MEE at 350°C and 40 nm
overgrowth GaP layer by MBE at 500°C. The sampidase is almost smooth with a
rm.s. of only 0.3 nm, suitable for the subsequgnmbwth of an optoelectronic
heterostructure.

MT formation mechanism has been discussed alony tivé experimental results and
based on the assumptions proposed in literature MBE growth mode and at low
temperature, the 3D nucleation of GaP islands lie\e to dominate the MT formation,
when the atoms are deposited in incorrect sequencdsring the coalescence of these
nucleis. MT density has been dramatically reducetbw temperature by using MEE
since the growth rate can be carefully controlledptomote a quasi 2D growth that
eliminate a large amount of 3D GaP islands. Res$iWik is suppressed by a further
optimization of growth parameters such as the Gauatnper MEE cycle at the initial
growth stage and will be presented in the next @&raghe anisotropy of MT density
(MT-A>MT-C) due to the atomic steps is seen ontla samples grown on vicinal Si
substrate. We proposed a hypothetic mechanism & @Ggposition on bi-stepped Si
surface, to explain the stacking fault and twimifation at the step edge. Thermodynamic
studies on Ga diffusion energies at the Si surbakthe Si step edges are necessary for
further study of this mechanism.
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condition optimization

In the last chapter, | have presented some analytiethods for MT quantification
which has enabled the structural quality improveinudnthe heteroepitaxial GaP layer,
with a dramatic lowering of the MT density, by opizing the growth conditions
involving growth temperature, MEE procedure and -st&p growth sequence. This
chapter deals with another type of defects: the &R&eparated by the APBSs). Firstly,
analytical methods for APD density evaluation usibgth laboratory setup and
synchrotron XRD are described. Then, a deep APDysisebased on the XRD methods
combined with TEM, AFM and STM images will be cadiout on several samples. This
study shows a large impact of the substrate sugesgaration (physical, chemical and Si
buffer layer) and growth parameters (growth temioeea Ga coverage, AlGaP marker
layers) on APD density and configuration. The APDBrnfation and annihilation
mechanisms related to the growth conditions ame dilscussed.
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4.1 XRD methods for APD density evaluation

APD density can be characterized by the lateratetation lengthéx.app, Which is
defined as the mean distance between the APBs albeg in-plane direction
(perpendicular to the growth direction), providdthtt the APD sizes are relatively
homogenous. Samples with higher APB density gelyeshbw shorter lateral correlation
lengths. Characterization of APD based on XRD mesasants has already been
presentetf” and widely used in thin filmt&¥**® including GaP/SF***%*! In this work,
XRD reciprocal space maps (RSMs) are carried cutrat O0L Bragg reflections, using
both laboratory XRD setup and synchrotron radiatifmm extraction of the transverse

scans to study the lateral structure of the GaRyspi
4.1.1 RSM recorded on laboratory XRD setup

The RSMs have been carried out around the 002, a0@4 006 reflections at the
laboratory D8 diffractometer on high resolution raddee Section 2.2.1 for setup details).
The PSD detector was used in 1D mode for fasteuisitign. 2 and w angles being
initially set at the Bragg positions, convention#28 scans were performed and recorded
at successive position.

Figure 4.1 illustrates the X-ray scattering geomdtr the RSM of GaP/Si(001)
misoriented by 6° toward the [110] directidq.andk; are the reduced scattering vectors
along respectively the incident and scattered toes, with ki| = ki| = 1. The scattering
vector S is defined ask; — ki and collinear with [001]. The in-plane directiof) is
coplanar with the scattering plane definedkbgndk;, and parallel to the projection &f
([001] vector) onto the sample surface. The ouplafe direction §,) is the growth
direction that is normal to the sample surfacethd azimuthal scattering condition, the
incident X-ray beams are parallel to the [-1-10jediion and the OOL reflections are
nearly specular (not strictly specular) since thenéscut results on a shift of (i.e.» =
0+6°), which also allows the highest transverse ltggm (when the miscut results in a
non-zero value of thg angle, a significant broadening of transverse sdanindeed
observed due to a rotation of the linear beam fout)p The advantage of using such,(S
S,) coordinates in this azimuthal condition is tha epilayer reciprocal lattice node (RLN)
falls at the same,$osition as the substrate RLN. The elongatiorhefRLN along the S

direction is inversely proportional to the layerckkness and is accompanied by thickness
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fringes (also called pendellosung fringes), in calskigh structural perfection of the thin
epitaxial layer (sharp interface, flat surface, lohastic relaxation, low defect density, etc.).
The extraction of “transverse scans” alongaso allows the measurement of the defects
correlation length in the in-plane direction withhigh sensitivity without resolution loss,
by integrating the intensities within a certaindtgialong $ (here 0.03 ni in reciprocal
space, as depicted on the RSMs in Figure 4.2).

[0of]

sample » Sz
surface

6° miscut

Figure 4.1 lllustration of the scattering geomeatry GaP/Si(001) misoriented by 6° toward
the [110] direction, with incident X-ray beams ajatte [-1-10] direction and the nominal Bragg
position is found ai = 6+6°.

Figure 4.2 shows typical RSMs around the 002, 06d 806 nearly specular
reflections of the GaP/Si heteroepitial systemamigd on sample S1330 (a 10-nm-thin
MEE GaP layer grown at 350 °C followed by 35-nmmttNIBE GaP layer grown at
500 °C). The experimental angular coordinate hagenbconverted into the surface

azimuth coordinate (SS,) using the following relationship:

__ 2sin(0)
$= 2

S, =S -sin(6°) Eq. 4-1
S, =8 -cos(6°)
The RLN broadening of the GaP peak alongisSmainly due to the finite layer

thickness (Scherrer law). The diffuse broadeningeoked along the (Sdirection is
believed to correspond mainly to the mosaic til #meading defects that break the long-
range order in this direction. The 004 RSM exhilbtsth GaP and Si peaks (Si is
forbidden reflection and generally very weak on @@28 006), with the GaP peak lying at
the same Jvalue than Si, indicating the absence of plastexegion. The Si CTR is tilted
with respect to the Slirection due to the substrate’s 6° miscut. Thé Qifraction spot
shows a much lower intensity with respect to th2, @ue to the loss of intensity at high

incident angle. The intensity integration has bperformed at the center of the GaP CTR
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within a 0.03nrit high band to extract the transverse scans, asrdied in Figure 4.2 by
the red rectangles.
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Figure 4.2 Laboratory XRD RSM around 002, 004 808 nearly specular reflections for
S1330. The red line rectangles indicate the b8undaries for transverse scan extraction,
corresponding to 0.03 nhheight centered on the GaP CTR jrdBection.

Figure 4.3 shows the transverse scans extracted thhe above RSMs. The abscissa
axis is expressed onS with the profile peak located &S = 0. Both 002 and 004
transverse scans display two-component line-shapessolution-limited thin peak due to
the long-range structural correlation length (chemastic of a heteroepitaxial thin layer)
and a diffuse-scattering broad component from ti@ter-range correlation length. The
integral breadth (IB) of the thin peak indicateseay regular lattice spacing and good
parallelism of the epitaxial GaP atomic planes,raveelatively long in-plane distance.
The broad “diffuse” peak is attributed to a limitat of the in-plane correlation length due
to structural defects at a shorter range, as alraaestigated in the mosaic epitaxial GaP
thin films ®®%2 The thin peak intensity decreases with respethediffraction order and
is lacking on the 006 transverse scan that disptaywoad peak profile with a poor

resolution due to the weak intensity. The profées fitted by two-component (or single
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on 006) Pseudo-Voigt functiol{§ respectively for the resolution-limited thin cooment
and the broad component. The IBs of the broad peaka/ell as the thin peak and broad

peak areas are extracted for further analysis.
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Figure 4.3 Transverse scans extracted from the 002, and 006 nearly specular RSMs
shown in Figure 4.2, fitted by Pseudo-Voigt funndo002 and 004 transverse scans display two-
component line-shape while the thin peak is lackinghe 006 transverse scan.

4.1.2 Reciprocal space images by synchrotron X-rays

Reciprocal space images around the O0L reflectregr® recorded using synchrotron
radiation at the BM02 beamline (see Section 2.@béamline configuration). The use of
a 2D XPAD detector combined with a CCD camera alldle acquisition of a reciprocal
space image within only 300 seconds while it takese than 5 hours on lab setup to
acquire such an image. Another advantage of sytrdmoX-ray diffraction is that we
were able to use smaller wavelengtk@.07749 nm at 16 keV in our case), that makes it
possible to study high diffraction orders like G2& 0010.

Figure 4.4 shows the detector images of the sarSf&30 at the nominal Bragg
positions of the nearly specular 002, 004, 006, 808 0010 reflections, taken in the
azimuthal condition “az1” with the incident X-rayedéms along the [-1-10] direction.
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Therefore, the nominal incidence angles for thefleations are respective§+6°. The
images are expressed in pixel in both horizontalapXd vertical (Y) directions, with each
pixel size p = 130 um. This basically determines ¢letection resolution in reciprocal
space (0.00327 i), according to the Equation 2-2 and 2-3.
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Figure 4.4 Detector images of S1330 at the centehe nominal Bragg positions of the
nearly specular 002, 004, 006, 008 and 0010 reflext carried out on the BM02 beamline at
ESRF. Red line rectangle and yellow line rectamggiécate the vertical boundaries for transverse
scan extraction and Si diffuse contribution eximact respectively. Equidistance white dashed
lines on 004 indicate the center of respectivetydtifuse extraction, Si peak and the GaP peak.

An intense thin peak is obviously visual at theteewof the 002 and 004 spots, due to

the long-range order in the lateral direction, asatibed above. Lateral streaks with weak
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thickness fringes are observed on the 002 imageasire of the coherent interference of
the X-rays between the GaP/Si interface and th&yspi surface. Both observations
indicate a high crystalline quality of the epilayBlotice that these streaks are absent on
the lab 002 RSM of the same sample, probably becthes fringes are too weak to be
acquired on lab setup, or because the Sollersashtso large that integrate all divergent
signals in the vertical direction.

Indeed, arw scan have been carried out on each OOL reflecticmuynd their nominal
Bragg position, with a step size of 0.1°, in ortierecord a 3D pattern in reciprocal space.
A reconstruction of the 3D RLN is necessairy toaibthe informations along the H, K, L
directions and to make an exact analysis of thek pe@adening. The following
preliminary study is carried out based only on dbeve detector images centered on the
Bragg positions.

Transverse scans have been extracted by integithignmtensity at the center of the
GaP scattering spot within a 10 pixel high bandnd&ated by the red rectangle in Figure
4.4 a), corresponding to 0.0327 Trin reciprocal space. Notice that on 004 and 008
strong reflections, the intense Si peak is vergelto the GaP peak and brings a diffuse
contribution (which can be due to the Thermal Biftun Scattering-TDS). This diffuse
contribution should be subtracted. Assuming thatsitsymmetric along the vertical
direction, a same integration has been made aaime position on the other side of the Si
peak (as depicted by the yellow rectangle in Figu#feb)) and was regarded as the diffuse
of Si on the GaP peak. Indeed, a simulation of TB& should be done to verify the
symmetry of the diffuse and for a more precise raatibn.

This effect is very weak on lab RSMs since theatise between the Si peak and the
GaP peak is sufficiently large along the direction, due to a greater wavelengih=
0.1541 nm) on lab setup.

For this experiment, the detector to sample digtdhg is measured to be 513.2 mm %
1.5%. The abscissa of the transverse scan pafiaxed) along the horizontal direction is
converted to the reciprocal space uk@ using the relationship described in Chapter 2
(Equation 2-2 and 2-3).

The corresponding transverse scans are shown urd=§5. When compared to the
laboratory transverse scans shown in Figure 4e3fwilo-component shape is observed not
only on the 002 and 004 reflections, but also a @6 and 008 reflections (although
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relatively weaker). These scans each are fittethioycomponent Pseudo-Voigt functions.
The 0010 scan displays a well-defined single bpeak that is correctly fitted by a single
Pseudo-Voigt function. The Si diffuse contributioms well as the peaks before
subtraction are also shown on the 004 and 008lgsofiVe can find that the Si diffuse

brings stronger influence on the broad peak rédtiear on the thin one.
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Figure 4.5 Transverse scan profiles extracted ftben synchrotron reciprocal images for

S1330, fitted by Pseudo-Voigt functions. The Sfudié contribution strongly influences the broad
peak of GaP 004 and 008 reflections.
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4.1.3 Transverse scan analysis

Let’s first investigate the scattered intensityron the amplitude A) of the transverse
scans around a Bragg reflection whose scatterirgorvas S, for a zinc blende GaP
structure presenting only main phases and antigha&k structure factors and form
factors are considered as real and can be simplgcadror strong reflections like 06"

ATotal(S) =~ FTotal (S) ' FSR (S) EC]. 4-2
Frotai(S) = (Fyp(S) + F4pp(S)) Eq. 4-3
Arota1(S) = (Fyp(S) + F4pp(S)) - Fsr(S) Eq 4-4

whereFr,::(S), Fyp(S), andF,pp (S) are form factors of respectively the whole layer,
the main phase and the antiphdgg(S) = 4(f;.(S) + f»(S)) is the unit cell structure
factor of main phase on strong reflection with(S) andf,(S) respectively the atomic
scattering factor of Ga and P. Assuming that thg difference between the APD and the
main phase is that the Ga atoms and P atoms exgllaeig positions, thés; (S) remains
the same value for the antiphases. Therefore,rgepce of APD has no influence on the
final scattered intensity by strong reflections.

For weak reflections like 002, the unit cell sturet factor of the main phase is
Fipr(S) = 4(f54(S) — fp(S)), and that of the antiphase is opposite. Thus tad¢tesed

amplitude becomes:

Arotal(8) = (Frotai(8) — 2F4pp(S)) * Fapr(S), Eq. -4-5
Finally, the scattered intensity around the wedlecgon is proportional to:
I~ (Frotai” = 4Frotar " Fapp + 4Fapp ) * Fapr” Eq. 4-6

From the above equation, we can find that, firdihye diffracted intensities of weak
reflections are strongly influenced by APD with emhancement of a factor 4 from the
term 4kpp?, and secondly, the thin peak due to lateral catigis in long-range distances,
remains on weak reflections with the term#, when APD density is not too large.

Hence, the broad component of the transverse scamd the weak reflections like
the 002 is mainly attributed to APDs, and the beraidg on the strong reflections like 004
is considered to be originated from other defedte MTs or SFs (staking faults),
provided that the 004 peak width is much lower ttten002 and 006 ones. Two different
methods have been developed to evaluate the dnystalerfection and APD size: the

Quiality factor and the Williamson-Hall-like analgsi
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a Quality Factor
We define the Quality FactoQf) as the area ratio of the thin component to tloadbr

component:

QF = Athin_ Eq. 4-7

Abroad

Higher QF indicates better crystalline quality lwfewer planar defects along the
lateral direction.

b Williamson-Hall-like plot

A more precise evaluation has been carried outdbasethe Williamson-Hall-like
evaluation methot?®***N. Herre§® has attributed the line profile broadening to ¢hre
mechanisms: the mosaicity tilt, the average crisadize, and the inhomogeneous strain.
However, in our case, broadening due to inhomogenetrain along the longitudinal
direction does not affect the lateral transversmst’®. Therefore, we take into account
only the tilt of the crystallites relative to themsple surface AM), and the lateral
correlation length &) corresponding to mean size of defects. The tenssv scan
broadening due to the mosaicity tilt, notBgy, is given bypaw = AM-S, with S the
scattering vector modulus, and can be modeled Gawssian shap@d). The broadening
due to the lateral correlation length, nofigis considered to by =1/« according to
Scherrer's law, and can be modeled by a Lorentizieation 3.). The transverse scan
being regarded as Voigt function (a linear compasitof a Gaussian profile and a
Lorentzien one), its peak broadeninf) (is expressed by the following parabolic
relationship™*"

B2 = BB +BE. Eq. 4-8

Note that here “IB” is used as the abbreviatiorfiofegral breadth” that is measured
from the experimental profile and is a unique vdlueone peak. However, the notatigii “
is used to expresse the “broadening” that can bsodiated into multiple components
originated from the mosaicity tilt, the twist, dret defects and having different shapes
(Gaussian or Lorentzien).

By applying the relationships @FIB(S), fam = AM-S andBx =1/ &, the last equation

becomes:

Ey2 = El“?% + AM? Eq. 4-9
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where IB(S) is the measured broad peak IB of tlastrerse scans for different

diffraction order reflections (i.e. 002, 004 or 068 Then, if we plot(@)2 as a function

IB(s)
sz’

of one should obtain a straight line, wifM and & respectively given by the

intercept and the slope. We call this a “Williamddall-like” (WHL) plot **°.

In practical case, the strong reflection points asaally not aligned with the weak
ones since they are sensitive to different typedeadéct. ThereforeAM and &,.app are
extracted from the 002 and 006 transverse scardénirgs that are considered mainly
due to the APD defect contribution as explainedvabdhe extracted,.app coOrresponds
to the average APD size in the lateral directiohie case of low defect density of other
nature. It also corresponds to the mean distaniveeka two antiphase boundaries (APB),
in the case of a high APB densdfty and equilibrium between phase and antiphase
domains. Moreover, since théM in the crystal remains the same when performigg O
RSM, the straight line connecting the 004 point dralintercept allows the extraction of
the defect correlation length related to other tgbeplanar defectsé&f). The detailed
transverse scan analyses (IBs, QF, WHL plots) mélishown along with the samples for

growth condition optimization.

4.2 Growth condition optimization towards APB density

reduction

Since we have focused on the structural improveménihe GaP/Si platform rather
than on the XRD technique itself, we present thdiss of MTs and APDs in two separate
chapters. However, both defects are generated tinenmterface, and we believe that the
effect of growth parameters on MT elimination and APD density reduction is not
independent from one to another. In the last clnapte have found that a two-step growth
sequence, using first a MEE technique followed OMBE one (along with appropriate
growth temperatures) have led to a dramatic loweointhe MT density (< 1% as volume
fraction for a 45-nm-thin GaP layer) with an appraie surface smoothness (0.3 nm
r.m.s.). In this section, a more general study bellreported to minimize the APD density,
based on the previously optimized parameters (drdemperature, two-step sequence),

the substrate surface preparation, and other growrititions like the Ga coverage, use of
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AlGaP maker layers etc. Table 4.1 lists the mampas studied in this chapter, along
with their detailed growth parameters.
Table 4.1 The main samples studied in this chaptith, their detailed growth conditions.

The common parameters such as substrate of Si@0affj, surface cleaning using the “optimized
HF” procedure, and the Ga prelayer and are not showhe table for clarity.

Sample| Thickness, mode, and temperature Ga ameunt/ple for MEE *
S1319 | 45 nm GaP by MEE at 350°C 0.9 ML
S1330 | 10 nm GaP by MEE at 350°C 0.9 ML.

+ 35 nm GaP by MBE at 500°C

S1296 | 5 nm GaP by MEE at 350°C 1.1 ML.

S1297 | 5 nm GaP by MEE at 350°C 0.85 ML.

S1298 | 5 nm GaP by MEE at 350°C 0.93 ML.

S1480 | 10 nm GaP by MEE at 350°C 0.75 ML for the first three cycles and

+ 35 nm GaP by MBE at 500°C 0.9ML for the rest

S1477 | 10 nm GaP by MEE at 350°C 0.75 ML for the first three cycles and

+ 4 x (2 nm A}GaP by MEE + 50 nm 0.9ML for the rest
GaP by MBE at T), with T=500°C,
535°C, 565°C and 600°C

* 1. For MEE: Growth rate = 0.1 ML/sec.
2. For MBE: Growth rate = 0.2 ML/sec., Gaxfta 2.3x10'Torr, P flux = 1.1x1GTorr.

4.2.1 Annihilation of APD at high growth temperature

a Reduction on APD density evidenced by TEM images

This study has been carried out on a series ofi2@hin GaP layers grown on Si(001)
substrate 4° off along the [110] direction, by MBErespectively 350 °C, 400 °C, and
580 °C. Here | present the APD characterizationgi3IEEM imaging. The experiment has
been carried out in collaboration with A. Ponched d. Stodolna at CEMES in Toulouse,
France. The images have been recorded using go®IM30 in high resolution or
conventional mode with an acceleration voltage@ff BV. The specimens were prepared
by mechanical polishing and ion thinning. Figuré ghows the plan-view TEM dark field
(DF) images of the samples. The black contour linethe image indicate the emerging
APB and the black spots likely correspond to thggmtion of self-annihilated APB. We
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can find from the images that the APB density deses and the APD size increases when
the growth temperature increases. XRD stidiesvealed that the correlation lengths of
APDs are respectively 17.4 nm, 17.2 nm and 22.5feamthese samples, also indicating
larger APDs at higher temperature (>500°C). Theucgdn of APD density at higher
temperature can be explained by the fact that therging APBs lying on {110} planes
tend to kink to the{111} planes or {112} planesattng to a self-annihilatich*****%(see
detailed discussion in the Section 4.3).

Figure 4.6 Plan-view TEM DF images for the 20-nnmtBaP/Si 4°off grown by MEE mode
at increasing temperatures. (CEMES)

Although higher growth temperature lowers both AR MT density (synchrotron
XRD studies showed the absence of MT at 58%)°@he surface roughness increases, as
shown in the cross-sectional TEM DF images of tired samples (Figure 4.7). For the
sample grown at 350 °C, the surface is relativiy, fvith a slight undulation caused by
the emergent APBs. For sample grown at 400 °C,dtiheains become larger and the
surface undulation becomes sharper. At 580 °Cdditian to the emergent APBs, deep

grooves forms at the top of the APD annihilatiogioes, leading to a very rough surface.

Figure 4.7 Cross-sectional TEM DF images of then26thin GaP/Si 4°off grown on MEE
mode at increasing temperatures. (CEMES)
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Indeed, the TEM technique has been long ago desdlaggnd widely used to
investigate the planar defects such as APDs irepit layers-*®1°**1The TEM DF
technique is very sensitive to the presence of ARMth a typical black and white
contrast (one phase domain to the other). FiguBesthiows two magnified TEM DF
images, clearly evidencing two types of APDs: ttengle shaped self-annihilated APDs
(SA-APD) are formed at the GaP/Si interface andhalated within the layer, while the
emerging APDs (E-APD) cross through the whole layeto the layer surface. It is also
evidenced that the surface roughness is closebteelto a high density of APDs,

especially the emerging APDs.

Figure 4.8 Evidence of two types of APDs by crasstisnal TEM DF image. (CEMES)

The TEM technique is a powerful technique for afitag local information at the
sample surface or in a cross section, and is capahlisualize both self-annihilated APBs
and emerging APBs. XRD transverse scan analysish@mther hand, allows statistical
evaluation of defect density in large volume, ban’tdistinguish the two types of APBs.
XRD measurement combined with TEM images and otmécroscopy techniques
guarantees a complete study of sample structueditygu

b Investigation of surface roughness related to APDs

It is very interesting that the density of both Mihd APDs is reduced at higher
temperature but the surface roughness increase® #ie surface roughness is proved to
be directly related to the APDs and hence is exgetd be lowered down when APD
density decreases. Indeed, this phenomenon caxptered by the deep grooves due to
the APDs annihilation as seen in Figure 4.8.

This suggestion is consistent with the AFM obseovat on the series of 45-nm-thin
GaP layers grown by MBE at increasing temperat(866 °C, 500 °C, and 550 °C) that
have been presented to demonstrate the MT dengityteon as a function of growth
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temperature (see Section 3.3.1). Figure 4.9 shbws5&5 pum AFM images and the
height analysis profiles extracted along the [1di@&ction for these samples.

For the sample grown at 350°C, small GaP domainthénorder of 100 nm are
homogeneously distributed with an average pit deptabout 8 nm, leading to an r.m.s.
roughness of 2.06 nm. For the sample grown at 500f€average size of GaP domains
along the [110] direction is much larger, in thelerof 200 nm. 6 pits with an average
depth of 35 nm are observed in a surface of 5x5. ilhe mean r.m.s. roughness is
measured to be 2.60 nm. When the temperature sesda 550°C, larger GaP domains
are formed with a pit density of 4 pits/5x5 firsignature of larger APD domains. The pit
depth is about 41 nm and the r.m.s. roughness3is @m. Observations in larger zones

(50x50 pni) were also performed and the above results remaine
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Figure 4.9 5x5 uMAFM images and height profiles extracted along[fH®] direction for a
series of 45-nm-thin GaP/Si samples grown by MBE5& °C, 500 °C and 550 °C.
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c APD annihilation using two-step growth sequence
The two-step growth sequence is believed to redoneeemerging MTs and APDs

~133 and has shown its

during the second growth phase at higher temperatd
efficiency in structural quality improvement in thest chapter. Here we will present its
effect on APDs density reduction. Firstly let’s koat the sample S1319, a 45-nm-thin
GaP/Si 6°-off sample grown using the one-step ME&cgdure at 350°C. Figure 4.10
represents the detector images acquired at therceihthe OOL nominal Bragg positions,

at the Beamline BM02 under the same experimentadidons as S1330 (Figure 4.4).
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Figure 4.10  Detector images of S1319 centeretteanominal Bragg positions of the nearly
specular 002, 004, 006, 008 and 0010 reflecticarsied! out on the BM02 beamline at ESRF.
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The incident X-ray beams are in the direction [@]-{azimuth “az1”). The main
characteristics observed on S1330, such as thesmthin peak, the lateral streaks on 002
reflection and the Si diffuse contribution on styaeflections, remain on this sample.

The transverse scans have been extracted and fisied the same method as the
sample S1330. The profiles are not shown hereléoity. Figure 4.11 shows the results of
the transverse scans analysis for S1319 baseceatetactor images on two azimuths. The
IB of the broad peaks as a function of diffract@uer is displayed in Figure 4.11 a). The
IBs for the same diffraction in two azimuthal ditieas are close to each other, suggesting
that the defect size anisotropy along the [1103dion is not very evident. The 002, 006
and 0010 IBs are roughly of similar values, thabisay, the broadening is mainly due to
the defect-induced correlation length which is ¢anson all the O0L reflections, rather
than the mosaicity tilt that is proportional tofdittion order, as explained by Herf&s.
The 008 peak is much broader than the 004 oneaptplbecause of the intensity loss at
higher diffraction. Figure 4.11 b) shows the eviotof QF as a function of diffraction
order. The higher QF on the 004 strong reflectimplies that the APD contribution is

dominant on weak reflections and these reflectiars be treated separately in the WHL

analysis.
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Figure 4.11 IB and QF as a function of diffractmnder, deduced from the transverse scans of
S1319 extracted from the detector images.

Corresponding WHL plots are shown in Figure 4.129 &or two azimuths. The error
bars are evaluated taking into account both thetifation of the incident X-ray beam
intensity (about 10%) and the Pseudo-Voigt Fittifidgne 002, 006 and 0010 weak
reflection points are well aligned in two azimutlibe mosaic tilt angles are deduced to be
respectively 0.0014° and 0&,.app, the lateral correlation length related to APDs, i

measured to be 18.6+0.2 nm and 14.8+0.2 nm, rasphctfor two azimuths. These

91



Chapter 4 Evaluation of APD density for growtimdition optimization

results, along with the slightly higher QF on 002“@zl”, suggest a privileged APD
annihilation along the [110] direction. The cortada length&x due to other defects is
deduced only from the 004 reflection, taking inbmsideration the eventual intensity loss
on the 008 peak.
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Figure 4.12 WHL plots of S1319 for synchrotron ireamalysis at two azimuths
For S1330,we have already shown the lab RSMs and synchratetector images
taken at “az1” as well as the corresponding trarsgvecans (Figure 4.2 to Figure 4.5).
The synchrotron images for “az2” is not shown Hereclarity, but it has to be mentioned
that the 0010 reflection is of very weak intensityd exhibits a peak that cannot be
correctly fitted by the Pseudo-Voigt function (Figut.13). Therefore, the 0010 reflections

at both azimuths are not taken into account irtrdnesverse scan analyses for this sample.

w
B
S

51330-00;10
az2 | Synchrotron RSM transverse scan
S1330-0010-az2

w
[~]
=]

Y (pixel)
w
=3
=3

2
Intensity (cps)

580 600 620 640 660 680 700 1 1 1 1 1 1 1
X (pixel) -0.20 -0.15 -0.10 -005 000 005 010 0.15 0.20
[ — |
5 10 15 20 25 30 -1,
Intensity (Counts per second) AS (nm”)

Figure 4.13 Synchrotron reciprocal space imagerattlie GaP 0010 reflection at the azimuth
“az2”, displaying an irregular shaped diffractiggos The extracted transverse scan doesn’t permit
a correct Pseudo-Voigt fitting.

Figure 4.14 shows the evolution of IBs and QFs &mmation of diffraction order for
both synchrotron measurements and the laboratoagunement, for sample S1330. When

compared to the sample S1319, we find that theerdiffces of IBs on same diffraction
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order are greater in two azimuths, indicating aererident anisotropy. This is confirmed
by the WHL plot analysis which reveals that theedat correlation length§xapp are

respectively 31.2+0.2 nm and 22.5+0.2 nm for twonahs, as shown in Figure 4.15,
signature of privileged APD annihilation along tle.0] direction. The 008 reflections
always present larger peaks than the 004. The @QF02 of S1330 is much larger than
that of S1319, suggesting a better crystalline iualith weaker APD densities. This is

also confirmed by the great&tapp values deduced from the WHL plot.
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Figure 4.14 Transverse scan analysis of S1330@animuths for synchrotron measurements
and at “az1” for laboratory measurement: IB andadF function of diffraction order.

The &app In both azimuths of S1330 are greater than S1iB#i@;ating a reduction of
APB density in both directions. Besides, the catieh length of other defects deduced
from the 004 peak is much larger than S1319 at™;ast®wing an improvement of defect
elimination using the two-step growth proceduréha@lgh it is impossible to extract the
at “az1”, since the straight line linking the 00ding and theAM point gives a line without
slope.

Finally, a large difference is seen between the resultaaett from laboratory RSMs
and the synchrotron images at the same azimutlt @6t andéx.app measured on lab
setup are smaller. This is due to the differenceXtmay beam characteristics and
instrumental configurations (lateral divergenceadieg to different beam coherence
lengths). Different samples are therefore comparably under the similar experimental

conditions.
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Figure 4.15 Williamson-Hall-like plot of S1330 dexha from transverse scans extracted from
a) Synchrotron detector images at azimuth “az1'Syr)chrotron detector images at azimuth “az2”
and c) Laboratory RSMs at azimuth “azl”

Since the WHL analysis gives an evaluation of mdetance between APBs but
doesn’t permit distinguishing the emerging APD dahd self-annihilated APDs, cross-
sectional STEM Bright Field (BF) images are useadcfamplementary visualization of the
APDs with high resolution. The APBs constituted*ibf11lI' or “V-V” atomic bonds are
regarded equivalent to stacking faults and evidernmediffusion contrast in the STEM-
BF imaging. The experiments have been carried mwoilaboration with M. Bahri, G.
Patriarche, L. Largeau from LPN in Marcoussis, Eea(OPTOSI ANR project). Figure
4.16 shows two STEM-BF images of S1330. AlthoughA®D is self-annihilated, the
annihilation occurs very close to the epilayer acef making the APD passing through
almost the whole layer (Figure 4.16 a)). EmergirRBA are clearly shown in Figure 4.16
b), resulting in pits on the layer surface. Therage distance between the emerging APBs
are estimated in the order of 20 nm, consisterit thie XRD measurement.
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Figure 4.16 Cross-sectional STEM-BF image of S188() evidence of two types of APB,
and b) showing surface pits originating form E-AREPN)

In brief, higher growth temperature (especiallytioa overgrowth stage of the two-step
sequence), contributes to an annihilation of AR, however leads to surface roughness
due to the pits resulted from the APDs. In ordedawer the defect densities and to
increase the surface smoothness, it was of grepbriance to avoid or annihilate
completely the APDs as close as possible to the&afterface by choosing appropriate
growth parameters, as shown hereafter.

4.2.2 Limitation of the APD formation at the interface

As well known, the APDs are formed during the paarnon-polar growth and are
favored either 1) by the single atomic steps atstifestrate surfaor 2) by a non-ideal
Ga coverage on the Si surface (non-uniform Ga emeeteading to coverage of P in some
places on the Si terrace). Theoretically, one eamdahe APD appearance by 1) obtaining
a Si substrate bi-stepped surface and 2) an idead\v@rage by only one species (Ga in
our case). In addition, it has been proposed toataminations (like carbon) at the
substrate surface before GaP growth can also batgrito APD formatiofi®>*%%1%3
Therefore, the surface preparafidit>>and the Ga coverage are two essential parameters

to be controlled, in order to limit the APD fornuii

a Si surface preparation

It was suggested that the APDs could be partialbideed via double stepped Si(001)
surface, realized on a vicinal Si substrate withiscut of a few degrees towards the [110]
direction and a step bunching obtained with an alimg proceduré®>*">%¢0n this basis,
most of the samples studied in this thesis are growa Si(001) substrate misoriented of
6° towards the [110] direction. However, such a shirface always presents an

unintentional additional miscut, disturbing the egfed regular and periodic bi-atomic
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steps. Carbon also affects the Si surface recanismt®’ Careful chemical cleanness,
thermal treatment, and homoepitaxial growth of &ifdr layers are needed to obtain a
bistepped GaP/Si interface.

It has already described in Section 2.2 that udimg “HF optimized” cleaning
procedure leads to a smooth and defect free surtdeee, we focus on the GaP/Si
interface quality without any Si buffer layer atsti The STEM-HAADF imaging strongly
depends on atomic numbef’#**°and thus has been used to observe the GaP/Sauser
as well as the Ga and P atoms arrangement. Figli® &) shows the high resolution
cross-sectional STEM-HAADF image of the sample itk GaP layer directly deposited
on the Si surface prepared by the modified RCA ggec The GaP/Si interface is diffuse
and waviness. Figure 4.17 b) shows the interfacéh®sample with GaP grown on the Si
substrate cleaned by the “HF optimized” processe Tihterface is more clearly
distinguished. But no periodic atomic steps caoliserved.

Figure 4.17 Cross-sectional HRSTEM-HAADF imagega)fGaP epilayer directly grown on
the modified RCA process prepared Si surface, @} €pilayer directly grown on the “optimized
HF” process prepared Si surface. (CEMES)

Then, a homoepitaxial Si buffer layer has been diégad on the chemically cleaned Si
substrate at 800°C using silane (at a 8.T®rr pressschroederure) in the UHVCVD
growth chamber and transferred under UHV to the M@Bwth chamber for GaP
overgrowth. The GaP/Si interface of the sample &it8i buffer layer prior to the GaP
growth is clearly sharp and displays an appearerggicity of 6 to 7 atoms, as shown in
Figure 4.18.
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Figure 4.18 Cross-sectional HRSTEM-HAADF image ofFG epilayer grown on the
optimized HF process prepared Si surface, with radepitaxial Si buffer layer prior to the GaP
growth. Inset is the magnified image of the endlogene, showing the inversion of Ga-P
dumbells from one side of an APB to the other {GEMES)

Indeed, a surface reconstruction has been obséyw@&HEED during the growth. A
2xn pattern is observed, as shown in Figure 4.1%Figure 4.19 b) illustrates the beam
direction with respect to the sample misorientatibne 2x pattern is observed when the
electron beam is parallel to the [110] directioarfi@ndicular to the step edges) and the xn
pattern is observed in the [1-10] direction (palab the step edges), with n the number of
atoms on the terraces along the [110] directiomeaaly widely discussed in the

literature?®®
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Figure 4.19 a) RHEED Pattern showing a 2xn pattdyserved during the homoepitaxial
growth of Si buffer layer, b) lllustration of RHEEBeam directions with respect to the atomic
steps on the Si surface

The mean value of n can be roughly calculated withL/l, where L and | represent
the diffraction spots interval from respectivelyetburface lattice and the terrace length
along [110] directiotf*. Figure 4.20 shows the cross profile of peak a@iglfrom the
RHEED pattern. The average values of L and | arasomed to be 57.4 and 8.1 (arbitrary
units) respectively, giving rise to n ~ 7, corraesgimg to a terrace length of 2.69 nm.

As calculated in Table 2.1, the theoretical terrbmggth for a bi-stepped Si(100)

surface is 2.58 nm, each step terrace thus contpon average 6.7 atoms.
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Figure 4.20 RHEED pattern cross profile analysisnieasurement of average L and | values.
Red upward pointing arrows indicate the diffractgpots from the surface lattice along [1 1 O]
direction and blue downward pointing arrows indéctite diffraction spots from the steps length.

Therefore, both the measurements from the RHEEDRenpatand the theoretical
calculation confirm the observation on the HRSTEMADF image, and indicate the
presence of bi-atomic steps. However, despite thimtion of a bi-stepped GaP/Si
interface, APBs are still visible in the GaP/Si géanwith a Si buffer (see the black solid
line in Figure 4.18 and corresponding inset). ARBB be evidenced by specific contrasts
in atomic resolved images, as reported for instanc&larayanat?? using HRTEM and
Bayer®® using HRSTEM HAADFtechnique. Here, as in ré¥*®°, the inserted magnified
image shows clearly the inversion of the Ga-P dwiiblirom one side of the APB to the
other side. Notice that the APB is generated ornteh@ce but not at the step edge, which
confirms the importance of controlling the initgdoup 11l or group V coverage of the Si

surface before any IlI-V growth, even if performmda bi-stepped Si surface.

b Ga coverage at the initial growth stage

A set of 20 ML (about 5 nm-thin) GaP layers grown\bEE at 350°C on Si substrate
misoriented by 6°, with a difference on the Ga cage per MEE cycle (S1297 with 0.85
ML Ga, S1298 with 0.93 ML Ga and S1296 with 1.1 K&h) have been used to study the
effect of the Ga amout at the very first growtlgsta

Firstly MTs are studied by synchrotron XRD metheihce the scattering intensities
by 5-nm-thin GaP layers are so weak that cannotdseectly integrated on lab setup.
Figure 4.21 shows the synchrotron detector imagesnd the 002 reflection at azimuth
“az1”, with indicent X-ray beams along the [-1-1@ection and the nominal Bragg
positions ato =06 + 6°. The exposure time is 300 seconds.

MT signals are very weak on S1296 (with 1.1 ML af)Ga little stronger on S1298
(with 0.93 ML of Ga) but not observed on S1297 kw85 ML of Ga). The surface
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roughness measured by AFM images reveals that Si23@nts a most smooth surface,
with a r.m.s. value of only 0.26 iffi Indeed, the total Ga amount per cycle is consitler
to have a strong effect on the epilayer's smoothaesl the defect level, since an excess
Ga tend to form metallic droplets and induce thét-imeck etching of the Si surfaéé*®’

or promote 3D GaP islands at the Si surfRaghere treading defects were generated.
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Figure 4.21 Detector images around GaP 002 caoigdat the BM02 beamline at ESRF,

evidencing weak MT signal on S1296 (1.1ML) and S1Z0.93ML), but no MT signal is
observed on S1297 (0.85 ML).

Transverse scans were extracted using the sameadnashS1330. However, since the
006 reflections are too weak to provide an effectvaluation of IB, the evaluation of
APD-induced correlation lengtlix.app was performed only on the GaP 002 peak

broadening, using the following equation insteadhef WHL method, assuming that the
mosaicity tilt can be neglected.

IB =1/&-4Pp Eq. 4-10
Table 4.2 lists the IBs, QFs as well as the deddggeb values for the three samples.
Note that the lateral experimental resolution toe transverse scans is 0.00327 'nim

reciprocal space. All samples show a very sBokbp (in the order of 10 nm), indicating
high density of APDs.
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Table 4.2

Integral breadth, correlation length &t deduced from GaP 002 reflection for
S1296, S1297 and S1298

Ga azl //[-1-10] az2 I/ [-110]

Coverage L

(ML) IB (nm™) | &capp (NM) | QF IB(NNT) | &capp (NM) | QF
S1297| 0.85 0.094 | 10.700.0849.3%1.3| 0.155 | 6.47+0.05| 6.8+0.3
S1298| 0.93 0.148 | 6.67:0.08/ 1.1 0.221| 4.53:0.07 0.6
S1296 1.1 0.116 | 8.64:0.04| 0.4 0.128 | 7.82+0.04 0.2

The most remarkable observation on these samplaheisstrong anisotropy of

crystalline quality (represented by the QF valueng the two azimuthal directions for
sample S1297 (0.85 ML Ga). The anisotropy indegaedds also on the Ga coverage.

Figure 4.22 shows the detector images centerecherGaP 002 reflection for sample

S1297 at two azimuths. An intense central peakeensat both azimuths, and “azl”
displays very thin diffuse along the horizontaledtion while a round-shape diffuse spot
is observed at “az2”. The diffraction CTR is larger the vertical direction when

compared to the 45-nm-thin samples, due to thedlsmlayer thickness.

Figure 4.22
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Synchrotron detector images of S1@985 ML) at two azimuths, displaying a
strong anisotropy.

680

1.1 ML az2
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100

Both transverse scans display a two-componentsitaoe, as shown in Figure 4.23.

The thin peak is more intense at “az1” and the dmeak is more diffuse at “az2”, leading
to a QF of 49.3 for “az1”, more than 7 times larthfean the other azimuth.
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Synchortron RSM transverse scan Synchrotron RSM transverse scan
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Figure 4.23 Transverse scan profiles extracted ftben synchrotron reciprocal images for
S1297 at two azimuths, fitted by Pseudo-Voigt fiong.

Then let’'s look at the diffraction image around G2 on S1296 with 1.1 ML Ga
(Figure 4.24). The visual intense points at thetereaf the GaP spots correspond to only
two-pixel width and can’t be considered as a thimponent. The diffuse in lateral
direction at “az1” is much weaker than that at "azfit their IBs are very close to each
other as shown in Table 4.2. The QF of “azl” isydmlice larger than that of “az2”. In
brief, this sample also shows anisotropy alongdzimuthal directions, but the anisotropy
is less distinct than on S1297 with 0.85 ML Ga.
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Figure 4.24 Synchrotron detector images of S1296NIL) at two azimuths.

Cc Optimized two-step growth sequence

As demonstrated above, the Ga coverage at thalirstage strongly affects the
formation of both MTs and APDs. Sample grown withafler Ga coverage (here 0.85
ML) is free of MTs within the detection limit of ¢hsynchrotron experiment and shows
better crystalline quality with a much higher Qforad the [110] direction (along the
atomic steps), although the smoothest surface taired with 0.93 ML of Ga coverage.
The anisotropy is firstly related to the substrateinality and then to the role of Ga
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coverage, which will be discussed as APD formatiod annihilation mechanism in the
section 4.3.

On this basis, we have made a slight change tintha growth stage of the sample
S1330: each of the first 3 MEE cycles consists alb0ML instead of 0.9 ML Ga
deposition followed by 60 seconds growth interraptand then the P deposition. The
other parameters remained unchanged, that is,ah 26tnm-thin GaP layer grown by
MEE at 350°C followed by 35 nm GaP growth by MBE&0°C, which has led to sample
S1480. S1480 displays a high structural qualitye Ml volume fraction evaluated by
pole figure (Figure 4.25 a)) turns out to be lgsant 1% and the surface smoothness
measured on 5xBn° AFM image (Figure 4.25 b)) is about 0.4 nm.
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Figure 4.25 a) Pole figure of S1480, showing veealwMT intensity, b) 5x5ufmAFM image
of AFM, the r.m.s. roughness is measured to bexth4

Figure 4.26 presents the cross-sectional HRSTEMrB&ges of the S1330 and the
S1480. Several single isolated MTs are generateldeainterface of S1330 (Figure 4.26
a)), while no MT is observed on S1480, which i®asnfirmed by observations on larger
scales in different parts of the sample. This oketéyn is in good agreement with what
has been observed by Volz et *8lwho already showed that an excessive initial Ga
coverage increased the number of generated dei#fitls.these growth conditions, the
TEM imaging at large field of view allows to give &stimation of the linear density of
MTs as low as 5 MTs/um on S1480.
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L
A G ; : 4/{.'.-: __
Figure 4.26 Cross-sectional HRSTEM-BF images &¥330 and b) S1480. (LPN)
Figure 4.27 shows the RSMs around the GaP 002, &@4 006 nearly specular
reflections taken on lab setup on S1480. Integnatialong % direction have been

performed to extract the transverse scans butarshown here for clarity.
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Figure 4.27 RSMs around GaP 002, 004 and 006 nspelgular reflections of S1480.

Figure 4.28 shows the results of the transverse analyses. IBs deduced from the
broad peaks are respectively 0.037ni®.018 nrit and 0.034 ni for 002, 004 and 006
reflections. The QF value for 002 is estimated .880much higher than that of S1330
measured under the same conditions (0.21), whiohbeaconsidered as a signature of a
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better crystallographic quality with fewer defedt$HL analysis (Figure 4.28 b)) gives the
Exapp and &y values of 27.0+1.8 nm and 55.6+3.3 nm, also latgan those of S1300
obtained in the same experimental conditions (1B8BaAm, and 42.8+2.5 nm). That is to
say, both APD and other type of defects have bednced by the optimization of MEE

procedure at the initial growth stage.
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Figure 4.28 Laboratory RSMs transverse scan arafpse51480: a) IB and QF as a function
of the diffraction order, b) WHL plot revealirig xpp = 27.0£1.8 nng, 55.6+3.3 nm.

Furthermore, the CTR along the &rection on the 002 RSM of S1480 represents
regular fringes, as shown in Figure 4.27 a), whEhmissing on sample S1300. The
integration along Sdirection at the centralySosition within a small width allows an
extraction of the Sprofile (Figure 4.29 (a)). Distinct and regulaickness fringes are
evidenced on the profile, indicating good strudtaraality of the thin epitaxial layer (low

defect density, and low surface and interface roegh).

Thickness fringes
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Figure 4.29 Sz profile extracted from laboratoryPG#2 RSM, evidencing thickness fringes
and the measurement of layer thickness from tingéds.

The S position of the fringe valleys are quoted and espnted as a function of the
fringe numbers (Figure 4.29 b)). The points areditby a straight line whose slope is

considered to be inversely proportional to the @ation length of the crystallographic
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planes along the growth direction, that is, theetayhickness. Therefore, the layer
thickness is calculated to be 51.1+0.5 nm, a litie larger than the nominal layer
thickness of 45 nm.

Complementary observations are provided by crossesal STEM-BF image (Figure
4.30). Some APBs are generated at the interfaceaamdself-annihilated in the layer
within about 20 nm. APBs threading to the surfaesult in some small pits but the
surface is relatively smooth. The mean APB distaaasstimated on the order of 30 nm,
in good agreement with the XRD analysis. SeverakMre also observed originated from
the GaP/Si interface. These observations confierrélevance and reliability of our XRD
method showing the strong advantages of a nona#isgumethod without sample
preparation and with statistical averaging othdarge area. However, this STEM-BF
picture shows the presence of very thin MT thatldaot be detected by using either

rocking-curve or pole figure method on our XRD getu

E-APD

Figure 4.30 Cross-sectional STEM-BF image of S148BN)

To conclude, sample S1480, with a 0.75 ML Ga cayerdor the first three MEE
cycles exhibits a better crystalline quality thatB®0 (with 0.9 ML Ga coverage). The
APDs formation can be avoided by bi-atomic steps am ideal Ga coverage on the Si
surface. Nevertheless, we can never guaranteeléla¢ ‘imono” coverage in the epitaxial
growth even if the growth procedure is started hg ML of Ga.

Despite the improvement of structural propertiediimting the formations of APDs
from the interface, especially along the [110] dii@n, optimization of GaP/Si interface
quality and Ga coverage don't allow the subseqa@nihilation of the already formed
APDs. There are still some APBs emerging to théaserin optimized sample (S1480), as
shown in Figure 4.30. Other solutions should beetioee found to force the annihilation
of the APDs during the growth.
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4.2.3 APD annihilation by AlGaP marker layers

It is very important but also very difficult to cwal the initial growth stage to prevent
the APD formation. Besides, we have also workedhenannihilation of APDs in case
where the APDs are already formed. The sample Shdg7/een grown using the same
procedure as S1480 for the first 10-nm growth,ofeéd by successive 50-nm-thin MBE
GaP layers grown at increasing temperatures: 50®3€ °C, 565 °C and 600 °C. Each
MBE layer was separated by a 2-nm-thin AIGaP magkewn at the same temperature as
the following GaP layer. Figure 4.31 gives a sch@wapresentation of the S1477 growth
architecture. The initial purpose of these markeas to “mark” the boundaries between
the different growth temperatures and, therefooestudy by TEM the effect of these
growth parameters.

50 nm GaP (600°C)
2 nm AIGaP (600°C)
50 nm GaP ( 565°C)
2 nm AlGaP (565°C)
50 nm GaP (535°C)
2 nm AlGaP (535°C)
50 nm GaP (500°C)

2 nm AlGaP (500°C)
10 nm GaP (MEE, 350°C)

Si 6°-off

Figure 4.31 Sketch of the growth procedure of S1477
MT density evaluation has been carried out by piglere. No visible MT signal is
observed as shown in Figure 4.32. There are tweilpbges: either the MTs have been
totally eliminated, or reduced down to the diffiaoeter detection limit (less than 0.3% in

volume fraction).
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Figure 4.32 Pole figure on sample S1477 where ncsigifal is observed
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Figure 4.33 shows the 5x5 ArAFM image and the height profiles along the [110]
(profile 1) and [1-10] (profile 2) directions. Than.s roughness is measured to be 3.32
nm, larger than that of the sample S1480 grown wutite same conditions as S1477 for
the first 10 nm but followed directly with a 40-nitmn GaP layer grown at 500°C. The
average pit depth is about 10 nm, with several dgepves (up to 30 nm) in a 5x8n’
region. The GaP domains are distributed homogehealeng the two directions, without
distinct anisotropy. Thus the surface roughnessirhg attributed to the atomic mobility
at the epilayer surface that is enhanced by thie tvgrgrowth temperature, rather than to
the APDs, since most APDs are proved to be antuilavithin the first 10 nm as shown
after.

34.7 nm
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Figure 4.33 5x5uMAFM image S1477 showing surface r.m.s. roughn&€8s3@ nm, and the
height profiles along the [110] and the [1-10] difens.

Laboratory XRD RSMs around the GaP 002, 004 andri@@8ly specular reflections
have been carried out and are presented in Fig@re Klote that the overall thickness is
larger than the critical one so that the layeradiplly relaxed as indicated by the slight S
shift of the GaP peak center with respect to theedk. The GaP CTRs are less elongated
in the S direction when compared to the 45-nm-thin sampdesse S1477 has a much

greater thickness 410 nm.
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Figure 4.34 Lab RSMs on 002, 004 and 006, reflastior S1477

The corresponding transverse scans are extradted, find presented in Figure 4.35.

The 002 scan shows a two-component shape, witim @dmponent relatively larger when
compared to S1330 and S1480, probabely due teetaration induced dislocations. Only
one peak can be observed on the 004 and 006. towgpare the IBs and QFs of S1477
with the other two samples, we can find that S14fi@ws thinnest 002 and 006 peaks,
signature of larger APD-induced correlation lengtgt its 004 peak broadening is much
larger than the other samples, and also much lahger its own 002 and 006 peaks. The
larger thin peak on 002, the lack of thin peak 0d,0and the IB value on the 004, are

probably due to the partial relaxation of the Gajet.
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Figure 4.35 Transverse scans extracted from th&&ids, fitted by Pseudo-Voigt functions,
and the evolution of IBs as a function of diffractiorders for S1477, S1480 and S1330

Figure 4.36 shows the WHL plot of S1477. The ldtemarelation length related to
APDs €x-app) and other defects,) are estimated to be 48.6£3 nm and 64.3+4 nmefarg
than that of all the previous samples, showingth&t structural properties from the XRD

analysis point of view, on both MT and APB density.
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Figure 4.36 WHL plot of S1477
It must be noticed that these analyses by XRD esg precise than on other samples,
due to the partial relaxation. Indeed, the distidou of strain and mosaicity tilt can be

measured by using a quick scanning X-ray diffractmicroscopy technique (called K-
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map) developed at the IDO1 beamline at ES®E°which will be briefly introduced as
perspectives works of this thesis.

Figure 4.37 shows the cross-sectional STEM-BF imaig81477. The AlGaP layers
are almost parallel to the GaP/Si interface, intligga 2D growth until the layer surface.
A large density of APBs is generated at the GaMi&rface but most APBs are
annihilated within the first 10 nm. The measuren@raverage APB density from larger
field of observation shows 10 APBs /um above th&t #\lGaP marker and 3 APBs /um
above the second one.

APD{ ; J
Figure 4.37 STEM-BF image of S1477. (LPN)

In order to confirm the reproducibility of the AP&nnihilation by using the AlGaP
marker layers, a second sample has been produgsgl the same recipe as S1477 and
was analyzed by TEM imaging. Figure 4.38 showsT#&-DF image of this sample. A
large density of APDs is formed at the interfacérnore than 80% are annihilated within
the first 10 nm.

GaP AlGaP marker

20 nm

Figure 4.38 TEM-DF image showing a huge densityABDs formed at the interface and
annihilated within 10 nm. (CEMES)

Moreover, a third sample grown under the same ¢iondi has been studied using the
STM. The 400%x400 nftunnel current image shows a flat GaP surfaceowitiyrooves,
indicating a complete annihilation of APBs, as shaw Figure 4.39 (left). The surface

topography image on a 75x75 fsurface (right) evidences that all the GaP surface

110



Chapter 4 Evaluation of APD density for growthndibion optimization

dimers are oriented along the [110] direction, alréo the expected atomic step edges,

signature of the presence of single domain andbitaomic steps.

400 x 400 nm? 75 x 75nm?

Figure 4.39 400x400 rfmSTM tunnel current image and 75x75 Msurface topography
image of the sample grown using the same recijg1487.

4.2.4 Conclusions

Firstly we have presented that the APD density keasiced by using higher growth
temperature, either on MBE mode, MEE mode or the-dtep sequence. Then we have
demonstrated the limitation of APD formation frotretinterface during the very early
stage of growth, by optimizing the Si surface prapan and the Ga coverage. A strong
anisotropy of APD size and structural quality waserved on sample grown with low Ga
coverage (0.85 ML). Finally, we showed a reprodigcénnihilation of already formed
APDs by overgrowth at higher temperatures sepaydiin AlGaP marker layers. Recent

sample is free of MTs and has a very weak APD dgnsi
4.3 Discussions and hypothesis on APD annihilation

In the last section, the APD prevention and anaiiuh were experimentally reported,
along with optimization of growth parameters sustteanperature, Si surface preparation,
Ga coverage and the use of AlGaP marker layersefleless, the mechanisms are not
very clear. This part is dedicated to a discussiomsed on the literature and our
experimental results, to achieve a better undetsignof the APD formation and

annihilation.
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4.3.1 Propagation of APBs in low index {11n} planes

From the Figure 4.38, we can find that the anni&idlaAPDs have different shapes and
heights. Indeed, a triangle shaped self-annihil&B@® has its boundaries lying only on
the {111} planes as illustrated in Figure 4.40&a)d the emerging APBs are lying on the
{110} planes as indicated by line AB in Figure 4400 The other lines show that the APD
of any other shape may have boundaries lying omowsrcrystallographic lattice planes:
CD parallel to {100}, DE parallel to {112} and EFapallel to {113}. It is obvious that the
propagation of APBs in lower index {11n} planesdsao a faster annihilation of APD,

close to the interface.
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Figure 4.40 APBs in zinc blende structure on défercrystallographic planes: AB parallel to
{11 0}, BC: parallel to {111} CD: parallel to {100 DE: parallel to {112}, EF: parallel to {113}

Indeed, the {110} and {111} configurations are extra situations and all other APB
planes can be regarded as a composition of thechses, as depicted in the model
proposed by Lin et al. (Figure 44%). The lower index planes have a lower ratio of@L1

to {111} terraces.
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Figure 4.41 lllustrations of {1nn} APBs that cortsef {110} and {111}A terraces. The ratio
of {110} to {111}A terrace determines the APB plamad the proportion of Ga-Ga to P-P
bonds!"

This decomposition was energetically proved trube Tormation energies of the
APBs were calculated by Rub& using the ab initio Density Functional Theory [DF
He found that the {110} APBs had a lowest formatiemergy (34 mV/A) and {111}
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APBs had the highest (53 m\JA The formation energies of {113} APBs and {112}
APBs are located between the two values and akecl@se to each other.

From another point of view, all APBs have a ratidcca-Ga and P-P bonds depending
on which plane they are locat¥d.The {110} APBs composed of equal number of Ga-Ga
bonds and P-P bonds are stoichiometric, with a @&ti0.5. The APBs lying on {111} and
{100} planes consist only Ga-Ga bonds or P-P bondt$, a ratio of 1 or 0. Although the
{110} APBs are most stable at equilibrium positidthe MBE deposition is well-known
“far-from-equilibrium” deposition technique thatgwents the atoms to migrate to the
thermodynamically equilibrium positions. Assumirat there is an energetic preference
for Ga-Ga bonds to P-P bonds, during the growthhGa@abonds were favored. Thus,
lower-index planes, with a higher ratio of {111} #110} planes, present higher
proportion of Ga-Ga to P-P bonds, are favoredtierAPB propagation, leading to a fast
annihilation.

This hypothesis can probably give an explanatiaécAPD annihilation by using the
MBE overgrowth at higher temperature (for the twepssequence). Indeed, the MEE
growth at low temperature and lower growth rateeipected to provide a quasi-

equilibrium 2D growth, in the purpose of preventdefect formation.

4.3.2 Post-growth annealing

Guo et al’®

have reported a APB-modified thermodynamic equiiin mechanism to
explain the APB migration. As mentioned above, @b& "? reported that the {110}
APBs are most energetically stable at equilibridbut the MBE growth is “far-from-
equilibrium”. The sample was therefore assumedaeehAPBs distributed statistically
over all the {111} and {110} planes. During the pa@sowth annealing, the unstable APBs
are first expected to kink toward the stable {1p@}sition, as shown in Figure 4.42 a). On
the other hand, the surface mobility enhanced Ighdr temperature make the atoms
locate at the top of the APB to migrate towardsergiable positions such as a vacancy on
the top of the surface. These two effects willadigging the GaP layer along the APB.
As a consequence, anti-phase and main phase wskebarated. A deep trench is created
at the place of the APB, as shown in Figure 4.42Thge APD is annihilated when this
process takes place at its two sides. This meamacés also be used to explain the APD

annihilation and the high surface roughness orséneples grown at higher temperature.
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Anti-phase Mam/g&ase
5 ] P \

After annealing

Figure 4.42 APB-modified thermodynamics mechani@hthe atoms on unstable APBs tend
to migrate towards the more stable {110} APB paositi, or other stable crystalline sites. (b)
Crystalline islands of anti-phase and main phasle eeep trenches are forméd.

4.3.3 Growth of main phase GaP over small APDs

Another proposition to the APD annihilation is gp@wth of main phase GaP over the
small APDs due to the growth rate difference betwdegem. The GaP main domain
preferentially exhibits a P-stable 2x4 surfaeAssuming that the Ga adatom diffusion
length is longer along the direction parallel te # dimer bonding, Ga adatoms have a
longer diffusion length in the [1-10] direction Wwih an APD and along the [110] direction
in the main phase. The difference of the diffudiemgth could result in different growth
rates, so that the surrounding regions overgrowAfPBs along the direction [110]. If the
Si surface is covered by the main phase GaP nantkismall APDs (as observed in our
samples with low Ga coverage along the step doektithe APBs can serve as energy
barriers preventing the migration of Ga adatommfame domain to another, as illustrated
in Figure 4.43 a). The larger surface of the mduage results in a longer diffuse length for
the Ga atoms and keeps the growth rate differendbetwo sides of the APBs. Finally,
the APD is covered by the surrounding main phasdsench may occur at the top of the
annihilated APD (Figure 4.43 b))

Ga

MP | APD| MP MP APD] MP
/ : .
'\APB Si \APB/ Si
a) b)

Figure 4.43 lllustration of the main phases ovengng the small APD
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4.3.4 Other important observations and possible interpreations

The height of the self-annihilated APDs was propasedepend on their basal width,
shown in TEM imagée$® and according to DFT calculatidA On the one hand, when two
APBs are close to each other with Ga-Ga bondsrierAPB and P-P bonds for the other,
the opposite charge distribution creates an atbagiotential between the two APBs and
lowers the formation energy. In this case, the §1APBs are most favored, leading to a
fast annihilation of the small APDs. On the othandh, it is energetically possible for the
distant APBs growing in {110} planes to be kinkedthe {112} or {113} planes, but it is
hard to give preference to one or another sincddhmation energies of the two planes
are very close to each other.

This proposition might be useful in the interpretat of the preferred APD
annihilation along the [110] direction, and theosty anisotropy on the sample grown with
lower Ga coverage in the first MEE cycles.

Figure 4.44 shows the cross-sectional STEM-BF imnz{g81632, GaP layers grown
under the same conditions as S1477 on a nominddBisubstrate. The APDs formed at
the interface are of greater size than in S147&. fabet inclined of 27.5° from the GaP
(001) planes, corresponding to the (113) planebgleved to be an APB, and results in
the parallel facets (113) at the surface seenenSIhM image. This also shows that the
surface roughness is depending on APDs.

Figure 4.44 Cross-sectional STEM-BF image S1632 lagers grown on nominal Si. (LPN)
The presence of facets can also be observed o8TiNeimage, as shown in Figure

4.45. The STM images have been performed in callmm with P. Turban and S.

Charbonnier at IPR in Rennes, France. The (113hdaries can be found at the sample
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surface, and are related to the high density of &ARRding to the large surface roughness.
A favored direction of the trenches and the (1Hets formation are observed along the
[110] direction, corresponding to a higher APBssignin the [1-10] (or [-110]) direction.

3 ;‘yi\;l.l A

Figure 4.45 600x600 nMMSTM image showing the preference of facet fornmtio the
direction perpendicular to the steps

In the case of non-perfect coverage of initial @iface by the Ga atoms (0.75 ML
coverage here), the P atoms can be depositedldicecthe Si surface and form an APD.
The APD size is determined by the distance betwmemcovered regions, which can be
influenced by the Ga diffusion length. It is thenef energetically possible to form smaller
APDs along the atomic steps, since the step edgeang as energy barriers, limit the Ga
diffusion along the [110] direction.

The APD size can be also affected by the Ga anabwnimig the initial deposition stage.
A comparison between the 0.9 ML Ga coverage (S128@) 0.75 ML Ga coverage
(S1480) by cross-sectional STEM-BF images is showfigure 4.46. Very large APDs
are generated from the GaP/Si interface of S1380nanevident annihilation process has
occurred, while several smaller APDs formed at ititerface of S1480 are annihilated
during the growth.

E-APD

MT
rd \

50 nm

Figure 4.46 Cross-sectional STEM-BF image of a)®1@89 ML Ga) and b)1480 (0.75 ML
Ga). (LPN)
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4.4 Summary

We have presented the APD analyses based on traasgeans extracted from
reciprocal space maps, using both laboratory amdhsgtron XRD setups. The quality
factor (QF) is considered to indicate the crystallquality of the GaP layer (defect density,
residual strain, etc.). The Williamson-Hall-like thed is used to deduce the mosaicity tilt
related to the crystallite misorientation with respto the layer surface and the lateral
correlation length which is related to the meare siZz APDs, provided that the APD sizes
are relatively homogenous and that other defeath as MTs are at a very low density.
With the help of the XRD analyses along with suefaoughness and morphology study
by AFM and STM, and the local APD quantification different TEM techniques, we
have successfully optimized the parameters to wehia great structural quality
improvement. Growth temperature, substrate surfaeparation, Ga amount per MEE
cycle at the initial growth stage and AlGaP mailkgers are shown to strongly affect the
APD formation at the GaP/Si interface and the redidPD annihilation.

Abrupt GaP/Si interface of high quality displayipgriodic bi-steps has been achieved
by homoepitaxial growth of a Si buffer layer on ttaefully prepared Si substrate surface,
promising for limitation of the APD formation frothe GaP/Si interface, but the presence
of residual APBs indicates the importance of theti of other growth parameters. GaP
layers with very low MT density (1% volume fractjomuite large APD sizes (about 27
nm) and smooth surface (r.m.s. of 0.4 nm) has laebreved by an optimized two-step
sequence composed of: i) 10 nm GaP growth by MEES@EC (first 3 cycles with 0.75
monolayer (ML) of Ga/cycle + 37 cycles with 0.9 ME Ga), and ii) 40 nm GaP growth
at 500°C, using standard continuous MBE. Reprodecdifective APD annihilation
(more than 80%) has been observed within the filshm on sample grown using the
recipe of the optimized two-step sequence for itts¢ £0 nm, followed by four 50 nm GaP
growth by MBE at increasing temperatures, every Ga layers separated by an AlGaP
marker layer. This sample presents no MT and Jhase boundaries (APB) per micron
at the upper part of the layer as observed by TiE&De.

The APD annihilation has been proposed to depenth@rormation energies of the
APBs in different planes. At higher temperatures #toms in unstable APBs planes tend
to migrate towards the more stable positions, eithehe stable {110} APB planes or to
the Si surface, leading to a digging effect andeapdtrench at the initial APB position,
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resulting in a high surface roughness of the epilajhe strong anisotropy observed at the
vicinal Si surface in case of low Ga coverage carekplained by the assumption that
smaller APDs are formed along the steps directidhQ] direction) due to the limitation
of Ga diffusion along by the step edges. SmalleB&Ran be then rapidly annihilated
along the {111} APB planes close to the interfagecovered by the overgrowth of the
surrounding main phase domains. In contrary, layeDs observed on nominal Si
surface or in the case of more Ga coverage, termhndhilate along the {112} or {113}

APB planes.
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Chapter 5 General conclusions and perspective

works

5.1 Summary and conclusions

This thesis is focused on the structural analysithe GaP/Si heteroepitaxial layers
and the quantitative evaluation of the crystal difesuch as microtwins (MT) and
antiphase domains (APD) in GaP layers, mainly bpgu-ray diffraction techniques,
combined with complementary microscopy techniqiié® final purpose is the growth of
a low defect GaP/Si platform, suitable for a sulbsed active zone growth (either for light
emission or absorption). The thesis work is presgbrin two main parts concerning
respectively the study of microtwins and antiphdsains.

In the first part, rocking-curve and pole figureteigration methods have been
employed for absolute quantification of MT volunmdtion in the GaP layer. These
analyses, along with surface roughness measuretog®EM and local evidence of MTs
by TEM experiments, have allowed understanding déffect of the different growth
parameters on the MT generation and, thereford, shhecessful elimination. The GaP/Si
platform structural properties have been signifisammproved, after an optimization
procedure involving growth temperature, MEE growtiocedure and two-step growth
sequence. It has been proved that higher growtpdeature and the MEE procedure help
limiting the MT formation at the interface. The wih of first 40 ML GaP by MEE at
350°C followed by 40 nm overgrowth of GaP layer MBE at 500°C has led to GaP
layers quasi-free of MTs (with a volume fractiorsdethan 1%) presenting a smooth
surface (with a r.m.s. of only 0.3 nm).

MT formation mechanism has been discussed alony tvé experimental results and
based on the assumptions proposed in literaturdetJMBE continuous growth mode and
at low growth temperature, the 3D nucleation of @&nds is believed to favor the MT
formation, as the atoms are not mobile enoughremge themselves into correct positions
or during the coalescence of these nuclei. MT dgrss been dramatically reduced at

low temperature by using MEE, since the low grovete carefully controlled by the Ga
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deposition flux promotes a quasi 2D growth thaim@late a large amount of 3D GaP
islands. Anisotropy of MT volume fraction along tfELO] direction due to the atomic

steps has been observed on all studied samples;aante explained kinetically by the

lack of perfect coverage of the Ga prelayer whigymmtroduce stacking faults at the step
edges. This effect is enhanced at lower growth &atpre and an activation energy is
evaluated through a model implying surface diffasmf gallium atoms, based on the
evolution of MT density as a function of growth feanature.

In the second part, we have presented the APD semlyased on transverse scans
extracted from reciprocal space maps, using bdbréory and synchrotron XRD setups.
The quality factor (QF) is considered to indicdte trystalline quality of the GaP layer
(defect density, residual strain, etc.). The Wilison-Hall-like method is used to deduce
the mosaicity tilt related to the crystallite mismtation with respect to the layer surface
and the lateral correlation length which is relatied mean size of APDs, provided that
APD sizes are relatively homogeneous and that atbércts such as MTs are at a very
low density.

These XRD analyses combined with AFM and TEM alldwa very efficient
optimization of the growth parameters. Growth terapee, substrate surface preparation,
Ga amount per MEE cycle at the initial growth stagd AlGaP marker layers are shown
to strongly affect the APD formation at the GaPii®erface and the residual APD
annihilation.

Abrupt GaP/Si interface of high quality displayipgriodic bi-steps (Figure 5.1) has
been achieved by homoepitaxial growth of a Si yutiger prior to the GaP growth, on
the carefully prepared Si substrate surface. Sadhtarface is promising for limitation of
the APD formation from the GaP/Si interface. Howevbke presence of residual APBs
(the inversion of Ga-P dumbells seen in the insetjgests the importance of the control

of other growth parameters.

Figure 5.1 Cross-sectional HRSTEM-HAADF image ofPGarown on the optimized HF
process prepared Si surface, with a homoepitaxialifter layer prior to the GaP growth.
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GaP layers with very low MT density (1% volume fran), quite large APD sizes
(about 27 nm) a smooth surface (r.m.s. of 0.4 nas)bdeen achieved by an optimized two-
step sequence composed of: i) 10 nm GaP growth BE st 350°C (first 3 cycles with
0.75 monolayer (ML) of Gal/cycle + 37 cycles witl® ML of Ga), and ii) 40 nm GaP
growth at 500°C, using standard continuous MBE. rBdycible effective APD
annihilation (more than 80%) has been observedimitie first 10 nm (Figure 5.2 a)) on
sample grown using the recipe of the optimized $tap sequence for the first 10 nm,
followed by four 50 nm GaP growth by MBE at incriegstemperatures, every two GaP
layers separated by a AlGaP marker layer. This aprpsents no MT (Figure 5.2 b)) and
3 antiphase boundaries (APB) per micron at the uppé of the layer as observed by

TEM image.

20 nm
a) — 20

Figure 5.2 a) STEM-BF image and b) pole figure led tecent optimized sample, showing
the annihilation of huge density of APDs withindfd, and the lack of MT.

The APD annihilation has been proposed to depenth@rfiormation energies of the
APBs in different planes. At higher temperatures #toms in unstable APBs planes tend
to migrate towards the more stable positions, etthi¢he stable {1 1 0} APB planes or to
the Si surface, leading to a digging effect anceapdtrench at the initial APB position,
resulting in a high surface roughness of the epilayhe strong anisotropy observed at the
vicinal Si surface in case of low Ga coverage carekplained by the assumption that
smaller APDs are formed along the steps direcfibri (O] direction) due to the limitation
of Ga diffusion along by the step edges. SmalleB&Ran be then rapidly annihilated
along the {1 1 1} APB planes close to the interfamecovered by the overgrowth of the
surrounding main phase domains. In contrary, layeDs observed on nominal Si
surface or in the case of more Ga coverage, teadrithilate along the {1 1 2} or {1 1 3}
APB planes.

As a conclusion, combined structural analyses athwduring this thesis, an

optimization of the growth conditions for the fat@iion of a GaP/Si platform. This
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platform now presents very low interfacial defeehsity and a quasi defect free surface
(low roughness, low density of emerging defectshiclw can serve as template for

photonic and photovoltaic applications.
5.2 Perspective works

In this part, | present some perspective works dhaseexperiments carried out on the
IDO1 microdiffraction beamline at ESRF, Grenobletarice. Two different scan
techniques have been used during this first exmarinproviding new analytical means to
a complete structural evaluation of the GaP/Sifgiat. In the following, | will present
some rough conclusions on coherent diffraction im@gexperiments, prior to a more

complete and thorough analysis which will be dooens
5.2.1 Attempts of Coherent Bragg Imaging

The Coherent Bragg Imaging has been performededibl ESRF beamlif€ using
a highly coherent X-ray beam. The working energfyxisd at 8 keV (X-ray wavelength
= 0.15498 nm). The X-ray beam was focused usinmgsten Fresnel zone plate (FZP) to
a size of 500 nm in width and 250 nm in height. A @etectot’® of 516x516 pixels with
55x55 unpixel was located at 52.8+0.5 cm from the samgieing rise to a resolution
in reciprocal space of about 0.039 "hnThe interest of using highly coherent X-rays is
multifold. It can be very efficient as an ultimaferay imaging technique either in Bragg
scattering or small angle scattering. Coherent @smattering imaging can be performed
for samples with low defect density, enabling atigparesolution below the beam
sizel’"1"8 |t has been first demonstrated on academic casgs & gold microcrystals
more than 15 year add’ and these techniques combined with ultimate hritles
achievable on the last generation synchrotrons oyeewn the route for structure resolution
of single molecules (see for instance 'f&f.that can disentangle the double problem of
crystallization of large molecules and static onatyic disordet®* Such phase retrieval
technique has been also successfully employed rfalysis of antiphase boundaries in
GaN nanowire$? and FeAl alloy¥*

Attempts of Coherent Bragg Imaging were performeanuad the GaP 002 nearly
specular reflection with the incident X-ray beamghie [-1-10] direction and the nominal
Bragg positionw = 6+6°, on newly optimized sample S1480 and S1477 Tabée 4.1 for

detailed growth conditions). A spiral real-spacart@***was carried out, composed of
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250 scanning points on the sample surface, widmgth step of 100 nm in both pix (along
the crystallographic [110]) and piy (along [-11d]yections, to ensure a full coverage of
the selected region. Notice that the size of tfitgalrbeam was up to 300 x 100 fAnthe

footprint on the sample was therefore 300x300. 7 every scanning point (pix, piy), a
detector image was recorded. Figure 5.3 shows tiypgeal detector images for sample
S1477. The detector coordinate (X, y) is expressegixel, with the pixel size of 5&m. x

and y corresponds respectively to the [-110] afid J@irections. The acquisition time of
each figure is 10 seconds. Phase retrieval fordifierent spiral scans on this sample
failed since there was no convergence. This has lateibuted to a too large defect

density (small APD size compared to the scatterisigme, for instance’®
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Figure 5.3 Three typical detector images in a piran on the GaP 002 reflection
Nevertheless, we tried to exploit this first expeent in a different way. Intensities
have been summed up within 40 pixels in y directiarthe x range of 80 pixels, around

the center of the spot, as depicted by the recamgte in Figure 5.3 a) that indicate the
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integration limits. The extracted diffraction piefialong the x direction of the camera is
shown at the right side, and it presents a singly gharp peak (in image 4292 Figure
5.3a). In image_4254 (Figure 5.3 b)), the centmtdgs splitted into an interference
pattern which yields two smaller spots in the laltafirection, leading to the extracted
profile displaying two nearly intense peaks. Theaga 4397 in Figure 5.3 c) shows an
interference pattern consisting of diffuse and htlig distorted central spot, and the
corresponding profile has at least three pringuaaks.

These observations are consistent with the sinmmagsults. A preliminary simulation
of the scattering intensity on a 2D GaP structarthe lateral direction shows a profil of a
thin peak without splitting, as depicted by theleiocurve in Figure 5.4. If an APB is
introduced at the center of the structure, thetsgag profile exhibits a completely
splitted pattern as shown by the blue curve. Tispldcement of 300 points of the APB
apart away from the center makes the splittingcéfieeaker (red curve) and the profil
becomes a broad peak without splitting if the ABBoio far from the center (black curve).

300000

— centered APB |
— cen -300 E
— cen -600 E
— no APB

250000

S 200000 =

<

2 150000 =

]

c

[7] E

‘£ 100000 =
50000 =

-%.01 -D.I'.‘)OS ‘ 4] ‘ 0.0‘05 0:01
Sx (nm")
Figure 5.4 Simulation of the scattring intensityd2D GaP structure in the lateral direction,

showing a central thin peak if there is no APB anotally splitted one if there is an APB at the
center. The splitting effect becomes weaker if RB is displaced apart away from the sturcure
center.

The complete spinal scan is displayed by putting #xtracted profiles at the
corresponding (pix, piy) positions (Figure 5.5).eTlhssembly of profiles presenting
similar shapes in a small region indicates thatrthero-domain of the sample displays
homogeneous structural characteristics. For exampleegion of splitted peaks is
encircled by red lines, probably indicating thegarece of an APB or an APD inside this

area. The blue lines encircle the single sharp gesignature of domains presenting a
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lower defect density. The spiral scan allows euvalube local distribution of structural

quality.
pix LT

piy

Figure 5.5 Complete spiral scan of S1477 aroundstie 002 reflection
The spiral scan of the sample S1480, also on thdynspecular GaP 002 reflection,
taken at the same conditions as S1477, showslly tWiféerent aspect. The profiles within
the whole scanning region present very similar seaps shown in Figure 5.6. Indeed,
phase retrieval on this sample shows no contraslicating huge and homogeneous

density (at the scan range) of small sized defeittsn the whole studied zone.
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Figure 5.6 Complete spiral scan of S1488 aroundstie 002 reflection
Figure 5.7 shows a typical detector image and #teeed profiles for this sample.
Here we can find that, compared to the sample Sif&/diffraction spot is more diffuse
in the lateral direction, but with an intense cahpreak. The extracted profil in linear scale

visualize the intense central peak and that inridga scale highlihgts the diffuse part.
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Figure 5.7 Typical detector image centered on tla® ®02 reflection for S1480, and the
extracted profiles in linear scale and logarithmlesc
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5.2.2 Quick scanning X-ray diffraction microscopy

K-map is a quick Scanning X-ray Diffraction Micragxry technique developed at the
IDO1 beamline, using a partially coherent but hyghtilliant X-ray beam with a vertical
size of 100 nm and horizontal size of about 300 Tihe principle is doing am rocking
scan around its nominal GaP position at every sarfint (pix, piy), over a small region
of the sample surface, in order to construct a &dprocal space map for every scanned
point!®® It allows studying the structural inhomogeneitydlving lattice strain and lattice
misorientation (“tilt”). 16917018

In our experiment, K-maps were carried out on gra@e S1477. The incident X-ray
beams are in the [-1-10] directions so that the inalmBragg positions are> = 6+6°.
Figure 5.8 shows one of the original images acquirethe detector at the GaP 002 center.
Firstly five Regions of Interest (ROI) have beerirted, with ROl 1 covering the whole
diffraction spot, ROI 2 covering the peak centeDIRB and ROI 4 respectively for the left
side and right side diffuse, and finally ROI 5 foeasuring the upper diffuse part.
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Figure 5.8 A typical detector image obtained atdeter of the nominal GaP 002 (with=
0+6°), and the definition of Regions of Interest.

The K-maps are reconstructed by representing,don® position, over each ROI, the
distribution of scattering intensities in real spawordinate (pix, piy). Figure 5.9 shows
the 7x3pum?GaP 002 Kmaps for the sample S1471txaR2.254°, over ROI 1. Note that
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the incident X-ray beams are in the [-1-10] direstand the nominal Bragg position of the
GaP 002 is 22.51°.
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Figure 5.9 7x3um’ GaP 002 K-map for the sample S147%aR2.254°, over ROI 1.

The real-space step size is 100 nm in both dinestileading to a total number of 2100
original detector images recorded for single K-mBlpe final number of images for one
complete K-map experiment depends on the numbentwfga positions in the rocking
scan. For example, 10500 images are stored forcking scan with only 5 different
omega positions. Based on these images, we canstegct a 3D pattern in reciprocal
space for each (pix, piy) position, which permitgaining the spatial distribution of the
strain and the tilt in the studied zone, calledgtrain map and the tilt map. Here | present
only some observations and rough analyses.

Figure 5.10 shows the GaP 002 K-maps for S14WaR2.254°, over the five ROIs.
A strong inhomogeneity of scattering intensity isserved on all of the five maps,
indicating inhomogeneous crystalline quality of gemple (deformation, strain, tilt and

defect density).
'

l‘&é lg}'.gl I \

Figure 5.10 7x3 uMmGaP 002 K-maps for S1477 over the 5 ROI (from teftight: ROI 1,
ROI 2, ROI 3, ROI 4 and ROI 5), at=22.254°.

Vertically oriented intense bands are observed &@f 1 (covering the whole spot),

signature of anisotropy along two directions, cstgsit with the observations in Chapter 3
and Chapter 4. The left side (ROI 3) and right id®I 4) of the spot display totally
different intensity distribution, probably due teetinhomogeneous distribution of tilt.
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Figure 5.11 ROI 3 (red channel) and ROI 4 (greeanokl) from Figure 5.10, showing a
spatial separation.

On the Figure 5.11R0OI 3 and ROI 4 signals are superimposed, with aleannel
representing ROI 3 and the green channel represeRDI 4, showing a lateral separation
of the signals.This suggests that the intense signals are moetyliériginated from a
contribution of microtilt rather than a Bragg breathg induced by APB or APD. This
microtilt configuration is may be related to theast around annihilating APD. A
thorough analysis must be carried out to concludéhis point.

We can also compare the K-maps over a chosen R®Dlefample the ROI 1), at

differentw positions, as shown in Figure 5.12.

- 22,304

W

' c'.‘li ‘h

Figure 5.12 7x3 pfMmGaP 002 K-maps for S1477 over ROI 1, at five déffe w positions
(from left to right: 22.154°, 22.204, 22.254°, 2243 and 22.354°).

Firstly, the anisotropy phenomenon is always ole®rwith intense thin bands along

the [1-10] direction (perpendicular to the atomieps), probably related to the longer
defect-induced correlation length in this directi®@econdly, intense signals in some part
of the studied zone remain from ome position to another. In other words, the
corresponding rocking-scan at this spatial poiwiutth display a large intense component,
signature of a poor crystal quality (large treaddeject density, lattice plane distortion,
tilt, etc.), as explained in the chapter 4. Forzbaes displalying weak intensities, intense
peak is absent, suggesting a larger density octie{avidely scattered intensity) or larger
lattice tilt. However, it is not evident to havefarmations on tilt and lattice plane
distortion in case of large APD density since tl@2 @eflection is very sensitive to the
APDs.
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In brief, the crystalline quality of the sample 314s very inhomogeneous, consistent
with the spatial spiral scan. K-maps around the G@P strong reflection and further
studies with reconstruction of 3D pattern in reagal space are essential for obtaining the
strain map and the tilt map.

5.3 Suggestions for future works

1. For growth of a GaP/Si platform, it should begofat interest to study the samples
grown on the bi-stepped Si surface, using optimizentstep sequence, in order to limit
the APD formation from the very initial growth sgggand combined with the use of
AlGaP marker layers for annihilation of residual 242

2. It is important to study the Ga diffusion enemyy the Si surface by molecular
dynamics simulations, as a function of temperatgrewth rate, Ga coverage, presence of
bisteps, etc, in order to understand the effedliféérent growth parameters on the MT
and APD formation and finally their elimination.

3. For X-ray diffraction measurements, an evalumatitethod should be developed to
quantify the APD volume fraction, based on X-rajfrdction experiments, theoretical
calculation, and simulation.

4. Coherent X-ray diffraction imaging should givepbkitable results on newer
samples with low APD density. This would be partely interesting, combined with
cathodoluminescence analysis, in the case of Gddk&id microdisk resonators (Figure

5.13) for the development of novel integrated atfanctions'®’

Figure 5.13 SEM image of a 200 nm thick active miisk, including 5 layers of 3 nm thick
GaPN/GaP quantum wells, on an AlGaP pedestal goow@aP substrate.

130



Appendices

Appendices

Al The choice of appropriate integration size

This is a complementary study. The MT density qgifiaation by pole figure is not
enough accurate concerning the variants anisotriogtys now look back to the analysis
on S1189. The relationship of MT density for eaehiants is C>A>B>D from the pole
figure but A>B>G:D from both Synchrotron images and the rocking-earwVe have
found that this disagreement was influenced bysihes of the integration regions.

Figure Al.1 shows pole figures in Cartesian coattis of two samples regarded as
references for samples of high (S1189) and low Q8L3/T density respectively. Black
rectangles indicate the ROI for intensity integrati ROl of different sizes are used to
adapt to the MT spot shape, in order to cover all $¥hgle with a minimum background

signal.

S1306_PF

S1189_PF

200 300 400 500 600 700

Figure Al1.1 Poles figures of S1306 and S1189, Wititk rectangles indicating adequate ROI
size for each MT variant

As the comparison between samples requires integramniformity, the same ROI
size shoulde be used for all the MT reflectionguFe Al.2 compares the MT densities
extracted from the pole figures using different Rftdes. With the variation of the ROI
size, the relative variation ofy4 (calculated according to the Equation 3.2) is more
evident in S1306 than in S1189, probabely due ¢adlb weak MT signal with respect to

the background noise covered by the ROI.
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E VIT_A B MT_D 14} I MT_A B MT_D

:
v v v
S1306 B VT C I MT B [ S1189 ] yTgC Bl VT B
% (5) 12} 6 (5)
10F
N o sl
Su 1 — |
% < of
= = ]
4k
2F
0
a) 2045 30x5  40x15 505 6015 ) 30x15  40x15  50x15  60x15  70x15

Figure A1.2  MT variants anisotropy measured orepiijure with different ROl sizes for
S1306 and S1189

Nevertheless, the ROI size doesn’t change the MTaldensity relationship between
different samples. Figure A1.3 compares five typsaanples withyr ranging from 0.1 to
55, measured at different ROI sizes, showing alw&}200 > S1322 > S1308 > S1306 >
S1319. It is more evident on samples presenting Mg density thatyt increases when
ROI size increases. A magnification of x20 or xH3 bheen applied on samples with low
MT density for better visualization of this evolui (Figure A1.3 right). The 60x15 has
finally been chosen as the ROI size for all sampesnsure an entire integration of MT
reflections. However, too much background signaluad the smaller and weaker MT
reflections is counted as MT signal, making thengifiaation less reliable.
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Figure A1.3  MT density (}r) measured for different samples with different R2Es.
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A2 Performance of rocking-curve scans for MT

guantification

Four rocking-curve (RC) scans are performed regsmdgton the four MT variants,
with 20 fixed at the GaP 111 Bragg position (i.8g Z 28.44°) and the sample rotated on
® axis around its Bragg positians (wg = 6 without miscut). The 6 degree’s substrate
miscut is taken into account byeashift for MT-B and MT-D (i.e.® = 6g £6° with X =
16°), and byx shift for MT-A and MT-C (i.ex = 16°+6° witho = 0g). In addition, one
RC scan around the nominal GaP 002 reflection rsechout to measure the volume
fraction of the GaP of nominal orientation. The aretpositions for each of the RC scans

are listed in table A2.

Table A2 Rocking-curves scan motor positions
20 (°) () % (%) w scan center (°)
MT-D 28.44 0 16 8.22
MT-C 28.44 90 10 14.22
MT-B 28.44 180 16 20.22
MT-A 28.44 270 22 14.22
GaP 002 32.86 0 0 10.43
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A3 Improvement of the Signal-to-noise ratio for lov

resolution lab XRD setup

At the beginning of the development of the poleifegmethod, two cross-pasted slits
opened at about 2 mm were used at the place afrtdss-superimposed slits to produce
the quasi-point beam. No Sollers Slit was used #fiee sample. Then since we would like
to adjust the slit opening, the present superimgpadiess were designed and fabricated.
With the improvement of sample quality and decreals®MT signal intensity, it was
indispensable to improve the Signal-to-noise rg8dIR) in pole figures and rocking-
curve scans. The test was realized with the saBpl89. Rocking-curves around the MT-
A have been performed when changing the vertidahsight, with or without the Sollers
Slit. The table A3 shows the results of the tedte Tncident beam intensity was
measured on the detector on 0D mode and openednat 2nd the MT rocking-curve is
recorded with an opening of 8 mm to ensure therentapture of intensity.mhx
corresponds to the maximum value of the MT prgdgek, and the,4 represents the mean

background noise intensity.

Table A3 Measurement of incident beam intensitgximum MT signal and background
noise for different slit configuration

Vertical slit height | Sollers Slit ol(Mcps) khax (CPS) hg (CPS) SNR

2mm No 92.2 1118 90 12.4

2mm Yes 51.94 560 35 16.0

5mm No 182.02 2276 195 11.8

5mm Yes 110.67 1130 70 16.1

From the table, we can easily find that the minimafnthe background noise intensity

and the optimal SNR is achieved when the vertilibheight is set at 2 mm with the use

of Sollers Slit.
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L'épitaxie hétérogéne de semi-conducteurs lll-Viswilicium a été largement étudiée
dans le cadre de l'intégration monolithique deHatpnique a faible codt sur le silicium.
Cependant, les forts désaccords de maille entrplupart des matériaux IlI-V et le
silicium conduisent a une forte densité de disiocat Pour surmonter ce probléme, la
croissance de GaP sur Si (avec un faible désadmrdaille de 0,37% a la température
ambiante) a été proposée pour réaliser une plateef@fficace permettant l'intégration
d’autres semi-conducteurs IlI-V sans défaut. Néanmdes défauts cristallins tels que les
domaines d'inversion et les micro-macles peuverat @énérés a 'interface du GaPfSi.
Ces défauts modifient largement les propriétés iptindient les performances des
dispositifs optoélectroniques. Leur densité doimaétre fortement limitée afin d’assurer
des performances et la fiabilité de ces dispositifs

Cette thése est centrée sur le développement ditoaes d’'analyse structurale des
micro-macles et des domaines d’inversion, baséds sliffraction des rayons X (DRX) et
combinées a des techniques de microscopie (TEM, AFEMM). L'objectif est d’obtenir
une plate-forme GaP/Si plane et sans défaut dnstala I'optimisation des parametres de
croissance. Le Chapitre 1 présente les différempest de défauts dans la couche
hétérogene comme les dislocations, les micro-madkss domaines d’inversion, la
contrainte et désorientation de maille cristalliet,. Le chapitre 2 présente les méthodes
expérimentales utilisées pour la croissance héégle couches GaP, ainsi que les
techniques analytiques (DRX, AFM, TEM, STM). Lesaplires 3 et 4 présentent au
travers d’études expérimentales poussées respeeintesur les micro-macles et les
domaines d’inversion, I'optimisation des recettetbissance ayant permis d’obtenir une
plate-forme GaP/Si quasiment sans défaut.

Dans cette thése, la croissance de couches mirafes@ht réalisées sur des substrats
Si(001) vicinaux désorientés de 6 degrés versriction [1 1 0]. La surface du substrat
est nettoyée par un processus optimisé, qui cengighe premiere immersion du substrat
dans une solution de HF a 1% pendant 90 seconded'@amination des oxydes locaux,
et ensuite I'exposition sous atmosphere d’'UpMendant 10 minutes pour I'élimination du

carbone, des composeés organiques et des partiodiiedliques. Le processus se termine
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par 'immersion dans une nouvelle solution HF (I8éhdant 90 secondes, afin d'éliminer
la couche de SiDformée dans I'étape précédente, et de créer urfaceupassivée
d'’hydrogéne qui peut résister a la contaminatiomogphérique pendant 10 minutes ou
plus'. Le substrat traité avec ce processus présentsuwifaee trés lisse (avec une rugosité
de 0.3 nm) avec une tres faible densité de défauts.

La croissance par I'épitaxie est réalisée sur ¢duster » de croissance « Ultra High
Vacuum Chemical Vapor Deposition (UHV CVD) - MoléauBeam Epitaxy (MBE) »
installé dans notre laboratoitePour la croissance de GaP directement sur Si (sans
« buffer » Si), le substrat est introduit dans tearobre de MBE tout de suite aprés le
nettoyage, et chauffé a 800 ° C pendant 5 minudas lp déshydrogénation puis refroidi a
la température de croissance de GaP. La couchee&agéposée a partir d’'une source
solide en métal pur pour I'élément galium et delfules P, pour I'élément phosphore.
Pour les échantillons avec une pré-couche de $itdaaroissance de GaP, le substrat est
introduit dans la chambre UHVCVD aprées le nettoydge couche de Si est déposée a
800 °C en utilisant le silane (SiH(& une pression de faorr). Le substrat Si/Si est
ensuite transférée sous UHV a la chambre de MBI lpaurcroissance de GaP.

Nous avons d’abord développé deux meéthodes d’amadlgs micro-macles par la
diffraction des rayons X, en utilisant un diffractétre de laboratoire en mode « basse
résolution > Les rayons X sont générés & partir d’'un tube &stHindard a cible de cuivre.
Dans ce mode, le faisceau est partiellement mooashiisé autour du doublet Kalpha
(lambda=0.15418nm) par la présence d’'un miroir fpalique multicouche et d'un filtre
de nickel. La taille du faisceau est limitée enthauet en largeur & environ 2x2 mpar
un systeme de fentes croisées pour produire ucefaisquasi-ponctuel. Le détecteur est
utilisé en mode de détection ponctuel avec uneelargerture (d'une largeur de 8 mm et
d’'une hauteur d’environ 15 mm) pour pouvoir colkda quasi-totalité du signal diffusé
par les micro-macles.

Dans I'espace réel, les plans {111} de GaP nonsoat inclinés de 54,7 ° par rapport
aux plans (001), et les plans de micro-macles isatinés de 15,9 °. La figure de pdle est
réalisée en fixant les angle8 tw a la position Bragg de GaP 111 (ce qui est tréshw
de la position Si 111). La figure 1 représente figere de podles typique obtenue pour un
échantillon de couche mince GaP déposée sur unrauble Si désorienté de 6°. Les
taches de diffusion de GaP (Si) ont observéeautour de 54,7 ° et les quatre variants de
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micro-macles sont visualiséeg @autour de 16 °. Les variants A et C ainsi quetdebes
de GaP nominal sont décalés de + 6% el fait du miscut, tandis que les variants B et D

sont légerement distordus et déplacég.en
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Figure 1 Représentation d’une figure de pble typigour un GaP/Si désorienté.

En supposant que les intensités intégrées desstaomé directement proportionnelles
au volume de micro-macles qui se présente a igwéde la couche de GaP, la figure de
pble donne un moyen tres simple et illustratif pasualiser la présence de micro-macles,
connaitre le niveau de sa densité et comparer eaq@dt différents échantillons.
Cependant, pour évaluer guantitativement la fractiolumique de micro-macles, une
méthode plus fiable basée sur des mesures « rocking » est exploitée.

Le balayage de type « rocking-curve » est réalmé phaque variant en faisant varier
I'angle » autour de la position centrée, apres avoir cdagr@nglegy, ¢ et D. Ensuite, la
valeur théorique de l'intensité diffractée est ol par calcul. Le rapport entre la valeur
expérimental a la valeur théorique donne la factiolumique de micro-macles dans la
couche. Le méme type de mesure est réalisé autolar thche GaP 002, pour évaluer la
fraction volumique de la phase nominale (non maclBans le cas «idéal », la somme
des deux fractions volumique doit étre égale a 100%

Grace a ces deux méthodes, nous avons pu quanéfiéraction volumique de
micromacle de maniere assez précise et optimisercdémditions de croissance pour
I'amélioration de caractéristique structurale dedaiche GaP/Si. Une premiere série de
six échantillons de 45 nm GaP élaborés sur Si a#gérde 6° par MBE a différentes

températures de croissance montre une réductionrienge de densité de micro-macles
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au-dessus de 500°C qui confirme ce qui a été reémtams la litératuf€ Un scénario de
formation des micro-macles est proposé via la ftionade lacunes ainsi qu’'une énergie
d’activation mise en jeu pour éviter ce phénomédependant, la croissance a haute
température génére une surface trés rugueuse gpeuteétre utilisée ensuite pour la
réalisation de dispositifs. Une procédure de camies dite « MEE » (Migration Enhanced
Epitaxy qui consiste a déposer de maniere alte@eet P) a été développée et optimisée
par caractérisation DRX et AFM. Les échantillon8lkE » présentent apres optimisation
et pour une méme épaisseur déposée, un volume bealéoup plus faible et une surface
beaucoup plus lisse que les meilleurs échantilléadisés par MBE classique a méme
température de croissance. Enfin, la structureadmliche GaP/Si a été optimisée par une
séquence de croissance de deux étapes: une praroésance de 40 monocouches de
GaP a 350 °C (basse température) par la MEE sdiviee deuxiéme croissance de 40 nm
de GaP a 500 °C (haute température) par la MBHiduase 2 a) représente la figure de
pole de cet échantillon (S1330), ou l'intensiténdiero-macles est trés faible. La faction
volumique de micro-macles est évalué a inféried%a (la limite de résolution de ces
méthodes par diffraction des rayons X a base réiso)u La rugosité surfacique de cet
échantillon est mesurée a 0.3 nm (la limite deibéité de cette technique d’AFM est de

I'ordre de 0.15 nm) par I'image d’AFM comme présedans la figure 2 b).
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Figure 2 a) la figure de pole et b) 'image AFMIdehantillon S1330, aprés I'optimisation

des parametres de croissance vers I'éliminatiomde®-macles.

Dans la partie suivante (chapitre 1V), je présd@iealuation des domaines d’inversion
par la diffraction des rayons X en laboratoire et synchrotron. La diffraction au
laboratoire est réalisé en mode dit « haute-résolut avec [I'utilisation d'un
monochromateur permettant d’obtenir une longueandé de 0,154056 nm et de réduire
la divergence du faisceau to about 0.008 degrésekpérimentations au synchrotron ont
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éte réalisées sur la ligne de lumiere BM02 de 'ESRuropean Synchrotron Radiation
Facility) a Grenoble, France. Nous avons travaill&6 keV pour pouvoir atteindre des
réfections plus lointaines dans I'espace réciprogudéimiter la diffusion par l'air. Le
faisceau ponctuel (0.3x0.3 mM)ret trés intense (de I'ordre de'i@oups/seconde) ainsi
gu’'un détecteur 2D a pixels hybride (XPAD 3) atiisée pour la capture d'image.

La figure 3 représente les cartographies de l'esp&ciproque centrées sur les
positions de GaP 00L obtenue en laboratoire suB&13intégration suivant la direction
S, (comme indiqué par les rectangles rouges) nougrenip d’extraire les «scans »
transverses, qui présentent deux composantes: amposante fine correspondant a la
longueur de corrélation cristalline a longue distar{donnée par le substrat) et une
composante large venant des petites longueurs délatmns dues a la présence de
défauts
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Figure 3 Les cartographies de I'espace réciprogu&IB30 centré sur la position de GaP
002, 004 et 006, obtenue par la diffraction de mayX en haute résolution sous conditions de

laboratoire, pour I'évaluation des domaines d’isi@n par la méthode « Williamson Hall like ».

Le facteur de qualité (QF) définie comme le ratol'dire entre la composante fine et
la composante large, est un indicateur de qualistaline de I'échantillon. En plus, les
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micro-désorientations (micro-mosaicité) des plarnistallins peut aussi impliquer un
élargissement du pic large. Ainsi, nous avons a@pE une méthode dite "Williamson-
Hall like", pour dissocier I'élargissement d( anesaicité et celui di a la longueur de
corrélation des défauts. Cette méthode nous a peati@valuer la longueur de corrélation
lite aux domaines d’'inversion, qui correspond difdlance moyenne entre deux parois
d’inversion (pour une polarité moyenne proche deP@ur cet échantillon, la longueur de
corrélation est mesurée a 19.8 nm a partir de asgraphies.

Grace a cette méthode d’évaluation, et avec legasde TEM, une optimisation a été
effectuée sur la quantité Ga au stade initial @éssance. La procédure de croissance de
I'échantillon S1480 est basée sur celle de S1330s mvec une couverture de Ga a 0,75
monocouche par cycle pour les 3 premiers cycles ligw de 0,9 pour S1330).
L’amélioration des propriétés structurales est &vid, avec une densité de macles plus
faible et une longueur de corrélation des APDs gitende (27 nm). Finalement, une
optimisation plus poussée avec I'annihilation desof d'inversion a été observée sur
'échantillon S1477, qui a été réalisé en utilisEnméme procédé de croissance que le
S1480 pour la premiére couche de 10 nm, suiviedpaouches de GaP de 50 nm
d’épaisseurs épitaxiées a 4 températures croissédd °C, 535 °C, 565 °C et 600 °C).
Chaque couche est séparée par une couche de madii&iaP de 2 nm d’épaisseur. La
figure 4 montre I'architecture de la croissanc&dd77.

50 nm GaP (600°C)
2 nm AlGaP (600°C)
50 nm GaP ( 565°C)
2 nm AlGaP (565°C)
50 nm GaP (535°C)
2 nm AlGaP (535°C)
50 nm GaP (500°C)

2 nm AIGaP (500°C)
10 nm GaP (MEE, 350°C)

Si 6°-off

Figure 4 lllustration schématique de 'architectdegla croissance de S1477
Cet échantillon est considéré comme une « référené@icun signal de micro-macle
n'est présent sur la figure de podles (la figure)p mdiquant une densité tres faible
(inférieur a environ 0.3% de fraction volumiquea longueur de corrélation des domaines
d’'inversion mesurée par la méthode « Williamsonl Higk » est d’environ 48,6 nm,

beaucoup plus grand que les autres échantillonpli3e une relaxation plastique partielle
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de I'échantillon a été observée en DRX et contribussi a I'élargissement des pics de
Bragg. On ne peut pas donc se baser sur cette glesggvation pour estimer la largeur
moyenne des APD ou la distance moyenne entre AREigure 5 b) montre une image de
STEM du S1477. Une forte densité de parois d’ineerest générée a l'interface de GaP
on Si, mais la plupart des parois sont annihilésein de la premiére 10 nm. La densité
moyenne des parois est environ 10 parois/um a mirtia premiére couche d’AlGaP et 3
parois/um au-dessus de la seconde.

Counts per second

figure 5 La figure de pble du S1477, sans aucgmaside micro-macle ; b) 'image STEM
en champ blanc du S1477, montant une annihilategrande densité des parois d’inversion a
partir de la premiere couche de marqueur d’AlGaP.

Les domaines d’inversion sont générés a partirideedface GaP/Si et la formation
des domaines d'inversion est favorisée par la pEsdes mono-marches atomiques sur la
surface du substrat. Un scénario d’annihilation die®aines d’inversion et une étude a
été sur I'amélioration de la qualité de I'interfamat été apportée a la fin du chapitre. Une
interface tres claire avec des doubles marchesigi@s a été obtenue, apres la croissance
par I'épitaxie homogene d’'une couche de Si surulessat nettoyé par un processus
optimisé, avant la déposition de la couche de Gafme présenté sur la figuer 6.

Cependant, les parois d’inversion sont encore gé&sémalgré la présence de doubles

151



Résuméle Thése

marches atomiques, cela indiqgue que le contrbleada®s parameétres de croissance est

aussi important pour définitivement éliminer césadits.

Figure 6 L'image STEM-HAADF de l'interface de GaR/&vec une couche de Si avant la
croissance de GaP.

En conclusion, les méthodes d’analyse structurededéfauts développées en utilisant
la diffractions des rayons X, combinées avec d&augchniques, nous ont permis
d’optimiser les conditions de croissance pour élgniles micro-macles et les domaines

d’inversion et réaliser une plate-forme GaP/Seéak de I'art.
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Résumé

Cette these porte sur le développement des méthodes
d’'analyse structurale de la couche mince de GaP epitaxiées sur
le substrat de silicium par I'épitaxie par jets moléculaires (MBE),
basées sur la diffraction des rayons X (DRX) et combinées a
des techniqgues complémentaires telles que la microscopie
électronique en transmission (TEM), la microscopie a force
atomique (AFM) et la microscopie a effet tunnel (STM). Le
travail est centré sur la caractérisation quantitative de la densité
des défauts cristallins comme les micro-macles et les domaines
d’inversion présents dans la couche ainsi que I'évaluation de la
qualité de surface et l'interface. L'objectif ultime est d'obtenir
une plate-forme GaP/Si parfaitement cristallisée sans défaut,
via I'optimisation des paramétres de croissance.

Nous avons mis en place et utilisé deux méthodes de
quantification des micro-macles par diffraction des rayons X
(DRX) en condition de laboratoire : les figures de péles pour la
visualisation rapide et |'évaluation de la densité des micro-
macles et les « rocking-curves » permettent une extraction
précise de la faction volumique de macles. Les propriétés
structurales de la plate-forme de GaP/Si ont été
considérablement  améliorées, aprés une  procédure
d'optimisation impliqguant la température de croissance, une
procédure de croissance alternée (MEE) et une séquence de
croissance en deux étapes. Un échantillon quasiment sans
micro-macles a été obtenu par le dép6t de 40 monocouches de
GaP par MEE a 350 °C suivi d'une surcroissance de 40 nm de
GaP par MBE continue, a 500 °C. La surface de I'échantillon est
lisse avec une rugosité de 0.3 nm.

L'évaluation des domaines d'inversion par DRX a été effectuée
sur les cartographies de I'espace réciproque centrées sur les
réflexions GaP de type OOL, en laboratoire et sur une ligne
synchrotron. Les balayages « transverses » extraits a partir des
cartographies de l'espace réciproque sont analysés via une
méthode dite "Williamson-Hall like", afin d'obtenir la "mosaicité"
qui est reliée a la micro-désorientation des petits domaines
cristallins et la longueur de corrélation latérale correspondant a
ces petits domaines. La distance moyenne entre parois de
domaines d’inversion est ensuite estimée a partir de cette
mesure. En utilisant cette méthode d'analyse et les techniques
microscopiques, une optimisation plus poussée a été effectuée
sur la dose de Ga au stade initial de croissance, l'utilisation de
couches de marqueur AlGaP et 'homoépitaxie d'une couche de
silicium avant le GaP. Enfin, nous avons obtenu un échantillon
ne présentant pas de signal de micro-macle détectable en
conditions standard de laboratoire, et une trés faible densité de
domaines d'inversion. Nous avons aussi observé une interface
de GaP/Si présentant visiblement des bi-marches atomiques
régulieres, sur un échantillon avec une couche de silicium
déposée avant la croissance du GaP.
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Abstract

This thesis deals with the development of structural analyses
methods of the GaP thin layers heterogeneously grown on the
Si substrate by Molecular Beam Epixay (MBE), based on X-ray
diffraction (XRD) analyses, combined with complementary
techniques such as transmission electron microscopy (TEM),
atomic force microscopy techniques (AFM) and scanning
tunneling microscope (STM). The main work is centered on the
quantitative characterization of crystalline defect such as micro-
twins and anti-phase domains, and the evaluation of the surface
and interface quality. The ultimate goal is to achieve a perfectly
crystallized GaP/Si platform without any defect, through the
optimization of the growth conditions.

We have applied two micro-twin quantification methods using a
XRD lab setup. Pole figure method for fast visualization and
evaluation of micro-twin density and rocking curves integration
for a more precise absolute quantification of the micro-twin
volume fraction. The GaP/Si platform structural properties have
been significantly improved, after an optimization procedure
involving growth temperature, MEE (Migration Enhanced
Epitaxy) growth procedure and a two-step growth sequence.
GaP layers quasi-free of MTs are obtained, with a r.m.s.
roughness of only 0.3 nm.

The APD evaluation by XRD has been performed on reciprocal
space maps (RSM) centered on the O0L GaP reciprocal space
lattice points either in lab setup or on synchrotron. Analysis of
the transverse scans extracted from such RSM through the
“Willamson-Hall like” method permits obtaining the “mosaicity”
that is related to the micro-orientation of the small crystalline
domains in the GaP layer, and the lateral correlation length
which is considered to be related to the mean distance between
two APBs, provided that this distance is approximately
homogenous and corresponding to the mean APD size, and the
density of other defects are very weak so that their influence
can be neglected. Using this analytical method and the
microscopic techniques, further optimization has been carried
out on Ga amount at the initial growth stage, the use of AlGaP
marker layers and the homoepitaxie of Si buffer layer. Finally,
sample with none MT signal and very low density of APD has
been achieved. Moreover, an abrupt GaP/Si interface displaying
regular and double atomic steppes is observed on sample with
a Si buffer layer prior to the GaP growth.




