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General Introduction

General Introduction

For several decades, silicon-based Metal Oxide &mrductor field - effect transistor
(MOSFETs) dominates modern electronics and forrasctitnerstone of our new Information
Age. The continuous dimensional scaling of MOSFEFsbles simultaneously better
performance and lower cost chips, which allows gtistaining prosperity of semiconductor
industry since the 1970s. However, the scaling alskes the Si€) which performs
incredible electrical properties and has been thigue “oxide” in semiconductor industry
over 40 years, turn out to be necessarily replated. year of 2007 marks a milestone of
silicon-based MOSFETSs: the SiQate dielectric has been replaced by hafnium-bagek
oxides in the 45nm microprocessor technology predugy leading manufacturers. At the
beginning of 2010, 32nm technology microprocessaas weleased using the same
hafnium-base oxides dielectrics, and identifyindpent suitable high k oxides dielectrics

becomes a key issue for future 22nm and sub-22anmodogies.

Meanwhile, oxides are indeed an exciting classlettonic materials. In addition to
dielectricity, they exhibit a wide range of electim magnetic and optical properties: high
temperature  superconductivity,  ferroelectricity, ezmelectricity, = ferromagneticity,
multiferrocity, colossal magnetoresistance and lnmoear optical effects. Therefore integration
of oxides (particularly in epitaxial form) with gibn could not only provide an alternative to
silica as gate dielectric, but also open a pathwayintegrate the above mentioned
functionalities on the same Si basewafer, whichidcéead to the design and fabrication of
numerous novel devices such as FeFET (Ferroeleeteld Emission Transistor), MEMS
(Micro- Electro- Mechanical systems) and FeRAM (Belectric Random Access Memory).
Moreover, crystalline oxides/silicon system couldoabe used as templates to integrate
semiconductors such as IlI-V, Ge and Si itself wdlicon to bridge the gap between
semiconductor devices (lasers, solar cells ...) andinstream Si-based MOSFETs
technologies. Indeed, the ability to synthesize aodtrol oxides/Si heterostructures is
becoming a key issue in the micro- and optoeleatrields. Molecular Beam Epitaxy (MBE)
technique, which allows a precise control of theerface, composition and thickness of

growing structures at the atomic level, is a slitabethod to study the epitaxial growth of
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oxide/Si heterostructures.

In this context, the main objectives of this theais (i) to develop a strategy for the
epitaxial growth of crystalline oxide layers andtewestructures on silicon, and (ii) to
demonstrate that this strategy is suitable forrttmnolithic integration, on silicon, of novel
functionalities based on oxide properties. We himeeised our efforts on two key systems,
namely SrTiQ/Si (001) and GgD4/Si (111). Bulk SrTiQ is used as substrate for a wide range
of so-called functional oxides having the perowskBO; crystal structure while G@jzis
considered as one of the most promising crystalien&didates to replace silica as gate oxide
in advanced CMOS technologies.

This thesis follows the thesises of G. DelhayelM@rcking and L. Beccera, carried out at
INL. The work was performed within the framework thie program “5 Ecoles Centrales”
between China Scholarship Council (CSC) and Irtstigss Nanotechnologies de Lyon (INL,
Ecole Centrale de Lyon). The work has been suppdrjeseries of ANR projects: MINOS,
IMOX, BOTOX, and by the INL technology platform NADLYON.

This manuscript consists of four chapters. In obapt the detail of the scientific
background is presented, as well as the key pahtshe study. The motivations for
developing an epitaxial strategy for oxides on & explained, and the researches in this

domain in the past years are reviewed.

Chapter Il focuses on the description of the expental methods employed during this
thesis. The oxide-dedicated MBE equipment is piesknas well as the techniques of

structural and electrical characterizations.

Chapter 11l will be dedicated to the epitaxial gtbvand optimization of two oxides/Si
systems: SrTigISi (001) and GgD3/Si (111). The preparation of Si surface will bestliy
detailed, particularly the Sr-passivation technigfiesi (001) surface for growth of SrT§O
For SrTiG/Si (001), we succeeded in finding the epitaxy widoncluding the growth
temperature and oxygen partial pressure. Theneflagation process of STO films grown in
optimal condition is studied. To further optimizeetquality of STO films, several strategies

have been performed: 1) definition of novel Si aoef passivation method; 2) two-step
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growth; 3) multi-step recrystallization growth. Theality of the STO is enhanced finally to a
substrate-like level. For GO@s/Si (111), we optimized the growth condition (growt
temperature and oxygen partial pressure) and gropibcedure. A pheudomorphic

monocrystalline GgDs thin film is obtained.

The integration of diverse functionalinities witiiceon using oxides/Si template depicted
above will be presented in chapter IV. The eleatraharacterization results of gk will be
showed and discussed. The quality of the filmsegmdited and with PDA will be compared
in terms of EOTs, leakage current and charges. @aRb(Mg, Nb)-PbTiQ, Pb (Zr, THQ
and (La, Sr)MnQ are deposited on SrT¥®i(001) template and demonstrate good
piezoelectric, ferroelectric, ferromagnetic prortrespectively. Germanium, as an example
of semiconductor, is grown on silicon using BaF®TiOs/Si (001) and GgD3/Si (111)
respectively. And the quality of Ge epilayer is austively analyzed. The good results on
these heterostructures indicate that the oxides/silsystem is well controlled and could be

applied to the heterogeneous integration.
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I.1) Whither microelectronic industry?
[.1.1) History and context

In modern science history, three brilliant sciesstisvill not be forgotten: William
Shockley, John Bardeen, and Walter Brattain, whoDecember 1947, created solid state
transistor that revolutionized electronic technglognd laid the foundation of the

microelectronic industry.

Later, two other significant milestones were matiek Kilby's Integrated Circuit (IC) in
1958 followed quickly by Robert Noyce’s planar igutated circuit in1959. In June 1963,
Frank Wanlass at Fairchild Semiconductor originatadd published the idea of
complementary-MOS (CMOS) and it is in March 197htthntel developed the first
microprocessor “4004”, which opened the way toithiegration of higher and higher density
devices on a single chip, thus providing alwaydefasnd cheaper systems. Since then,
microelectronics transforms continuously and rdtlidauman lives through miniaturization,
automation, computation and robotization and aasean unparalleled prosperity. Now
electronics accounted for some 30% of overall itrthlsnvestment while in 1960 this figure

was less than 5%.

Much of the power of the electronic industry corfresn the versatility of semiconductor
devices based on silicon. CMOS technologies makposgsible to integrate digital and
increasingly analogue circuitry in ever-smallercsih chips. This dimension shrinking trend
is well described by an empiric law: Moore’s lawig law is named after Intel co-founder
Gordon E. Moore, who introduced the concept in @18aper: the number of transistors that
can be placed inexpensively on an integrated ciweiliibe doubled approximately every two
years, which was later modified to 18 months.

Such scaling of transistors dimensions indeeddetleimendous improvements in circuit
speed and computer performance. However, at thee damme, it has also led to the
exponential growth in the static power consumptibtransistors due to quantum mechanical
tunneling through the ever-thinner Si@ate dielectric, which has been a key to the
performance of MOSFETs. To solve this problem, sakition is to identify and develop
alternative gate dielectrics and metal gate eldesoThe breakthrough came in 2007: Intel

release its 45nm Penryn microprocessor using hi@maknium based) dielectric oxide and
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metal gate technology. And in Jan. 2010, Intel destrated its 32nm node technology.
However, even with such numerous novel technigtresminiaturization will not be limitless.

According to Intel, the end of Moore’s law wouldnece between 2013 and 2018 with 16
nanometer manufacturing processes and 5 nanomates, gvhere each molecule can be

individually positioned. Hence, a critical questi@merges: Whither microelectronics

industry?
Moore’s Law Ending (Red Line):
Delayed products, Delayed 45nm/32nm, Reduced Capex
& If’
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Figure 1.1 Moore’s law and its end

[.1.2) Future evolution of microelectronics industy
According to the European Nanoelectronics Initatidvisory Council (ENIAC), the
research domain of silicon-based micro-/nano-ed@ats industry could be commonly

classified into three categories (Figure 1.2):

1) More Moore (Advanced CMOS) to follow the continuous miniaturization of the

transistors. Three leads are currently followedhis category. The first one consists in an
improved exploitation of high dielectric constantide insulators (high-k oxides) combined

with suitable metal gate (adequate work functiamprder to reduce the leakage through the
gate stack while maintaining a convenient capatityy second strategy consists in increasing

the charge carrier mobility in the conduction channel, which requires usingraative high
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mobility materials such as Ge/lll-V, strained licor SiGe alloys. The third lead consists in
identifying novel architectures of CMOS devicesglsias double or triple gates. But this
method encounters many difficulties in fabricatitechniques such as auto-alignment

between different gates and access resistance.
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Figure 1.2 The future of microelectronics by ENIAC

2) More than Moore (complementary to CMOS, non-digital functions).vialays classical

CMOS technology turns out to be intrinsically lisdt Non-digital functions such as radio
frequency, analogue circuitry, high voltage swighenains-operated circuitry such as
electronic lighting and battery chargers, and thaion sensors and actuators all require a
mixture of technologies, each optimized to the Bppegeed. ‘More than Moore’ is required to
meet such challenges to enable implementation wf fo@ctionalities, such as mechanics,
optics, acoustics, etc.

3) Beyond CMOS Topics to be investigated range from new mate(jatganic or inorganic)

to new principles of operation (by replacing elentby magnetic excitation or by spin), to
new architectures (e.g. 3 dimensional). Promingatrples for “Beyond CMOS” options are
new materials for interconnects and transistors ¢éi&arbo-nano-tubes or nano-wires, switches
based on the electronic properties of organic nubdsg resistive change polymers for
memories, and new computing and memory architesttoefully exploit the properties of

these new devices.

The future of nanoelectronics will involve a comddion of ‘More Moore’ and ‘More

than Moore’ with newHeterogeneous Integration’technologies, particularly exploitation of
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‘system-on-chip’ devices — involving designing cdatp electronic systems from mobile
phones to engine controls on a single chip — ost&y-in-package’, combining several
discrete subsystems using different optimized m®technologies in a single package.

In this thesis, our research belongs to ‘Heterogeselntegration’ including 2 domains
discussed above: ‘More Moore’, ‘More than Moorehiah will be described in detail in next

section of Chapter |I.

1.2) Monolithic integration of various materials on Si
[.2.1) High-k oxides

As will be discussed in the following, future adead CMOS need high-k oxide$,
which possess higher dielectric permittivity witkspect to traditional SO The dielectric
permittivity of SIQ is 3.9. An oxide is typically labeled “high-k” wheits permittivity
exceeds 10, which is for example the case e®&! ©. Intensively studied binary oxides such
as GdOs, HfO,, La0s’ have ak value around 20. For the perovskite oxides suc8rai;
and BaTiQ, the permittivity can exceed 3b0.

[.2.1.1) Scaling and the replacement of SiO
Generally, the capacity of a MOS capacitor canXpeessed as:

_ S _ S
C=¢ge —= Eofsio, T
to>< tSiC}

whereg, is the relative permittivity of the gate oxide (eric constant), &,is the

Equation I-1

permittivity of vacuum (=8.8810° fF/um), S is the gate electrode area, apgdis the gate
oxide physical thickness. When replacing Sify an high-k oxide, the Equivalent Oxide
Thickness (EOT) is defined by:

Ksiop _ Khigh- _ _ 39Xt
Sic2 — Igh—-« tsioz = EOT— Igh—-«

tsor  Thighs Kigh-«

which means that with a high dielectric constan) @ thick gate dielectric layer gives an

Equation I-2

Csioz = Chiigh—«

appropriate capacitance value equal to that of cqanvalent thin silicon dioxide film. The
EOT is always larger thamdn«. Then, the advantage of employing high-k mateislthe

reduction of the leakage current caused by tungeffect, as illustrated in Figure I. 3.

10
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Equivalent capacity

a
(a) &7 tructurea

High- k

Figure 1. 3 (a) Schema of the equivalent capacitycture. High-k oxide layer presents a
thicker nature than Si@nsulator. (b) This difference in terms of thicksallows limiting the

leakage current through gate by tunnel effect.

1.2.1.2) Criteria of high-k oxides selection

The dielectric constant is not the only parametdnd taken into account when choosing
an alternative gate insulator. The materials musetma set of other criteria. Bandgap is
another critical point to be considered. A largadaffset leads to low leakage current in the
MOS device. It has to be noted that the permittirifluences bandgap. Robertseinal!® **
reported that a higher k will result in a smallatue of bandgap, as shown in Figure | 4(a). In
addition, the sufficient large conduction and vakemand offsets with respect to SiLéV)
are also required. For example, Srfi®>300) is eliminated from the candidates for SiO
alternative due to its nearly zero conduction baffdets with respect to Si. Figure I. 4(b)

indicates the band offsets of high-k candidatespared to that of silicon.
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Figure | 4 (a) Relationship between the bandgapxides and their dielectric constants. (b)
Band offset calculations for a number of potentigh-k gate dielectric materials.
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For the thin gate dielectrics, the thermodynamabisity on silicon also plays a key role
since a high temperature (1050°C) annealing prasdgpically employed in standard CMOS
process for dopants activation. Hubbard and ScHIdhpublished a comprehensive study on
the thermal stability of binary oxide with respéetsilicon at 1000K, as shown in Figure I. 5.
Almost all the binary oxides are thermodynamicalhstable at 1000K on silicon. It is the
same case for the direct integration of the majoriof ternary or higher
multi-component-oxides. They react with Si undewildorium conditions to form an

undesirable interfacial layer (silicate or silicidehich will deteriorate electrical properties.
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Insufficient thermodynamic data to complete calculations Experimentally demonstrated

Figure I. 5 Thermodynamically stability of the oesdof elements in contact with Si at
1000K.

In most cases, interface quality plays a dominatoig in determining overall electrical
properties. Compared to relatively ideal & interface, Di, interface defects density
~2x10' cm®), most high-k dielectrics candidates shbw~10"~10" cm? and an additional
substantial flatband voltage shift-y/of about 300m\*. In addition, several oxides such as
ZrO, and HfQ have high oxygen diffusivitié§ which lead the formation of Sjdn the
interface. Although sometimes this S$i€llicate interfacial layer could improve the

performances such a3, mobility and leakage currérit it will severely compromise the

12
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capacitance gain from any high-k layers in the gaéek. The total capacit@a Of the
double-oxide-layers system can be expressed by:

1 :i+—1 Equation I-3
Ctotal Cox c;nt

where Gyis the capacity of high-k oxides layer ang: @at of the interfacial layer.

The EOT of the system can be thereby expressed by:

ouble- layer —
int K High-«

: i
EOT, ‘(tLtXKSi@J‘*( High=#_ o0 4o S@J Equation I-4

where {: and kg, represent respectively the thickness and perntjttof the interfacial layer

and tign-k and kyighk represent those of high-k oxides layer.

Another factor must be considered is the film motpgy, i.e., amorphous, crystalline or
polycrystalline. Polycrystalline gate dielectricayrbe problematic because grain boundaries
act as high-leakage paths. Moreover, grain size amehtation changes throughout a
polycrystalline film can cause significant variaiso of the dielectric constant, leading to
irreproducible propertie. Currently Hf-based oxides insulator used in In82nm
technology is amorphous. However, due to a tendémayystallize under high temperature
process and a relative high concentration of edaatrdefects in amorphous films limit their
application for the future nod¥s The crystalline gate dielectrics are thus consides very
promising for the future nodes due to their epabxiature that allows circumventing the
recrystallization issue encountered with amorphoxgles, which leads to a tremendous
augmentation of the leakage current. In additiaging! epitaxial growth techniques allows
subtly monitoring the oxide stoichiometfy

Last but not least, the high-k dielectrics shoutd he hygroscopic (i.e. they must be
stable in contact to air or water). Oxides such %@ LaOs; are eliminated by this
criterion™.

[.2.1.3) The choice of crystalline gadolinium oxide
As discussed above, a set of different criteriatrhaessatisfied by the suitable high-k gate
dielectrics. An additional criterion has to be ddesed for a crystalline oxide, namely the

lattice mismatch with respect to Si. It is defirsd

13
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Aa —-a .
28 _8 78 Equation I-5
a ag
with a. the lattice parameter of epitaxial layer agthat of Si (@=5.431A).
Crystallographic " . Bandgap| Offsets (eV) | Dielectric
Structure Composition Lattice parameter (A) V) CB - VB constant
Diamond Si 5.431 1.1 / /
BaO 5.534(+1.8%) 4.4 1.8-15 34
NaCl SrO 5.14(-5.3%) 5.3 2.0-2.2 15
- 0, -
Fluorite CeG, 5.411-0.36%) 3.3 0.2-2.0 17
ZrO, 5.148(-5.2%) 5.8 1.4-33 22
SrTiO 3.905 3.3 0.14-24 300
ri . -0. - Z.
: a/2=5.52+1.7%)
BaTiO .01 2 0.1-2.3 2200
all -U.1- 2.
: av/ 2= 5.67(+4%)
Perovskite | 3.81
LaAlO 6.2 1.8-3.2 25
: a2 =5.39(-0.7%)
SrHfO 4.069 6.5 2.3-3.1 19
r . .0 - O.
s av/ 2=5.75(+5.9%)
LaScO; 4.069 5.9 1.6-3.1 24
asSC . .0 -o.
an/ 2= 5.84(+7.5%)
11.152
10.604
Y203 a2 = 5.3022.4%) 6 2.3-1.6 11
L 10.813
Bixbyite Gd,04 al2 = 5.407(+0.5%) 5.3 1.8-24 24
11.08
NdzO3 al2 = 5.54(+29%) 5.8 2.2-25 12
11.32
La,0s a2 = 5.66(+4.2%) 5.5 2.3-26 25
Spinel y-Al,O 791 8.8 2.8-49 10
23 2a/3 = 5.27(-2.9%) ' ' '

Figure |. 6 Table presenting the parameters of po&t high-k gate dielectrics candidates for

future CMOS technology®**

Figure I. 6 displays all the lattice parameters paftential high-k gate dielectrics

candidates. If one considers that the lattice misimanust be less than 3%, following

candidates can be considered: BaO, (Ba, Sr)O,,C80i0;, LaAlOs, PrOs, Y203, GAO;3,

14
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Nd,O3; andy-Al,Os. Considering that future 22nm and sub-22nm teauie$ require gate
dielectrics with its k value at least around 2Q0¥, N&,O3; and vy -Al,O3 are eliminated.
BaO, (Ba, Sr)O, Cef) SrTiG; and P03 are failed to satisfy the criteria of band offseith
silicon. Crystalline LaAlQ is also eliminated because its epitaxial growthgerature on Si
is too high $700°C) to realize an abrupt interfateFinally the lanthanide oxide G
appears to be the most promising candidate. It reoed the requirements of the next
generation of CMOS technology: a high dielectricnpiétivity, a wide bandgap, large band
offsets with respect to silicon, thermodynamicaligbility on Si and a slight lattice mismatch
with silicon. Even though it is bi-domain when epial grown on Si (001), good EOT results
have been reportétand GdO4/Si(111) also shows excellent crystallographic atettric

propertie$®, both crystallographic and electrical ones.

In fact, amorphous LaAl9on Si with a coherent interface is also consideseda
promising candidate. This is the subject of SylvBelloquin, PhD student at INL. In the

present thesis, we will focus on the crystallinelexGg0O:s.

[.2.2) Functional perovskite oxides
[.2.2.1) Introduction

Strontium Titanate (SrTig), that we discussed in last section, is only omeniver of the
large family of the transition metal perovskite @e$, whose structure is shown in Figure 1. 7,
with the A cations at the edges, the B cationsha hody-center positions, and the oxygen

anions sitting at the face-centered positions, fiognan octahedron.

(

o®

@~
¢sB
@°

Figure I. 7 Schematic diagram of the AB@®rovskite structure with B@ctahedron.
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Transition metal perovskites (tligsite is occupied by dd-transition metal element in
the ABG; formula) have been widely and intensively studiredecent years since they exhibit
a broad range of physical properties such as sopéuoctivity, ferroelectricity,
piezoelectricity, and (ferro)magnetism, as welbasectricity as mentioned abdveFigure I.

8 shows different properties of AB@erovskites with different B-cations.

Diverse functional devices are based on these pkitevoxides and normally epitaxially
grown on SrTiQ substrates, due to their structure similarity anuhll variation of lattice
constants. Future “More than Moore” and “Hetergersemtegration” technologies demand
more functionalities integrated on the same siliptatform, which could be realized if we
could integrate a “substrate-like” Srig@m on Si. With a good quality SrTigXilm on Si,
the ferroelectricity, piezoelectricity, ferromagiset can be easily combined on silicon

platform. In addition, SrTi@demonstrates ferroelectricity itself when strainadSf®.

Transition metal perovskites

Cu

Superconductor
YBa2Cu30,
(La,Sr),Cu0,

Figure I. 8 The evolution of the properties of Barsition metal perovskites with different

B-cations.

1.2.2.2) Piezoelectricity
Piezoelectricity is defined by the ability of someaterials to generate charge under
applied stress. It was firstly discovered in 1880Jb Curie and P. Curie in Rochelle salt

crystals (sodium potassium tartrate tetrahydfate)

16
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32 classes crystals —— 11 centrosymmetric Dielectrics

Pyroelectrics

10 pyroelectric

“sferroelectric

Figure 1. 9 Schematic diagram of the relationsheivizeen crystals of different classes; insets

shows their P (polarization)-E (electrical fieldynwes.

As shown in Figure I. 9, in the 32 classes crygjatsiped by symmetry, 11 classes show
a center of symmetry (termed centrosymmetric). Swecystals cannot develop polar
properties. The remaining 21 classes are noncemiragtric, and the absence of a center of
symmetry makes the presence of polar axis (thetibre of dipole moment) possible. Among
those classes, 20 exhibit piezoelectric effectciwhs defined as a linear dependence of strain
with an external electric field. When stress islegapto a piezoelectric material, an electric
polarization is induced. This is called direct mielectric effect, which can be expressed by:

R=d"™"X (i=1,2,3;j=1,2,...,6) Equation I-6

where Pis the stress-induced polarization (in unit of Cycthis the piezoelectric tensor, and
X is the applied stre€s The units of the direct piezoelectric coefficiemeuC/N. Inversely
the converse piezoelectric effect, describes thengds in dimensions of a piezoelectric
material in response to an applied electric field E

X, = d*" "R Equation I-7

where x is the strain anc is the applied electric field (V/cm). The units obnverse
piezoelectric coefficients are pm/V. The coefficgronnecting the field and strain in the
converse effect are the same as those connecengtrigss and the polarization in the direct
effect. In general, the piezoelectric coefficierganured in the same direction as the electric
field is called longitudinal piezoelectric coefgeit, whereas the one measured perpendicular

17
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to the field is the transverse coefficient and tiieers the shear coefficients (in tetragonal
materials). In the piezoelectric film, the piezatte coefficient in directions perpendicular

(ds3) is one of the major interests and themes in tilndies.

1.2.2.3) Ferroelectricity
Some years later after the discovery of piezoetstr it was found that certain

piezoelectric materials possess dielectric hystetshaviof>*’ These type materials were
classified as ferroelectric. As explained in 1.2.gigure 1. 9), 20 of the 32 classes of crystals
show piezoelectricity. From these 20 piezoeledlasses, 10 have a unique polar axis and as
a result they can be spontaneously polarized. Stheephenomenon of polarization is
temperature dependent, they are called pyroelscWithen the polarization of a pyroelectric
material can be reversed upon application of arragpi@ate electric field, the material is

called ferroelectric.

The unique characteristic for ferroelectric materig the existence of a spontaneous
internal polarization even in absence of an exteztetric field. Moreover, the spontaneous
polarization can be switched by applying an exterglectric field. Above a critical
temperature (called Curie temperatureg), Tspontaneous polarization disappears and
ferroelectric materials undergo a structural phaaesition from a ferroelectric phase to
paraelectric phase. Taking the prototypical feeoilc perovskite BaTi@for example, it
shows various crystalline phases under differemiptrature, as shown in Figure 1.10: cubic
and non-polar above its Curie temperature (1202@)0> polarized tetragonal at room
temperature, <110> polarized orthorhombic under, 5@ <111> polarized rhombohedral
below 90°C.

<111> polarized <110> polarized <100> polarized Non-polar
rhombohedral orthorhombic tetragonal cubic

120°C Temperature
¢-® 0g @
» 0g0 ‘.
O"ff:gl ¢

Figure 1.10 Various crystalline phases of BagiO

18



Chapter I: Epitaxial crystalline oxides on silicon for future micro- and optoelectronic systems

Figure 1.11 shows the crystal structures of BaTi®©their cubic and tetragonal phase
As shown schematically in the figure, when Badil® cooled down through the Curie
temperature, it undergoes a phase transition wdhelmges its structure. During the transition
from the paraelectric phase to the ferroelectriagehthe structure becomes tetragonal from
cubic (Figure I. 11(b) and (c)). The Ba and Ti saitices shift upward/downward relatively to
the negatively charged oxygens, generating a clsspgaration in the unit cell, which results

in a dipole moment and leads to presence of paléiz.

e e
ﬁﬁ i °e o’ *T 0: OQBaEJ,
" —4 B N —1—9-e o Ti+
@ LT o ® l e e = " O
. (a) ° (D) ° ° (C) y

Figure 1.11 Crystal structures of BaTi(Q(a) cubic paraelectric phase; (b) ferroelectribgse

with polarization vector pointing upwards and (gvehwards.

In addition, this shift breaks the cubic symmeitntoia tetragonal phase and results six
symmetry-related and crystallographically- equinaheaariants, as illustrated in Figure I. 12(a).
During the transition from the paraelectric phasdetroelectric phase the polarization can
arise along any of these six directions. Regiongydtal in which the polarization is oriented
uniformly are called ferroelectric (polar) domairihe interface between two domains is
called domain wall. The width of the domain walfsf@rroelectric materials was found to be
very small, only a few nm or le¥swhich is particularly of interest for memory ajsptions.

In a tetragonal ferroelectric phase, they are naased or 180° domain walls in case the
domains with opposite polarization directions anadr 90° domain walls if the domains’
polarization direction is perpendicular, as showrFigure 1. 12 (b5>*3*In a rhombohedral
phase, the angles between domain walls are 71°, 189°. 180° domains can be reversed
with a minimal structural strain but switching ofL°7 90° and 109° domains requires

significant structural deformation.
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Figure I. 12 (a) six possible polarization direat® of BaTiQ at room temperature; (b)

schematic of domain walls: the segments A® 90° domain walls and the segment BB
180° domain wall.

An important characteristic of ferroelectric matési is the demonstration of the
ferroelectric hysteresis loop when an externaltetedield applied on them, as depicted in
Figure 1. 13. The net polarization of an initialjpolarized ferroelectric material is small.
Thus at first the response of polarization to atereal field applied is linear, as described by
following equation for all the dielectrics:

P=xE Equation I-8
whereP is polarization vectolk is applied electric field andy is the dielectric susceptibility.

As the field increases, the polarization of the dora with polarization direction opposite to
the field starts to switch to the direction of tireld leading to a non-linear measurement of
charge intensity. The switching continues untilthé# domains are align with the electric field
direction (saturation) and the result of the P measent returns to be linear. By decreasing
the field, P decreases linearly according to theaggn mentioned above and when the field
returns to zero, the polarization remains a pasitalue which is called the remnant
polarization B. When a negative electric field of sufficient sigéh is reached (coercive field

Ec), the nucleation of reversed polarization domaiasts. This process can be repeated.
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“Ex /+EC

Figure I. 13 Typical ferroelectric hysteresis lodpy is the remnant polarization and:ks the

coercive field®.

As a ferroelectric material is also piezoelectitics possible to determine its piezoelectric
coefficients. According to converse piezoelectfied, the strain is linearly proportional to
the applied electric field when the piezoelectoefticient is constant. However, polarization
switching in a piezoelectric subjected to an eledteld leads electromechanical hysteresis,
as shown in Figure l.14(a). Figure 1.14(b) dematst an ideal case of the piezoelectric
response and polarization switch under a bipokatet field: when the polarization direction
changes, the sign of the strain changes and whsrstible the strain is linear with the field.
The piezoelectric coefficients can be calculatednfthe slope of linear regions in the loop. In
real crystals the strain versus applied field shawsharacteristic butterfly shafie(Figure
[.14(c)), given by the fact that different polatiba orientations are present in the crystal,

making the curve smoother in accordance with tlzgh in polarization.

(a) T 5 () A
y | 2_,..-4-
‘FT
ey B —FE —F = —E
| &

Fig. | 14 Schematic description of the conversegedectric effect. (a) Polarization hysteresis
loop; (b) theoretical electromechanical hysteregiggzoelectric coefficient is determined by
the slope of the straight lines; (c) actual buttetbop®’. x denotes the uniaxial strain.
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[.2.2.3) Ferromagnetism

The strongly correlated nature of electrons inditezn metal perovskite and the unpaired
electrons in the open 3d shells lead to local mignaoments and complex magnetic
properties. For instance, if thiesite of perovskiteABO; is occupied by Mn or Co (as in as
(La, Sr)MnQ), the oxide displays ferromagnetism. Ferromagnetaterial is one class of
magnetic materials. Similarly to the definition farroelectricity, ferromagnetic materials
historically refer to materials exhibiting spontanse magnetization. However, recently
different classes of spontaneous magnetizationideatified leading to a more precise
distinguish between ferromagnetic, ferrimagnetid amtiferromagnetic. In particular, in a
ferromagnetic material all of its magnetic ions aadpositive contribution to the net
magnetization. In the case of antiferromagneticemai magnetic moments of the aligned
and anti-aligned ions balance completely so asaige fzero net magnetization, despite the
magnetic ordering. And in a ferrimagnetic matetfa anti-aligned ions also exist but the
moments are unequal, i.e. the spontaneous magmatizemains. Figure I. 15 shows the

ordering of the magnetic dipole in magnetic matsria

ARAAAR Y
NIRER

Figure I. 15 Ordering of the magnetic dipole in magc materials: (a) ferromagnetic; (b)
antiferromagnetic; (c) ferrimagnetic.

In the ferromagnetic and in all magnetic materitde, macrosopic magnetization M is the
sum of the magnetic dipole moments of ions per wolitme. The magnetic field can be also
represented by magnetic induction B (in unit of WY/ Following equation shows the
relationship between B, H and M (magnetizationnsity):

B=M+,H=uH=pu,1Q+x)H Equation I-9
where p permeability, 1, permeability in vacuum, H is the applied magnet&df and
X =I/H, which is magnetic susceptibility. Similar ferroelectric materials, ferromagnetic

materials possess domains, domain walls and Gemeedrature. Furthermore, the response of

B to H exhibits a hysteresis loop. We do not disdngletail here.
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In recent years the discovery of Colossal Magnststance (CMRY*° attracts intense
research efforts on ferromagnetic material. An ke magnetic field could cause the
gigantic decrease of the resistivity around thg of the perovskite manganites CMR

materiald®.

[.2.3) Germanium and IlI-V semiconductors
[.2.3.1) Introduction

As a member of the semiconductor family, althougm@ the mainstream material in the
industry, silicon does not possess the most exdgbieperties with respect to germanium and
-V materials in terms of mobility and gap typesilicon and Ge are indirect gap
semiconductors while 1lI-Vs are direct gap), e&s,shown in Figure 1. 16. The integration of
Ge and IlI-V on silicon with a monolithic platforthas been a long term dream for the
semiconductor industry. The initial motivation bfg concept is a simple notion that the best
physical properties of Ge or IlI-V semiconductorsd aevices (modulators, heteroepitaxial
injection lasers, photodetectors, waveguide, sataetl could be married with the
characteristics of the silicon manufacturing preesf. Recently, the interest in such
heterogeneous technology is renewed by the reqairesmof the new high mobility tunnel to
in the future CMOS with enhance performance. Howegieect epitaxy of high quality Ge
and IlI-V semiconductors on silicon has been hiadeby materials incompatibilities (i.e.
lattice mismatch, thermal mismatch and heterovalatérface) and practical processing
constraints. Based on several results reportetiéneairly 2000%%%%° crystalline oxide/Si
could serve as a template to bridge the gap beteear 11l-V semiconductors and silicon.
Due to the strong crystallographic and chemicalefogteneity between IlI-V or IV-IV
semiconductors and oxides, the elevated latticanatish between these materials is fully
accommodated by a network of dislocations, confiaethe heterointerface, and formed at
the very early stages of the growth. As a consetpighe semiconductor grows with its bulk
lattice parameter on the oxide surface and doesardtin any threading defect related to any

plastic relaxation mechanism, as explained in Hitaine of our studies at INP.
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Forbidden band width Eq4 (eV) 0.66 1.12 1.42 0.17 1.35
Electronic affinity y (eV) 4.05 4.0 4.07 4.59 4.38
Hole mobility p; (cm2/Vs) 1900 450 400 1250 150

Electron mobility pe (cm?/Vs) 3900 1500 8500 80000 4600

Lattice constant (nm) 0.565 0.543 0.565 0.648 0.587
Dielectric constant 16.0 11.9 13.1 17.7 124
Fusion point T; (°C) 937 1412 1240 527 1060

Figure I. 16 Characteristics of future alternatitennel semiconductors and the comparisons

with Si (according to ref.41)

[.2.3.2) High mobility channels for CMOS

The significant success of silicon-based microebedt industry owes to the unique
properties of the SiESi (SiQ, as native oxide of silicon) system, particulanyterms of
interface state density;Dand thermodynamic stability. These performancesvesrse for
other semiconductors (Ge, GaAs, GaN). Howeverintneduction of high-k oxides to replace
silica as the insulate layer makes it possibleetmmnsider the use of high mobility Ge and
[1I-V channel materials as long as suitable surfaassivation technique is identified to obtain

good interface quality between oxide and semicotaatuc

Among the main semiconductors shown in Figure |&®&, exhibits the highest hole
mobility and it has actually been demonstrated twahpressively-strained GeMOSFETs
provide 10 times or higher hole mobility againstpSMIOSFETS? It is confirmed that the
electron mobility of IlI-V materials is quite highn addition, the lattice parameter of Ge
equals that of GaAs. It is thus possible to consalstack for future MOS, where a GOI
substrate or Ge directly grown on Si substrateseduand where GaAs is locally epitaxially
grown on Ge, as illustrated in Figure 1.*17Such a strategy has been studied in the

framework of the European project Duallogic.
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-V nMOS Ge pMOS SiCMOs

Si substrate

Figure I. 17 Perspective of co-integration of Ge @81 and 1ll-V nMOS on the same Si
substrate

In order to develop a high speed and low power CMé&x&nology, there still remains a

number of challenges to overcotfie

(1) Engineering high electronic quality Ge films onifsorder to ensure volume production at
low cost Ge layers directly grown on Si present an elavadensity of threading
dislocations due to an elevated lattice mismat@ve®l epitaxial strategies have been
developed to reduce this dislocation density anddyece so-called Ge/Si virtual
substrate8. However, Germanium-on-insulator (GOI) structupemsisting in thin Ge
layers on an insulator/Si template appear as highbjrable to obtain better electrostatic
control of the gate, reduced junction capacitanue lawer substrate coupling in radio
frequency®. Many methods have been proposed to develop G@rd4 such as Ge
condensation technique, liquid phase epitaxy andrSouf™ technology etc.

(2) Engineering high quality 1lI-V films on Si substeatWhile 1lI-V materials could be

directly epitaxied on Si with methods such as gilecepitaxy’® or metamorphic
growth'®, a better solution is using G&%i* or GOI substrate§>>
(3) Developping adequate Ge and llI-V_surface passimatinethodology and identify

appropriate high-k gate dielectrite combine oxide scaling below 1 nm with good

electrical quality of the interfaces. Direct depiasi of high-k oxides on Ge has showed
limited electrical quality (high interface statendéy D:and prominent leakage current)
even when the interface is abrupt, as exhibitedheyattempts of depositing different
dielectrics on Ge such as Hfy Zr0,>°, AlL,0:°°, LaAlOs>". Thus the passivation of the
Ge surface in order to obtain a good electricarattaristics interface between high-k
oxides and Ge is a critical issue for the Ge MO&htelogy. Several strategies of Ge
surface passivation are identified such as nitiodat>® (GeON), Si-passivatiéfi sulfur
passivatioff!, fluorine treatmefit and ozone oxidatiéfi etc. Among them, nitridation is

widely used and develops the electrical qualitids Ge MOS with a minimum
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Di=1.8x10"* cm?eV1)®® as shown in Figure 1.18.
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Figure I. 18 (a) XTEM images of the Au/Hf@Ge nitride/Ge MIS structure with H$O
film;.(b)C-V characteristics of the MIS structurel(Measured frequency dependence of
Gp/w for various gate voltages of the MIS structure, ®h&p is equivalent parallel
conductance ang is the angular frequency;(d) Ddistribution as a function of the energy
from the midgap of Ge without and with Forming @Gasealing(FGA).

[.2.4) Summary

In this thesis, crystalline gadolinium oxide isdifd as one of the most promising high-k
gate insulator candidates for the future advancBtD6E technology thanks to its excellent
properties. Furthermore, even though Sgli@ns out not a viable high-k gate dielectric due
to its too small electron injection barrier in theuctures prepared so FarSrTiOy/Si(001)
system is investigated now as an alternative ofoddrigh-capacitance trench structures for
memory applications. Moreover, it also opens a patimtegrate numerous functional oxides
on Si due to their isotype structure- perovskitehvBrTiOs. Thereby, the SrTigdSi(001) is
also studied in this thesis. Based on the STO/3)(@dd GdOs/Si(111) templates, we can
integrate various functionalities such as piezerr@-)electricity (BaTiQ , Pb(Zr,Ti)Q,
Pb(Mg, Nb)Q-PbTiG;), ferromagnetism ((La,Sr)Mn{d and optoelectronic (germanium) on

the same silicon substrate.

|.3) State of arts of the systems studied in thihésis
[.3.1) Gadolinium oxide on silicon (GdO3/Si)
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Gadolinium oxide (GgDs), which belongs to the family of rare-earth (REgted oxides
(lanthanide oxides) possesses a cubic bixbyiteQd(ll) structure in which the unit cell
includes eight unit cells of an incomplete andati&d fluorite structure. Its lattice constant is
10.814A, which is almost equal to 2 times of thiasibicon (5.431 AF. Bulk GdbOs presents
a dielectric constant of 22 a bandgap of 5.3é¥, conduction and valence band offsets with
respect to Si of 1.8eV and 2.4eV respectitiely

Thanks to their relatively high dielectric constaas shown in Figure 1.6) and stability
on Si even at high temperatufesbinary bixbyite lanthanide oxides such as,@&"°
Y0520 PRrOs""2 CeQ’ ™ become interesting candidates for alternativéedigc and
have been intensively studied. However, compargdd®s;, some of their intrinsic problems
such as band offsets with Si (Figure I. 6) or gjrohygroscopic nature (moisture
absorption}®’® restrict their application. The study of £&4 on Si was started by J. Kvet
al. at Bell Laboratory in early 2000’6 and the group of Osten (Hannover Univ.)
intensively studies the system &4/Si since 2006. Similarly to F®;’°, Gd,0O; was found to

Y2 2480 35 shown in Figure 1.19.
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Figure 1. 19 (a) RHEED pattern of GQs; on Si(001) along Si[110] azimuth; (b) TEM plane
view of GdO3 on Si(001) with the dotted lines showing domainruaries; (c) A schema
illustrating two GdOs orientations on Si(001).

The epitaxial relationship between &dand Si(001) for these two domains was found
to be [-110] GedO3(110)//[110] Si(001) and [100] G@3(110)//[110] Si(001). Even though
first transistor based on this system have beesepted in 2008 and some good electrical
properties results have been obtaffieid is found that such bi-domain structure sigifitly
increases the leakage current compared to singiaitoepi-GdOs layer$®. Better results are
obtained for GglD; on Si (111) with a mono-domain pseudomorphic ghd¥%#: Osten group
has studied the impact of oxygen sufplynterfac&® top electrod¥ and post deposition
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annealing® on the structural and electrical properties of @®Os/Si system. Due to the
highly perfect crystallinity of G#s; on Si(111) and its potential application to thalimation
of Si nanostructures embedded in ofide€5d04/Si(111) attracts a wide range of basic

studies.

[.3.2) Strontium titanate and perovskite functionaloxides on Silicon

One of the main difficulties for the monolithic gvth of crystalline oxides on silicon is
related to the contradiction between providingisight oxidants to form the desired phase of
the oxide while avoiding the formation of amorphaikca or silicate at interface. R. A.
McKeeet al. suggested for the first time the possibility obging a perovskite BaTi&on Si
by investigating the heterostructure BaJ®aO/BaSi/Si(001)°, the BaSi reconstruction
acting as a “passivation layer” to avoid the forioratof SiG at the oxide/Si interface. This
group has also achieved the first epitaxy a criyseabnd commensurate STO film on Si, by
employing a silicide (Sr) layer to prevent the formation of amorphous isteal SiQ
laye’™*2 Since then, several group such as PennState, Wutolora, IBM Zurich, and INL
have investigated the SrT#3i(001) system. In order to prevent the oxidatdrihe silicon
surface, particularly at the initial nucleationggaan interface layer of alkaline earth oxide
(Bag.7:S1h.2¢0 or SrO) is indispensable before the depositiorpavskites. The group of
PennState have systematically studied the transitmm alkaline oxide (Ba,Sr)O or SrO to
perovskite structufé and it is pointed out that SrO is the best chaisea buffer layer to
obtain the best lattice matched perovskite layee @u topotactic reaction during the
transformation. Whereas BaSrp 2O represents the best solid solution mixture tateréest
lattice matched alkaline oxide on silicon. In essemhe realization of the SrO template
comprises two step: 1) coverage of the Si surfagc8rband 2) oxidation of the Sr to form a
SrO template. Motorola extensively studied the &r/@verage on silicofi'?*'*® and
developed a Sr mediated deoxidation method to chkaah passivate Si surface, which
becomes the standard procedure to overcome thmdkdgnamic instability between STO and
Si. Theoretical works pointed out that a Sr-ricjelawould help the epitaxial growth of STO

and improve the electronic properties of the irtegt’ 299100101
Using such SrO templates, 2D monocrystalline ST¢er& can be grown on Si, on

condition that a number of growth conditions aredisl) the STO growth temperature must

be sufficiently high to ensure a crystalline growdthhile avoiding the oxidation of silicon by
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the oxidant; 2) the oxygen partial pressure mussidéciently high to ensure a complete
oxidization of the metals while avoiding oxidizatiof silicon. Many reports of the epitaxy of
STO on Si fall into a regime of high temperaturd arcess oxygen leading to an amorphous
SiO, layer®>1% Different strategies are identified to meet taeagloxical requirements at the
same time. X. Het al’®* studied the influence of growth temperature toitterface under a
low oxygen partial pressure (30107Torr range). H. Liet al®*!%>1% developed a stepped
growth method in which an amorphous 1~3 monolayej(MTO layer was initially
deposited at low temperature and under low oxygetigb pressure then recrystallized at high
temperature without oxygen. By repeating this psscentil 5~10ML STO, the growth
continued at high temperature and high oxygenglatessure.

Codeposition and layer-by-layer deposition metheodse also comparetf°’'% Since
Sr and Ti have different oxidation behaviors (Feglir20) and it is found that presence of Sr
promotes titanium oxidatidff, the codeposition method is better for the fulldaxion of
STO under the same growth condition. IBM Zurichared the epitaxy of STO on Si with an
abrupt interface using (Ba,Sr)O template, in whtble influence of the oxygen partial
pressure at the early stage of the growth was figeged®®**° Due to the critical role of the
STO/Si heterointerface to achieve a perfect e@taRiro layer on silicon, it is intensively
studied both experimentatfi:1*1:112:113:114.11% 04 theoreticalf®**"*'® Once a coherent
STO/Si interface is obtained, the strain relaxatérthe grown STO film becomes another

research focu$>*?°

[§]
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Figure 1. 20 Composite graph showing the oxidatemavior of different metal species.

Since lots of high quality perovskite oxides filwen be obtained on STO bulk substrate,
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the STO/Si(001) heterostructure appears ideallyable for the integration of functional
perovskite oxides on Si. Barium Titanate (Baji®TO) is widely studied as a typical
piezo-(ferro-)electric material and the BTO/Si(004ystem was realized by different
deposition methods such as Molecular Beam Epifdxy'?**?? Pulse Laser Deposititft
and Radio Frequency Sputterti'?® Because there has been a significant effortshen t
epitaxial growth of BTO on STO substréte??®129:130 the experience could be easily
transplanted to the BTO/STO/Si system. Lead zirtmtitanate (Pb(Zr,Ti)e PZT), which is

a solid solution of PbZr9and PbTiQ, is the most commonly used piezoelectric matdoial
various sensors and actuafdtsT. Maruyamaet al. has attempted to grow PZT layer on
silicon with the heterostructure SrRyBaTiO; /ZrO,/Si by a reactive evaporation methtd
Some groups reported epitaxial growth of PZT on SiOemplate using off-axis
radio-frequency magnetron sputtering metidd** Lead magnesium niobate with lead
titanate (Pb(MgsNby3)Os-PbTiO;, PMN-PT) belongs to relaxor ferroelectrics whicava
been considered as the next generation piezoelestierial recent years. Between PMN-PT
70/30 and PMN-PT 65/35 compositions, there exigtsogohotropic phase boundary (MPB)
of the system, and compositions near the MPB ekbisellent dielectric and piezoelectric
properties, which make them suitable for micro-serend micro-actuator applicatidnis
They exhibit very high-dielectric permittivity’ and a large piezoelectric respofiéenvhen
correctly biased. Some attempts have been perfotmedeposit PMN-PT on SrT#or
SrRuQ substrate®* 13 Lanthanum Strontium Manganate ((La,Sr)MnOSMO) has broad
potential magnetic application on magnetic memomeagnetic-field sensors, hard disk read
heads, infrared devices, and micro-wave active comapts due to its CMR effect.
Furthermore, owing to its high electrical conduityivand lattice matching with other isotype
perovskite materials such as PZT and BTO, it candegl as bottom electrode in ferroelectric
heterostructures. Direct deposition of LSMO orcstfi is difficult. Thus various buffer layers
such as YB#CwO./YSZ *° (Yttria-Stabilised-Zirconia), BTO/Ce@ySz 40 - 141 . 142
STO/CeQ/YSZ**® BTO/IYSZ** have been introduced to realized the integratiohSMO
and Si. However, considering the accommodation ath Hattice and thermal expansion
coefficient mismatches of those complex stacks,3M®/Si template is a better choice and
only very a few works have been reported on LSM@SI heterostructufé 4

1.3.3) Germanium on oxides/Si templates

The success of epitaxy of high quality crystalloyx@des on silicon opens a new way to
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integrate semiconductors on Si. For instance, Ogtenp succeeded in growing Si/4&d/Si
nanostructurdé’*’148 Several oxides/Si systems such as Sg80(001)}*°, Proy/Si (1111,
SITiOy/Si (001}°11521°3 (La,Y1,),04/Si(111)°* and GdO4/Si (111)*° have been reported
to be used as a template to integrate Ge or liéviisonductors, as shown in Figure 1.21. It is
found that Ge (or 11l-V) grows on oxides initialyith a Volmer-Weber 3D growth mode and
then coalescence occurs to form a 2D complete filne elevated lattice mismatch between
Ge (or 111-V) and oxides is fully accommodated bpetwork of dislocations, confined at the
heterointerface, and formed at the very early stagfethe growth. As a consequence, the
semiconductor grows with its bulk lattice parameterthe oxide surface and does not contain
any threading defect related to any plastic relaramechanisrt®. Schroedert al. have
extensively studied the GeiPy/Si (111) systefi. Simple geometric considerations indicate
that two Ge domains should be formed on thg€pP(111) surface. They have shown that
electrostatic effects at the heterointerface selaetof these two domains, leading to a single
domain Ge growth’. In the end, this group has recently evidenced thiarotwins were
formed in Ge epilayers grown on,Bg/Si (111) templates, due to the fact that thesertay
result from the coalescence of initially three-ditsienal Ge island?®

o

SHO

Figure 1.21 Integration of Ge on Si using differentides buffer layers (a)LaYO; (b)#®s;
(c)SrHfG.

1.3.3) State of art and strategy at INL

For several years, INL has explored the integratibaxides on silicon and has acquired
high international level expertise in this domaiime key technology of epitaxy of different
oxides on silicon has been mastered: SrO;04Al GAOs;, LaAlOsz;, LaAlOs/AlO4/SI,
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LaAlO4/SITiOy/Si, GO4/Al,04/Si 2129180181 The system (Sr,Ba) TSI is studied but need
further developing to obtain a perfect crystallifgubstrate-like” STO on Si with a

commensurate registry.

In a short-term view, the objectives of epitaxiabwth oxides on silicon could be
summarized as follows:
(1) To identify a suitable alternative high-k dielectfor future 22nm and sub-22nm CMOS
technology;
(2) Integration of diverse functional oxides on Si kgng crystalline oxides/Si templates to
meet the demand of future “Heterogeneous integratechnology;
(3) Integration Ge and IlI-V semiconductors (includidD layer and new structures such as
nanowire) on Si with crystalline oxides buffer laye
In a long-term view, based on the realized hetewosires, we can not only foresee the
possibility of fabricating various functional deeg or high mobility CMOS, but also of a

monolithic integration on silicon, as shown in Figu.22
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Figure 1. 22 Strategy and perspectives of mondlithiegration in INL

Sensors

1.4) Motivations and goals of this thesis
As stated in 1.1), this thesis is in the contextMbre Moore”, “More than Moore” and
“Heterogeneous Integration”. The objectives caclassified as follows:
(1) The investigation of GMs/Si system as a dielectric alternative for futurd-22nm
CMOS. The study will focus on the impact of differegrowth or post deposition
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conditions such as oxidant type, growth tempera@md annealing to its electrical
properties.

(2) Development of fundamental issues related to thtevgpof STO on Si using Molecular
Beam Epitaxy. The interface structure, crystallpgra quality and surface morphology
will all be considered to find a optimize growthagegy which leads to a “substrate-like”
STO film on Si.

(3) Exploration of integration of diverse functionadsi on silicon. Attention will be paid on
the integration of dielectric, piezoelectric, fegkectric, ferromagnetic materials and
germanium on Si using STO or &¥% as buffer layers. A number of epitaxy related
issues will be investigated and their propertiesratteristics will also be demonstrated.
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Chapter 11: Epitaxy and characterization principles and methodologies

[1.1) Introduction
In this chapter, we will present the physical piphes of epitaxy and different methods
employed for the oxides growth. We will also intuoé different in-situ and ex-situ

characterization methods, especially the electabhatacterization method.

11.2) Physical principles of epitaxial growth
[1.2.1) Atomic process of growth on surfaces

Epitaxial growth refers to the method of depositinip layers of the required material on
a suitably oriented crystalline substrate. Moleculeeam epitaxy (MBE) is an
ultra-high-vacuum (UHV) technique for growth froimetvapor phase of the elements which
are deposited on a substrate whose temperaturewsr Ithan that of the vapor-solid
equilibrium phase of the elements involved. In éhe®nditions, a condensation process
therefore takes place on the surface. From a kirgpint of view, the physicochemical
interactions between adatoms of vapor phase anstratd plays a dominating role in the
growth mechanism, as illustrated in Figurelil.1

Distance

3

Chemisorbed Frie g

Physisorption Atomn
(immobile)

Figure 1l. 1 Physicochemical interactions betweea@ms of vapor phase and substrate

Chemisorptionchemical absorption), in which the electroniasture of bonding atoms
or molecules is changed and covalent or ionic bdads, fixes the adatoms on the surface.
The attractive forces are the type occurring ingppropriate chemical bond. In this case, the
thermal energy is too small that the mobility of tadatoms is not sufficient to construct a
crystal quality. The necessary energy to trandfenasorption to physisorption is.E

Physisorption(physical absorption) is a process in which trectebnic structure of the

atom or molecule is barely perturbed upon adsampfitne fundamental interacting force of
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physisorption is caused by Van der Waals force {(:0® meV), which is so weak that the
adatoms can diffuse easily on the surface permittite organization of crystal. However,
when the thermal energy is too high and larger thathe adatoms desorbs from the surface
and re-evaporates. Once the thermal energy faltedarrange of l<E<E, the adatoms can
move rapidly on the surface without evaporationeylimigrate on the surface by jumping
from one site to another and then combine togetthdorm metastable nucleis, which are
unstable, i.e. they diffuse on the surface. Urtigé hucleis reach a critical size, which
corresponds to the required atom number to obtatalsle collection, they will enlarge and
the incorporation starts between them and finalgomplete layer forms. This whole atom

process of nucleation and growth is depicted iufagl. 2.

Adatomes

£e@ g

sy O E

= [=)

3 O‘l’ T &

S J{ Q $

U' é 4 Blable 5. Incorporation
— Nuclei ) P

2. Migration 3. Metastable Surface
Nuclei

Figure 1l. 2 Atom process of the nucleation durihg epitaxial growth

From this conceptual picture one can identify savéasic parameter related to the
kinetic growth. The first is the adsorption residertime 7, which is determined by the
adsorption energy,Eand is conventionally written as:

T =v, expE, /KT) Egoatll-1
where v, the atomic vibration frequency, of order 1-10 TiHzhe Boltzman constant and T
the surface temperature. The adsorption resideimee torresponds to a short time that
adatoms stay on the surface, before their re-eatipar When th&T is sufficient high, the
adatoms jump from one place to another over thiaceiiand they migrate with the diffusion

coefficient D, which defines the average surfaceeoed by atoms per time unit. D is given

by:
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D =(v,a*/ 4)expEE, /KT) Equatidb2
where g is the diffusion energy, frequency is slightly less thanand a is the jumping

distance, equal to the surface lattice parameB1005nm.
D.r is the area covered by an adatom during its ddfu®n the surface. The diffusion
lengthA , which is the distance traveled by an adatom dutshadsorption residence time,

can be represented by the Einstein relation:

A=+2rD Equation Il -3

[1.2.2) Surface, interface energy and growth modes
It is widely accepted that three possible modesrgétal growth on surfaces may be

distinguished, as shown in Figure II. 3.

2D layer-by-layer Zimicie g

Substrate

Substrate Substrate

(a) (b)
Figure 1l. 3 Different modes of crystal growth oarfaces: (a) Frank-Van der Merve (2D

layer-by-layer); Stranski-Krastanov (layer plusast); (c) Volmer-Weber (3D islands)

- Layer-by-layer oFrank-Van der Merg mode. The atoms are more strongly bound to the

substrate than to each other, the first atoms no@&ese form a complete monolayer on the
surface, which becomes covered with a somewhatifgsty bound second layer.
- Layer plus island, o6transki-Krastanovnode. After forming the first few monolayers,

subsequent layer growth is unfavorable and islaads formed on top of this
“intermediate” layer (called wetting layer).

- Island, orVolmer-Webemode. The atoms of the deposit are more strongiy to each
other than to the substrate. Small clusters aréeatex! directly on the substrate surface

and then grow into islands of the condensed phased.

Surface thermodynamics has been used to descrése tthodés. The condensation
process of the adatoms on substrate surface leatl® tformation of 3D islands (a contact
angle 6 with the substrate) or 2D islands (cylindrical tplats, the height of which is a

monolayer) on the substrate surface, as showrguréill. 4.
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(@)

(b)

Figure Il. 4 Geometry of (a) 3D islands and (b) 2findrical platelet on substrate surface

These islands present a material/substrate interdac a free surface of the epitaxial
material. The condensation is thus drived by a citipn of the energetic gain of the
formation of the solid materials (volume aspechd #he cost related to the formation of the
interface and the free surface of deposited masgisarface aspect). Furthermore, in case of a
strained material that elastically deforms, a vauoost corresponding to the stored elastic
energy in the islands has to be considered. Thederwmation free enthalpy can be therefore
written as follows:

AG=V+(E ~Du) +(Vag = Vo) Siet Ve § Equation Il -4
whereV the island volume;Au the chemical potential difference by unit of vokirof the
island; E, is the elastic energy stored in the deposited mahiger unit of volumeSag andS

the island/substrate interface and the free suidatiee island respectivelyy,, the interface

energy andy,, y, are the surface energies of substrate and isespctively. This equation

can be rewritten as:

2_G =Ve(a, -1+ L(azSs*+ S) Equation 11 -5
7

and aB:M are non-

Y s the homogenous in lengthg, =

where L= 5
Au Au

dimensional. This equation illustrates the comjuetit

- between the volume cost to form the islands d&edchemical potential differencer). If
a.>1, the free enthalpy is always positive and nodemsation occurs, i.e. there is no
epitaxial growth; If a,<1, the condensation could take place and thestseaicritic volume

V.less than which the islands are instable, i.e tabls island exist whose volume is less than
Ve.
- between the gain (or cost) to replace the sulessarface by materials/substrate interface

and the cost to form the island surface,). According to the theory of Dupté the
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relationship betweerz, and the contact angl is cosf =-a,. Wetting increases when
a, decreases.
If ag<-1, i.e. y;+).,z<Vs, the growth is two-dimensional. This inequality tise

so-called Bauer criterion: when the sum of the mrgteurface energy and interface energy is
less than substrate surface energy, the growth neo@® layer-by-layer Krank-Van der
Merve Figure Il. 3(a)) or layer plus islan8t¢anski- Krastangwigure 1l. 3(b));

If -1<az<1, which refers thaty, + y,, >y, or 0°6<180°, the growth follows the 3D

island mode\olmer-WeberFigure 1l. 3(c)).

If a,>1, the energy cost to replace the substrate sulfaenaterial/substrate interface is

greater than the material surface energy and tireigation will not occur (no epitaxy).

[1.2.3) Heteroepitaxy: elastic deformation and relxation modes

In this section we will discuss the influence of fattice mismatch between the epitaxial
material and the substrate on the heteroepitaxgess Since the epitaxial material generally
possesses a different lattice constant with redpettte substrate in heteroepitaxy, the lattice
mismatch (misfit) is defined as:
g=ba_& a8 (Edjon |1 -6

a a
with a;,, andasare lattice constants of the epitaxial material Hredsubstrate, respectively. In

particular, in cases that the lattice mismatchasmally very large (this is the case for some
oxides/Si shatems), indirect epitaixial relatiopshcan be obtained, as shown in Figure Il. 5.
These indirect epitaxial relationships must be mered in Equation-6. To accommodate the
Si lattice,x lattice of the oxide is deposited on Si. Theretbee effective lattice mismatch can
be identified:

Eert =% "% Equation Il -7

28
L 4

45°

rotation 1 unit cell

2 unit cell
Si

Figure Il. 5 Schema of different relationship betwepitaxial material and substrate
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In the following, standard cube-on-cube growthossidered. At the initial stage of the
growth, the substrate imposes its lattice condiarthe in-plane lattice constant of epitaxial
material at the interface due to its much gredtiekhess, i.ea,=as. Thus the material lattice

deforms elastically (as shown in Figure Il. 6):

@,
2
<>
a a, .
B .
n a

Figure 1l. 6 Elastic deformation of the epitaxiahtarial lattice on the substrate

If as<<an, the lattice is compressively strained wélr=asand the perpendicular lattice
constanta, increases; Ifas>a, the lattice undergoes tensile stram; decreases. The
quadratic deformation of the epitaxial material da#n deduced by elastic theory. For the
cube-on-cube system, the Poisson’s ratiadescribing the tetragonal distortion is given by:

— =& __ % -4
&n 1- En _
vV a, 1-v a,

Equation 11 -8

Poisson’s ratiov is commonly close to 0.33 for many materials whielmonstrate that
the volume of the material lattice tends to renw@instant during the deformation. Moreover,
vis related to the elastic modulus tenggy) (of the material:

__ G, Equation 11-9
Cll+ C:12
Hereby we have:
8" 2§~ & o#e., =& Cu -3 Equation 1l -10

an G, a, & C,+2C, a

The deformation of the epitaxial material leadsmoaccumulation of elastic eneryin
the film. The stored energ¥, increases increasing the film thickness according t
Equation-11:

E, = 2Ge? hii’—:j (Egjon |1 -11

where G the shear modulus wi=(C11-C19)/2; ¢, lattice mismatch;h the thickness of
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epi-layer.

Therefore a critical thickness (or volume for a §idwth mode)h; exists, above which

the heterostructure becomes instable due to theradated elastic enerdy,. They tend to

relax to their own bulk lattice constant throughstaain relaxation process, plastically or

elastically (Figure Il. 7).

. Substrate @ filn
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iy ' aee 89 |I|
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(a) pseudomorphic growth (b) plastic relaxat (c) elastic relaxation

Figure Il. 7 lllustration of the relaxation mecham of the epitaxial film on the substrate

Plastic relaxation (Figure II. 7 (b)). When the film thickness is dethanh. the growth

remains pseudomorphic. Once it exceeds the crititigknessh,, the plastic stress
relaxation leads to the generation of the misfdlatations in the film. The dislocation
can be classified with edge dislocation, screwodetion and mixed dislocation etc. Their
formation is generally accomplished by the dislmatmotion, i.e. gliding and these

defects degrade the film quality (presence of dargbnds). For a two-dimensional
moderately strained film, the critical thicknessnche estimated by the Matthews
Blakeslee modal:

h = b(1- vecog (4 ))(ln (%j} Equation Il -12

8rmmecos( )
where v Poisson ratio, b the Burgers vector of the didiooa, a the angle between the

Burgers vector and the projection of dislocatiorelin interface plane and the angle
between the Burgers vector and the in-plane doeaif the interface. It shows the critical

thickness decreases rapidly when the lattice midmatreases.

Elagtic relaxation. The plastic relaxation can be preceded by elastaxation. In these
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cases islands are formed when the film thicknes®eds a critical 2D-3D transition
thicknesshyp.sp (he), allowing releasing the elastic energy storedtha film, of the
expense of an increase of the surface energy o$ykiem. It corresponds to the grow
mode “Stranski- Krastanov”. THep.spcan be expressed as:
o a0 = 13-(—”'?'”) 'fjs

a | er-e(1-R)
where y° the surface energy of the growing 2D filny; the average energy of the facets

Equation I -13

of the formed islands;gzll ,Y and v are Young’s modulus and Poisson ratio
-V

respectively;r lattice mismatch; R is the relaxation of the feegface (often complex),

g=S-V?® and f =S,;-V?"*(refer to Equation II-4)

For a strain epitaxial film, if thd,p.sp is less than plastib;, the Stranski- Krastanov
growth will be observed. If the growth continuesesding the plastic critical thicknebkg

the islands will relax plastically by forming misflislocations.

Another possible way to obtain a two-dimensionkh fivithout threading defects from
initially three-dimensional island should be comset. When the germ forms islands on the
substrate surface with a network of dislocationthatinterface, they are stable because they
grow with their own lattice constant. In case tladlt the germ present the same initial
crystallographic orientation and no defect formsewhthey coalesces, a bidimensional
epitaxial layer without threading defects can kaiaéd. This possible process is important

for the integration of semiconductor and oxidesgahbr V).

According to the considerations above, the misiglogation is a significant type of
defects in the epitaxial film. In fact, several @tluefects influence the quality of the epilayer.
Figure 1l. 8 exhibits different possible charactgds turned out by epitaxial films.
Particularly for the epitaxy of oxides, the oxygeacancies consist of another important
origin of the defects. The objective of epitaxytasfind an optimal strategy to avoid these

defects in order to achieve a high quality epitiixian.
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(a) peudomorphic growth (b) misorientation (c) dislocation content
(d) mosaic spread (b) curvature (c) inhomogeneity

Figure II. 8 Different characteristics of the eptxial film.

11.3) Experimental techniques
[1.3.1) Molecular Beam Epitaxy
[1.3.1.1) Introduction

Since the technique of Molecular Beam Epitaxy (MBE) first successful used by A. Y.
Cho and J. R. Arthur in the late 1960s to fabricags epilayef¥’, it has been developed to
a versatile tool for growing thin epitaxial structa made of semiconductors, metal or
insulators. In comparison to all other epitaxiabwth techniques, MBE has several unique

advantages:

- Being realized in Ultra High Vacuum<@10°Torr or 1.3%10'Pa), MBE ensures the high
purity of the deposit material. This vacuum coruditenables the beam of the mass flow
to move toward the substrate with a large mean ieh. Given that the residual gas
pressure routinely achieved in MBE systems i$%Q0™'Torr and the mean free path can
be calculated by:
L :kB—T =3.11x 10* T

J2mpd? pd?

with d the molecular diameterg khe Boltzmann constant (1.880%°JK™), the mean free

Equation Il -14

path of the material in MBE chamber can reachméter whereas the distance between
the outlet orifices of the beam sources and thstsatie approximately equals 0.2m.

- The composition of the grown epilayer and itpidg level depend on the evaporation
rates of the appropriate sources. In MBE, the slpgrowth rate is 1 monolayer/s (for

oxides MBE, even lower 1~2 monolayer/min), whichlagr enough to ensure surface
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migration of the impinging species on the growingface, leading to a very smooth
surface of the grown film.

- Thanks to the UHV environment, MBE can be cdfgin situ by surface sensitive
diagnostic methods such as reflection high enelegtren (RHEED), ellipsometry, X-ray
photoelectron spectroscopy (XPS), Auger electroectspscopy (AES) and Scanning
electron microscopy (SEM). These powerful facisitier control and analysis eliminate
much of the guesswork in MBE, and enable the falina of sophisticated device

structures.

For the study in this thesis, MBE introduces sevpaaticular virtues to the epitaxy of
oxides on silicon. The first advantage results fitbbn UHV environment. For the application
of high-k and functional devices, an abrupt inteefbetween oxides and silicon without silica
or silicate is very important. The preparationtod silicon substrate in UHV environment can
assure a clean, atomic smooth silicon surface.sHeend virtue is connected with the low
enough growth rate and subtly control of oxygene Da the sensitivity of silicon surface to
the oxygen, a grow rate of 1 monolayer/min alloves puecisely control the introduction
moment of oxygen and its partial pressure to dffelt prevent the formation of the silica or
silicate at the interface simultaneously ensuraliaiig completely the metal elements. The
next virtue concerns its intrinsic physical chaesistics during the whole growth process.
Compared to Atomic Layer Deposition (ALD) or Mefaiganic Chemical Vapor Deposition
(MOCVD), it is not necessary for MBE to prepare frecursors in advance. The last but no
least, the stoichiometry, crystalline quality ahe surface morphology of the oxides can be
in-situ monitored precisely by RHEED.

Figure II. 9 shows the comparison of different noelh of oxides deposition.

Conformity  Purity Defects Thickness Surface

Sputtering w DA Ll w W
Metal deposition+Oxydation < DAk Pk ¢ 3% b
MOCVD w * AR DA Ad PA AR A
ALD DA A Ad > ¥ W WX WX
MBE (] KT WK w LARARAY

Figure 1l. 9 Comparison of different oxides depiositnethods

(¥ = advantagem= inconvenience)
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[1.3.1.2) Description of epitaxy reactor for oxides

During this thesis, all the samples were realized iRiber 2300 reactor adapted to the
fabrication of oxides, silicon and germanium. Thaimbuilding blocks of this machine are
schematically presented in Figure Il. 10, with th@incipal functions indicated. This system
consists three principal blocks: sample introducstage, interstage substrate transfer system
and MBE chamber.

- The sample introduction stagdlows a single sample holder of 2 inch diametdastrate

to be rapidly loaded or unloaded from the MBE maehiThe introduction chamber is
equipped with a turbomolecular pump that permitidintaining a vacuum of 1610’
Torr. A outgasing furnace is also available in th#oduction chamber allowing the
thermal treatment of the samples.

- Once the substrate is ready in the introductionmiy&, it can be transported tbe
transfer chamberwhere the vacuum is of the order of°IDorr (ionic pumping). Using a

transfer cane, we can convey substrates from #resfer chamber to the MBE growth
chamber through an isolation gate valve. Furtheemneeparate viewports at each process
stage allow complete visual access for manipulation

- In the MBE growth chambe@an ionic pump, a turbomolecular pump, a liquittagen

cooling system and a titanium sublimation pumpeanployed to achieve a vacuum down
to 1x10' Torr. Before the introduction of oxygen in the witzer, the ionic pump is

turned off and the turbo pump which is more resista oxygen is started on work. Here
are located all the elements which enable wellrotletl epitaxial growth. These are beam
sources (Knudsen effusion cells) with their induadl shutters, the electron gun, a
substrate manipulator with heating and continuatation facilities, and phosphor screen

of the RHEED system, and the pressure control(ionitgauge and mass spectrometer).
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Figure 1l. 10 lllustration of the main block buildj of oxide MBE reactor
Effusion cellshave a direct impact on the quality of the film®wn by MBE (i.e.

morphology, purity, composition, uniformity, etc.n our reactor, we use Knudsen-type
effusion cells made of PBN (Pyrolytic Boron Nitrid@ refractory material). Standard cells
(temperature up to 1500°C) are used for Ba (bari@njstrontium), Ge (germanium) and Al
(aluminium) and high temperature cells (temperatyréo 2000°C) for La (lanthanum) and Ti
(titanium). Associated with each cell is a separateactory metal shutter. The shutters are
sited to interrupt the beams between the sourcésabstrate and to effectively completely
shield the substrate from each individual beam wdiesed.

An electron guns also available in our reactor. We have fourcitries in our electron
gun filled with LaAlO;, Al,O3;, GOz and Si respectively. When it works, a stream of
electrons is accelerated through a field of typyc&~10 kV and focused onto the target
surface. Upon impingement, most of the kinetic gnaf the electrons is converted into heat
and temperatures exceeding 3000°C to evaporatsmdterials in the crucible. In case of the
oxides growth using e-beam gun, an introductionoygen is necessary to completely
oxidize the metal element because the oxides npgtily decompose during the evaporation.
Moreover, due the instability of the growth ratengselectron gun, it is indispensable to use
mass spectrometry or Quartz Crystal Microbalanc€NKQ for the real time control of the

evaporation.
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The manipulato(2 inch) includes a tantalum heater protected BA slab allowing the
homogeneity of the heat transition and preventivggdeterioration of the filament under an
oxygen rich growth environment. The substrate carhéated up to 950°C which is high
enough to completely clean SrEGand silicon substrate surfaces. The temperature is
measured using a thermocouple (converting heatldotrenic signal) and a pyrometer
(measuring the thermal radiation, accurate whenpégature is higher than 500°C). The
substrate holder is made of molybdenum that is effgctive to exchange the heat with
substrates. During the growth, the manipulatortestavith a constant angular velocity around

the axis perpendicular to the surface of substoagmhance the uniformity of the epilayer.

The RHEED systenis sited to in-situ monitor the structure of th@wing film on the

substrate. A high energy beam of electrons of 30ikencident on the substrate at a glancing
angle 1°~3°. Therefore the penetration of the beéatm the surface is restricted to the
outermost few atomic layers, i.e. RHEED revealsstim¢ace structure information of the film.
However, it is still a powerful tool to monitor ireal time the information such as the
crystallization quality, the growth mode, the sadaeconstruction and the growth rate. A
detailed introduction of RHEED can be found in Apg A.

The partial pressure of the elements fluxes aresored by a Bayard-Alpert ionization

gauge The species arriving on the gauge are ionizedtlagwl collected in form of electronic
current. Combined with the RHEED pattern that afi@hstinguishing different reconstruction
features of (Sr, Ba)Ti®)(Sr/Ba rich or Ti rich), the measured fluxes hefpto determine the
stoichiometry of the ternary oxides grown by Knudsdfusion cells. Besides the RHEED
intensity oscillation, the QCM is also employedditermine the growth rate, especially for
the materials grown by electron gun. It measuresags per unit area by measuring the
change in frequency of a quartz crystal resondtioe. resonance is disturbed by the addition
or removal of a small mass due to oxide growth/dexdilm deposition at the surface of the

acoustic resonator.

Oxygen is introduced into the reactor via a pressagulated plasma chambevhich

permits us to precisely control the oxygen panig@ssure in the chamber, particularly at the
first stage of the oxides growth. Both atomic anolenular oxygen can be used. The atomic

oxygen is produced by a Radio Frequency plasmargemewith its frequency of 13.56MHz
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and power output of 600W.

[1.3.1.3) Ex-situ characterization methods

The objective of this thesis is to grow “perfectystalline oxides on Si substrate and
heterostructures based on oxides/Si template. fdrereve are mainly concerned with the
properties of the thin film such as the smoothredsbe surface, crystalline perfection of the
film, structural parameters of the interface arettlcal properties of the thin films. Different

ex-situ characterization tools are employed to akthee information of these properties.

Atomic Force MicroscopfAFM) is one of the most widely used tools for miray,

measuring, and manipulating matter at the nanosdtlbelongs to the Scanning Probe
Microscopy (SPM) family whose principle consistsaimear field probe imaging a surface by
lateral scanning. It can measure a wide range s properties on any kind of material,
ranging from topography to surface potential, fretactrical or magnetic properties. AFM

can work with different modes such as tapping madeontact mode. Based on the contact
mode, conductive AFM (C-AFM) which allows the chamization of the conductivity

variations across medium- to low- conducting andnisenducting materials, and

piezoresponse force microscopy (PFM) which permdsdestructive local measurement of
the polarization at nanoscale are developed to mebative research necessities. The AFM
instruments used in this thesis are Veeco CP II\é&aelco dimension 3100. More detailed

introductions of AFM can be found in Appendix B.

X-ray Diffraction (XRD) is a method of investigating the fine struetof material. X-ray

can be used to produce the diffraction pattern imsetheir wavelengthis typically the same
order of magnitude (1~100A) as the spacing d batw#anes in the crystal. Following the
well-know Bragg’s law, the X-ray diffraction ressilfrom an electromagnetic wave (the X-ray)
impinging on a regular array of scatterers (theeadipg arrangement of atoms within the
crystal). Our Rigaku diffractometer in INL permiis performing diverse measurements on
the samples, such as rocking curve (RC) measureni@uitof-plane and in-plane), reciprocal
space mapping (RSM) measurements, X-ray refle¢®R) and pole figure measurements.

For more detailed introductions of XRD, see App&rdi

X-ray Photoelectron SpectroscogXPS) is a method that measures the elemental
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composition, empirical formula, chemical state a&tettronic state of the elements existing
within a material. The principle of this method as following: in a UHV condition,
irradiating a material with a beam of X-rays whdenultaneously measuring the kinetic
energy and number of electrons that escape frontofind~10nm of the material analyzed.
XPS analysis helps us obtain the physico-chemidatination of thin film and the interface.
With respect to XPS, X-ray PhotoElectron Emissioiciyscopy (XPEEM) allows conserving
the spatial origin of the photoelectrons thankselectron optics which collect, focus and

enlarges the photoelectric signal.

Transmission Electron MicroscogfEM) is based on the diffraction of electrons whe

they pass through a very thin sample. Electrorratifion from a crystalline lattice can be
described as a kinematic scattering process thagtsméhe wave reinforcement and
interference conditions given in the Bragg equatim image is formed from the interaction
of the electrons transmitted through the speciri&e. image is magnified and focused onto
an imaging device, such as a fluorescent screeto, loe detected by a sensor such as a CCD
camera. Derived from TEM, High resolution TEM (HRVWE which bases on the phase
contrast due to the phase modulation of the elecivaves by the periodic crystal lattice
allows the imaging of the crystallographic struetof a sample at an atomic scale. A TEM
can also be modified to a Scanning TEM (STEM), withich the electrons pass through the
specimen, however, the electron optics focus tlambmto a narrow spot which is scanned
over the sample in a raster. By using a STEM ahdjla-angle detector, it is possible to form
atomic resolution images where the contrast isctyrerelated to the atomic number.
High-angle annular dark-field imaging (HAADF) isv@ethod of mapping samples in STEM.
Based on dominant Z-contrast for distinction offediént materials, HAADF images are

realized by collecting scattered electrons wittaanular dark-field detector in STEM

InfraRed spectroscopflR) can be used to identify compounds and ingas# sample

composition, by exploiting the fact that moleculabsorb specific frequencies. These

absorptions are resonant frequencies, i.e. theiérezy of the absorbed radiation matches the
frequency of the bond or group that vibrates. Tinergies are determined by the shape of the
molecular potential energy surfaces, the massefeofatoms, and the associated vibronic

coupling.
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Rutherford backscattering spectrometfigBS) is used to determine composition of

epitaxial films especially the stoichiometry of theides, by analyzing energy loss of light

ions (H', He") at high energies (0.5~5MeV) during their passhgaugh the film.

[1.3.2) Electrical characterization methods
[1.3.2.1) Post Deposition Annealing (PDA): tubularfurnace and RTA

One of the main objectives is to obtain small E@lues and simultaneously low leakage
current by exploring the system of high k oxide {34} on silicon substrate. In order to study
the thermal stability of the Metal Insulator Sermdactor (MIS) structure as well as to
observe the influence of PDA on the dielectric mmbies of the samples tested, the
pre-metallization annealings were performed. Adlsth annealing treatments were carried out
after the samples taken out from epitaxy chamberosxd to air, while before the
metallization of the oxides/Si system to avoid fhassible problems resulting from the
interdiffusion between dielectric oxides and mejales. Two PDA have been performed on
the MIS structures.

The first PDA type concerns the utilization of akmdite horizontal tubular furnace with
a maximum operating temperature of 1200°C. It mposed of a cylindrical tube and a pure
sintered alumina nacelle. Three arrivals gas amected to the furnace: oxygen, nitrogen
and forming gas (mixed with 96%,Mnd 4% H). Due to the small internal diameter of the
tube and in order to prevent weakening it, the raaip to increase the temperature is only
6°C/min. This low ramping time is one of the draeks of this furnace. Particularly, the
temperature decreases slowly after one turns @ffftinnace, which strongly extends the
annealing time. For instance, an annealing at 3G6fG minutes will become an annealing

during which the temperature remains 250~300°QG@wninutes.

The second furnace in service for PDA is a RTA (Rammermal Annealing) furnace. The
furnace (Jipelec Jet Star 100SR Processor) allttamiamg ~1000°C during several seconds
(100°C/s). The standard procedure is as follows:

1) putting samples in the chamber under vacuum; theoducing the desired gas desired

(oxygen, nitrogen or argon are available) intodhamber;

2) launching the annealing process while conductirgraginuous sweep under the selected

gas;
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3) the temperature is dropped by draining the gas fmsatie annealing
The annealing duration of RTA is much shorter ttf@tubular furnace and makes very
rapid “spike” annealing type similar to that usedindustry, particularly for the dopant

activation.

[1.3.2.2) The choice of substrates and gate metals

The Metal-Oxide-Semiconductor capacity is the measdful device to characterize the
electrical properties of the dielectric materiatgl gahe interface quality between the silicon
substrate and the oxides gate insulator. Oncexite®/Si samples are elaborated in the MBE
chamber and undergone post growth thermal treatntrdy are metallized to fabricate MOS

capacity in the clean room environment of INL.

The silicon substrates used are (001) and (11&ntamd, and doped by boron (type P).
The dopage concentration ranges from? 16 10 cm®, corresponding to resistances ranging
from 1Q-cm to 0.002-cm. For the high-k application, the dopage of thiesgrate should not
be too elevated<(0*® cm®) so that the inversion phenomenon of the MOS &irads not
hindered. A too high dopage makes the Fermi levtHesilicon too close to the valence band,
impeding the minority porters to participate theplddon and inversion of the capacity. In
contrary, for the application as a template of fiomal oxides, a high dopage concentration is
necessary to facilitate the characterization of pbtarization of the piezo- (ferro-)electric

films on the top.

The gate metal has an important impact on the damgroperties. The metals
employed in the microelectronic industry includetahalloys such as TiNor TaN®, or
FUSI (Fully Sllicidé?) such as NiSf. A low temperature solution was developed at INL t
prevent the impact of gate metals fabrication te #hectrical behaviors of the dielectric
oxides. Following the work of L. Beceffathe top gate metal selected in this thesis isNAu/
In fact, different attempts were carried out on thetals such as aluminum, gold or nickel.

Figure Il. 11 presents the C-V and |-V measuremeiits these gate metals.
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As shown in Figure Il. 11 (a), the MOS with alunim electrode demonstrates an
abnormal behavior. The C-V curve ascends up inirtkiersion regime, which should not
appear given that the measurement is performed tagla frequency 1MHz. The similar
phenomenon also appears for |-V measurement tlegepts an increase when the voltage
exceeds 3V. The rising up of I-V curve can be exgld by low intensity saturation current
caused by the lack of available minority porterise Trregular behavior is probably connected
with the fixed charge or incorporated impuritiesalaminium.

The capacitor with gold electrode demonstratesbetisults (Figure II. 11 (b)). The C-V
curve shows no rising up in the inversion regimd #re |-V saturates for the positive bias
voltages. At low frequency (not shown), the C-Vwauiincreases in the inversion regime

because of the generation of the porters. In aaditlifferent from aluminium, the gold does
not oxidize in the air.

Finally we decided to choose the bi-layer electradéh a 400nm-gold on top of
5nm-nickel. The results obtained are comparable thibse obtained without nickel (Figure 1.
11 (c)). The capacity measured in accumulatiorbsut 69pF for a 95x95um size surface,
which is exactly consistence with the theoreticapacity of a 5nm-Si® film (62pF),

considering the approximation of our measuremedtsvever, being aware that the gold is
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not adapted to the industrial integration givert thés metal cannot endure high temperature
(poor coherence, diffusion, formation of droplel), the metal gates of the MOS devices

studied in this thesis are composed by a stackudfliiA

11.3.2.3) Fabrication of MOS capacities by lift-off method
The method “lift-off” is employed to deposit the talegate Au/Ni onto oxides/Si samples.

This method uses only lithography without directh#ng procedure that might have

undesirable effects on the insulator layers. Tiff process is described as following:

- cleaning the oxides surface rapidly with deionineder and drying with i

- deposition of an adhesion promoter which facilgatee adhesion of the photoresist with
the oxides surface using a turnplate.

- deposition of photoresist AZ 5214 at a velocityp600 round/min for 30s.

- pre-baking on the heated plate at 110°C for 1 meinatdrive off excess solvents and to
promote the polymerization of the photoresist.

- Exposition for 1.4 seconds through a metal maske@écapa”) constituted by the square
motifs with side lengths from 95um to 580um. Thetimment used is a Karl Stiiss MJB3
UV300 SUSS with an exposition wave length of 300nm.

- baking at 110°C for 1 minute in order to reverseghotoresist.

- exposition of the whole plate for 10 second.

- developing the photoresist by agitating the samptethe acetone for 1 minute then
rinsing in deionized water.

- post-baking at 110°C for 1 minute to harden thet@tesist and eliminate excess solvents.

- introduction the samples masked by photoresistlteydold evaporation chamber under
vacuum condition.

- deposition of 3nm nickel and 250nm gold succesgiveider vacuum of ~IDTorr. The
metal material are placed in nacelles in gradu&teth and heated by the law of Joule
until the evaporation. The growth rate is monitoogca QCM. The metal layers cover the
remaining resist as well as parts of the samplé wexe cleaned of the resist in the
previous developing step.

- lift-off is accomplished by immersing the samplesthe acetone. The photoresist is
washed out together with the metals covering @md only the metals in the “hole” have
the direct contact with the oxides surface. Thesphttern of the metal electrodes is the

same as that of the mask.
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The main procedures of lift-off method are illustiéin Figure 1. 12.

photoresist

metals

r'd

Figure Il. 12 The principle processes of lift-ofétinod: (a) sample with photoresist AZ5214;

(b) exposing and developed;(c)deposition of metats(d) lift-off.

Finally, the Au/Ni electrodes form the same pat@srthe mask used, as shown in Figure
. 13.

Figure 1l. 13 Images photoed by optic microscopm(@ x26 at left and x52 at right) of an

oxides/Si sample metalized by Au/Ni and the squalesvs the pattern of the metal

electrodes.

[1.3.2.4) C-V and |-V measurements
In this section we will describe the C-V and |-V asarements for Metal-Oxide
-Semiconductor (MOS) structures in detail. The teleal characterization of both the

dielectric and ferroelectric oxides films are reall by this method.
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Figure 1l. 14 Schematic drawing of electrical chatarization for MOS devices.

Figure 1. 14 illustrates the principle of elecaianeasurements for MOS devices. The
bottom electrode is realized by painting silvethet back of Si substrate. A Karl Suss manual
probe station equipped with a HP 4284A impedancemnsnd a HP 4156B pA-meter is used
for C-V and |-V measurements. This station is piadge a Faraday cage in order to
accomplish the measurement in obscurity and presenhost outside disturbances. It is
however possible to light up the sample to helpggaeration of minority porters. The station

is placed on a vibration-proof table.

All measurements are performed at room temperaama on the different sizes of
electrode to prevent the errors that might resathfarea scaling. However, it should be noted
that even for the smallest electrode area size ims#us study (100x1Q0m?) are sufficient
large, compared to the thicknesses of oxide fillass(than 50nm), to neglect the effect of

electric field broadening at electrode edges.

C-V measurement were performed fatlOkHz~1MHz, sweeping from inversion to
accumulation and back. I-V measurement were peddrfirstly from zero to positive and

then from zero to negative bias voltage till breakd.

Figure II. 15 shows the actual equivalent circatit left) for C-V measurements. Due to
the probe-electrode contact, silicon-back electrsileer) and resistance of bulk silicon, a
series resistanceshhas to be considered. The impedance meter ANGILENPT 4284A
provides parameters of two equivalent models narttedyseries model (¢ Rnw9 and the

parallel model (Gp, Rmp) for this circuit, as shown in Figure Il. 14 agiit. Depending on the
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gate voltage applied to capacity, this apparatasdediver different pairs of specific values of
the electrical circulf: Crs, Rns, Cnp-Gmp (Gmp is the conductance measured in parallel mode),
Cmp-D ( D is the dissipation factor), etc ... In thi®rk, all the couples measured will be
CisRms and Gnp-Gmp.

Figure 1. 15 Actual circuit for C-V measurementnsalering series resistances Rnd
equivalent parallel and series models provided BB4BB4A.R,, and R.s are the leakage or

loss resistance in the dielectric layer.

11.3.2.5) Determination of EOT of highk dielectrics using TCV program

Figure Il. 16 shows typical C-V measurement cubvath at low and high frequencies.

flatband

<

accumulation " i
inversion

at low frequency

inversion
at high frequency

Capacity measurement
|

5 4 2 ' s s
Vg (V)
Figure 1l. 16 Typical C-V curves depending on tipplaed bias voltage, measured at both low

and high frequencies.

When the bias voltageg\s performed on the grid of MOS structure, threzdes could
be produced depending on the voltage values. Tis¢ i accumulation regime, where
V¢<Veg (flatband voltage). In this regime the majorityrigos in the Si substrate, i.e. the holes,

are attracted towards to the oxides/Si interfacé fotm an accumulation layer by the

70



Chapter 11: Epitaxy and characterization principles and methodologies

electrical effect. The second is depletion regiMg-¥/ rs), where the holes are repelled from
the surface of the silicon to the volume of thesttdie by the positive charge applied to the
grid. Last one is inversion regime $0), where all the holes are deserted at the Sicairfa
therefore the minority porters electron becomesntlagority porters at the Si surface leading

to the inversion of the substrate type at the serfa

In this thesis, all the EOT values of the high-leléctrics are extracted by using a
homemade (at INL) TCV simulation program, whichdesveloped by Christophe Busseret,
Nicolas Baboux, Carole Plossu et Alain Pontet®. The TCV program permits the
reconstruction of the C-V curves based on the exyggrtal data by using the parameters such
as substrate type, doping concentration, workingction of silicon and metal electrode,

effective mass of the oxide, fixed charge Q ancia.

In a MOS device, the capacity measured is actiabym of three terms corresponding
three series capacities:
1 1 1 1
—= + +
C C C C

‘oxide 'substrate

Equatidn15

grid
In terms of thickness, it can be represented byetatior”:

CET=EOT+Yid+t substrate Equation1b

where CET (Capacitive Equivalent Thickness) is tbil thickness corresponding to the

measured capacitygiq (0.5A for metals) is the depleted zone of the ;gaitd tsupstrareresults

from the 2 dimensional electron gas which is forraethe dielectric/Si interface (appearance

of discrete energy level$) but not strictly confined at the interface andréiere generates a

complementary thickness approximately several amgst (Figure 1. 17 (a))

For the samples with thick dielectric films, thgy andtsussiracCan be generally neglected
and we have CET=EOT. However, if one’s objectivéoi®btain very low EOT values that
require thin oxide films, the differences betwedfTGind EOT has to be considered. TCV is
a program allowing fitting the experimental C-V meeements taking count in quantum
effect which appears for the thin dielectric filnitispermits extracting directly the EOT values.
(Figure 1. 17 (b))
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(a) Insulation (b)

EOT Vg (V)

Figure 1. 17 (a) Band diagram illustrating the disction between CET and EOT; (b)

Principle of EOT determination using TCV simulatmmogram.

[1.3.2.6) Determination of other crucial parametersfor high-k dielectric

Different from the MOS with Si@ layers, the electrical measurements of the MOS
structures with highkdielectric layers requires some specific attentidascept for EOT,
some other crucial parameters can be extractedtfierC-V measurements:
- Flatband voltage (M)

- Interface and oxide charges

- Vg determination.

In the MOS structure, the electrons migrate fromrietal with higher Fermi level (small
work function) to the semi-conductor substrate vatwer Fermi level (large work function)
through the interface, to align the Fermi levelsdifferent materials, which leads to the
curvature of the energy bands. If the applied gataxactly compensates the difference of the
work function between metal and semiconductor, ¢hevature of the energy bands will
disappear. This applied voltage is called flat baoldage . For a ideal MOS system,y
can be represented as:

Ve =@~ 0. = @ Edjon 11 -17

To extract \¢g from the experimental data, (F)Ef(V) can be traced. In the depletion
regime, it is possible to fit part of this curvethva straight line. The intersection of this line
with the horizontal axis gives the value afgyin consistent with the equation:

1 2

—=—(V-V Equatibnl8
C? qNAfsc§( ) |

The calculation of the slope of the line can albtam the doping concentratior, f the
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substrate, since the dielectric constamt of the semiconductor and the electrode size S are

known.

However, this method is only valid for the ideahddion, i.e. the sample has very few
defects. In fact the existence of the defects avamlable. Different types of charges localize
at different position of the MOS structure and héifierent effect on the C-V behavior of the
device. As shown in Figure 1. 18, four types oauaes can be identified in a MOS structure:
interface trapped charge®i, fixed oxide chargesQj), oxide trapped chargef4) and
mobile oxide charged)). Ves can be influenced by these charges. Thus Eq. k&lv be
modified by"*:

VFB — ¢ms_%_yQ_Cm_y%_yLC§05) Equation I1-19

where ¢ the surface potentialy the charge distribution factor.

The Vg can be calculated by this equation if the amodirdharges in oxide and at the
interface andg,.are known. For the electrode Au/Ni used in thiglgt nickel is the metal
in direct contact with the dielectric. Th@,, is theoretically very close to -0.5V (taking the

work function of Ni is 4.5eV and the Si doping i8'%m?). In practical, the C-V curve is
stretched out due t@;; and shifted from the theoretical curve by du&iand Q.. The kg
determination methods in the literatures have mdifbiculties for high-k dielectrics because
of high leakage current, highiDand high oxide charges. Therefore in this the§SY
simulation program is used to facilitate the exicacof Veg.

Mobile

ionic mmp Veg Shift
charges
t?;(r;%i qd = hysteresis
charges
Fixed oxide .
charges = Ve shift
Interface
trapped ™= C-V distortion
charges (stretch out)

Figure 1. 18 Different types of charges existimgthe MOS structure and their effects to the
C-V behavior of the device.
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- Dj; determination.

Interface trapped charges can be described byntbdace state density;:Pwhich is one
of the major problems of high-k dielectrics CMOSmpared to Si@ based MOS that
possesses a much loweg. Interface trapped charges are caused by strlicteifects, defects
resulting from oxidation, impurities at interfacedaradiation effects (or any other effect that
causes bond breaking at silicon interfaelNeglecting the leakage current and the series

resistance, the interface state density can benaotdy:

G
Dit :2_5(_p)max alllﬂn “ '20
q w

w(G,, [C2
and &¢ = . Y
w Gmp + wZ (Cox - Cmp)

Equation Il -21

where Gp/w)max represents the maximum of the plGhiw)=f(w) for a selected voltage; the
angular frequency«=2xzf) andC, the oxide capacity at the accumulation regime;utated
by a method Dual Frequency Correction (DFCR), wiisgbroposed by Yang and Hu

If the measurement is performed at high frequetioy, interface states will not have
adequate time to response the change of appli¢dgeolin order to extract the interface state
density, it is necessary to perform the measuremueiigh and low frequency. DFCR method
permits correcting the C-V measurements to achneme precise EOTSs.

- Qut determination.

Oxide trapped charges {are distributed throughout the oxidey, @ defined by the
shift of flatband voltage, which can be represertd

Qu

AVeg = Ve (Qu) = Vea( Qi =0) = =y—2 Equation Il -22
Assuming that the 5 shift is only caused b and y=1, AV, is then:
AV = S EOT Equation2B

C 3.9,S
Therefore @ can be determined by the slop of the plot&f., versus EOT and the
change in C-V hysteresid\{,;) can be used to compare the results from the measut of

different layer thicknesses.

74



Chapter 11: Epitaxy and characterization principles and methodologies

[1.3.2.7) Determination of parameters for MFIS structure

The ferroelectric layer in the MFIS (Metal Ferroelectric Insulator
Semiconductor) structure adds a memory function to the MOS capacitor. The regions
of operation described previously are the same, since they refer to the condition
of the semiconductor. Due to the hysteretic nature of the ferroelectric, both
Capacitance-VoltaggC-V) and Conductance-VoltagéG-V) curves also demonstrate
hysteretic as shown in Figure I1. 19. The width of the hysteresis loop is referred
to as “memory window” and can have a maximum value C, (for the saturated
hysteresis), which can be represented as:

_ E,E,S
d

wheregodielectric constant in vacuun8.85x10"F/m); ¢ the relative dielectric constant of

G, Equation Il -24

the ferroelectric filmSthe electrode area addhe film thickness.

Thus thee, of the ferroelectric film can be roughly estimat@bnsidering the Si©

insulator layer is normally quite thin). In additicen index to the amount of polarization

is the memory window.

Memory window
. -

L Accumulation

e
3 [ &
=] g
g _ Memory window =
8 Depletion o

. 1 §

@)
Inversion
-8 -6 -4 -2 0 2 4 6 8 -6 -4 -2 0 2 4 6

VgV) Vg(V)
Figure Il. 19 C-V curve (left, inset shows the MBI8icture) and G-V curve (right) of MFIS

capacitor

11.4) Conclusion

In this chapter, we discussed briefly the physpratciples of epitaxial growth. We also
introduced the growth and characterization methmglek of the crystalline oxide thin films
on Si substrate. In particular, the electrical elatarization method as well as the extraction of
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different parameter for high-k dielectrics has begrplained.
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Chapter I11: Epitaxial growth of crystalline oxides on Si: SrTiO; and Gd20;

[11.1) Introduction

We will discuss the epitaxial growth of two cry$itaé oxides-SrTiQ and GdO3z on Si
substrate. Epitaxy of these oxides requires a camhatomic flat silicon surface. We thus
first compare different pre-growth treatment forssibstrate. In particular, for the epitaxial
growth of perovskite SrTiQon Si, we present the Sr-assisted method of theuS8ace

preparation.

Then we will present the direct growth of crystaliSrTiQ on Si (001) substrate with no
amorphous interfacial layer. The optimal stratefjthe direct growth of SrTi@on Si will be
identified and the SrTigxhin film grown at optimal condition will be chatacized in detall,

including the early stage of the growth and thaistrelaxation process of the film.

In order to achieve the “substrate-like” Srfifdms on Si substrate, different optimized
strategies will be compared and we will that shosubstrate-like quality SrTiXilm on Si
(001) can be obtained.

Finally the epitaxial growth of G@3; on Si substrate will be discussed. We will focas o
Gd,O3 thin film grown on Si (111), because this systemds to very good oxide structural
quality. The influence of oxygen pressure and ghotemperature will be discussed and we

will show that monocrystalline G&; can be grown on Si (111) with a sharp interface.

111.2) Preparation of silicon surface
A clean, smooth and atomic level flat Si substgtdace is a fundamental requirement
for the high quality epitaxial growth of the thiiinf. In this section, we will introduce the

preparation of silicon surface before the epitakgyades films.

[11.2.1) Chemical treatment of Si substrate

The most common used treatment of Si substratedefutaxy consists in a diluted HF
etching procesé. HF selectively etches SiQwithout attacking the Si substrate surface.
Typically, HF is diluted in de-ionized (DI) wateo slow down the etch rate, with dilution
ratios ranging from 1:1 $©: HF to 100:1 HO:HF. For particular critical etching, HF might
be diluted with ammonium fluoride (NJH) to promote more uniform liquid coverage on the
silicon surface, which is then called Buffered Gxi&tch (BOE). At INL, we use the
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commercial Honeywel] AF 7:1 modified BOE (15% NiF and 5.2%HF), the etching rate of
which is 70nm/min. In order to identify an optimaleparation method of silicon substrate,
we study the Si surface prepared at different damrdi, usingin-situ RHEED andex-situ

AFM. Four chemical treatments are described in fieigli. 1. All chemicals used are of

electronic grade. The resistivity of the distillel@-ionized water is 188.cm.

Method Details

Degreasing (ultrasonic cleaning for 10min in ethane-

(&) No HF treatment _ .
nitrogen gas flow 1min

BOE dip 10s— Dl-water rinse 30s— nitrogen gas flow
(b) BOE treatment alone
1min

Ultraviolet ozone cleaning 20minBOE dip 30s— Dl-water
(c) BOE plus UV ozone

rinse 90s— nitrogen gas flow 1min— Ultraviolet ozone
treatment

cleaning 2min

Degreasing (ultrasonic cleaning for 5min in tricolethylene,

acetone and ethanol respectively)diluted HF solution

(1HF:25H0) dip 30s> Dl-water rinse 1mir- diluted sulfuric

(d) Standard industrial acid (1 BSOy: 1H;O0;) diplOmin— Dl-water rinse 5minr>
treatment diluted hydrochloric acid (3HCL: 1i®: 1H,0;) dip 10min —
DI-water rinse 5mir-diluted HF solution (1HF:254D) dip 30s

— Dl-water rinse 1min— nitrogen gas flow 1min>

Ultraviolet ozone cleaning 2min

Figure 1ll. 1 List of chemical treatment tested

Once the chemical treatments are finished, thailSstsate is introduced into our RIBER
2300 MBE chamber and annealed in UHV condition. Base pressure in the chamber is
2x10% Torr and it raises up to 2~3x10rorr during annealing. The annealing temperature
which is monitored by both thermocouple and infdapgrometer is increased from 300°C to
~950°C in 100°C, 4~5min steps and is stabilize@5°C for 30 minutes. During this step,
possible residual carbon impurities on surface megct with Si to form silicon carbide
(6-SIC) nanopatrticles, leading to the observationaoset of characteristic spots on the
RHEED pattern. This reaction typically occurs femperatures larger than 750°C~800°C.
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Ex-situAFM has also been employed to observe the substtataces. Figure Ill. 2 presents
the RHEED patterns after annealing and AFM resofitthe Si (001) substrates treated by
different treatments.

Methods RHEED along Si[110] AFM (1x1pum?)

(a) No HF treatment

RMS=0.40nm

(b) BOE treatment alone

.

»

awsioamin ©

(c) BOE plus UV ozone

treatment

RMS=0.09nm

(d) Standard industrial

treatment

RMS=0.12nm

Figure lll. 2 RHEED patterns along Si [110] azimusimd 1xJum’ AFM images of Si(001)
substrates treated by different preparation methods

According to the RHEED patterns along Si [110] a#im all the Si (001) substrates
present a (2x1) reconstructed surface after theaimy in UHV, which corresponds to silica
(SiO,) free surfaces. As for many semiconductor surfaeeonstructions, this (2x1)

reconstruction allows reducing the surface enengyobming surface chemical borfdsThe
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surface energies of the ideal (1x1) and (2x1) retcanted surfaces are 2.583/amd 1.51J/m
respectivel§. In the case of the Si (001) surface, surface stimmm dimmers along the [110]
rows, leading to periodicity doubling along the @1 Hirectior?®. Figure 1Il. 3 (a), (b) shows
the models of the ideal (1x1) and (2x1) reconstdi@i (001) surface, top view (upper) and
side view (below). Figure lll. 3 (c) shows a STMage of (2x1) reconstructed Si (001)
surfacé, in which two different colors correspond to twerraces: the dimmer orientation

rotates of 90° from one terrace to the neighboone.

(b) ) (c

Figure Ill. 3 Si (001) reconstruction models: (aehl (1x1) surface, (b) (2x1) reconstructed
surface, top view (upper) and side view (below).leinger spheres represent the atoms at the
first layer, in which the more yellow ones indictétte atoms buckled fipAnd (c) STM image

of (2x1) reconstructed surfadecluding two terrace’s

On the RHEED patterns of Figure 11l.2, spots relate the formation of-SiC (circled
by dotted line) next to the Si streak lines arecobesd for the silicon surfaces treated using the
“no HF” and “BOE alone” methods. For the “no HFeatment, the presence B{SIiC is
related to the reaction of carbon impurities itliyigresent at the Si/SiOnterface or at the
SiO, surface with silicon during high temperature atinga For “BOE alone” method, we
find that the relative intensity of the spots cepending to SiC is stronger than that observed
for the “no HF” treatment. This suggests that adddl carbon is absorbed on the bare Si
surface during the transfer to the epitaxial chanafier chemical treatment. HF treatment is
known as passivating the Si surface by saturatamglkihg bonds (formation of Si-H or Si-OH
bonds§. In our case, this passivation is not perfectultes in adsorption of carbonic
impurities, which are very difficult to be desorfBeBigure II. 4 shows a model of the “BOE
alone”-treated silicon surface and possible cherptem sites for carbonic impurities.

On the other hand, for the Si surface treated bQEBplus UV ozone” and “Standard
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industrial” methods, the implementation of a UV ne@rocess after BOE treatment has been
found to effectively decrease the carbonic impesitithe RHEED show clear, ordered
patterns without ang-SiC spot. In addition, the presence of Kikuchebnindicates a clean,
smooth surface. The UV ozone process (2min) remtwesarbonic impurities in form of
Si-O-C or Si-C and converts the terminated surfat® a ~1nm Si@ layer that protects Si

surface during transfer to the reactor.

The AFM images of Figure IIl.2 confirm the good tuyaof the surfaces treated by
method (c) and (d). We can clearly observe the mtateps of silicon and their RMS values
are as low as 0.09 nm and 0.12nm respectively."B&& plus UV ozone” treatment which is
much easier to perform than standard industriatinent leads to a clean and atomic flat
surface with an even smaller RMS. In contrast,3hseurfaces treated by method (a) and (b)
have relative high RMS values and there is no piasef atomic steps. SiC nanoparticles are
clearly observed in these images, the density attwls the highest for treatment (b), thus

confirming the RHEED analysis.

Figure Ill. 4 Model of “BOE alone™treated siliconsurface. Arrows indicate the

chemisorption sites for the carbonic impuritiesf(Be
In case of (111)-oriented silicon substrate, thesi8face treated by the method “BOE

plus UV ozone” following with the annealing at ~D0C also demonstrates good quality, as
revealed by RHEED and AFM characterizations (Figlre).
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RHEED along Si[110] RHEED along Si[211] AFM (1x1um?

*Ri\;ﬂ_8=0.313nm

-

Figure 1ll. 5 RHEED patterns and 1xan? AFM image of Si (111) substrate treated by “BOE

plus UV ozone” methods.

The RHEED pattern exhibits clear, well orderedaktrines of silicon without ang-SiC
spots. The presence of Kikuchi lines indicate ayv@nooth surface and Laue zones are
obseved. Si presents a (7x7) reconstructed surfab&h reversibly turn to a (1x1)
unreconstructed surface below about 854°Che surface energies of (1x1) and (7x7) Si
surfaces are 2.23 Jnand 1.42 J/fmrespectively. The (7x7) reconstruction is desctibe
Figure Ill. 6.

o8 ‘“““‘“?Y\*f*‘“‘r 8
80608080800 0806!

(a) (b)
Figure 1ll. 6 (a) Top view (upper) and side viewelgow) of (7x7) reconstructed Si (111)

surface model; (b) Experimental STM image (Ref.10).

The Si (001) and Si (111) surfaces treated by “B@&s UV ozone” consist of the
starting point of all the subsequent oxides epatiagiowth on silicon substrates.

[11.2.2) Strontium passivated Si (001) surface

A great challenge of the growth of oxides on Sistidie is to manage completely

86



Chapter I11: Epitaxial growth of crystalline oxides on Si: SrTiO; and Gd20;

oxidizing the metal elements of the oxides withfmrtming silica or silicates at the oxide/Si
interface. For this purpose, we use a strontiunstsbs passivation method developed by
Motorola™ to clean, passivate the silicon surface and uttityaobtain a template with a
Sr/Si (2x1) surface reconstruction that allowsepgaxial growth of SrTi@Qon Si (001). The

detailed process of is shown in Figure IIl. 7.
Sr

(b) Sr promoted SiO desorption and
SiO,/Si interface reaction:

(a) Sr deposition SiQ, + Si— 2 Si0r and
SiQ, - SiIOt+0+ &

(c) Pit formation was suppressed by Sr

passivation. Si@decomposition (d) Cleaned Sr terminated Si(001)
continues. surface

SiQ, - SiIOt+0+ &
Figure 1ll. 7 Mechanism of deoxidation using stiant (Ref.11).

After the preparation with “BOE plus UV ozone” meth the silicon surface is covered
by ~1nm-thick silica. Then a small amount (2ML)iSdeposited on the Sjchi surface in
UHV at 600°C followed by an annealing at 750°C 3@min. During the annealing process,
Sr or SrO acts as a catalyst to promote the decsitiqoof SiQ:

SIQ+S(SIQ - SO y+ @ $r S

Once the Si@is removed and Si surface is exposed to the vacthenSr diffuses into
the void and passivates the Si surface. This psomesults in an oxygen- and carbon- free,
atomically smooth surface and leaves 1/6~1/3 Mlorthe silicon surface, which can be
characterized by a Si surface observed at 600°6h@sn in Figure Ill. 8. The x2, x3 and x6
feature of the RHEED pattern along Si[110] origntatorresponds to a mixture of (3x2) and
c(6x2) phases of Sr/Si system.
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Integral order streaks

Si[110]

Figure 1ll. 8 Reconstruction of Si surface covebsdl/6~1/3 ML Sr

Adding strontium on this at 600°C modifies the mstouction, which turns to a x2
feature along Si [110] direction, correspondindli® ML Sr-coverage on the silicon surface
(Figure 111. 9). After exposition to oxygen for Imat approximately 400°C, this (2x1) phase
surface remains stable and forms a half monolay@rdd silicon surface, ultimately serving
as a template for the subsequent growth of SyBiI©Si(001). Figure Ill. 10 shows the model
of 1/2 ML Sr covered Si surface and the experimesitéM image.

51 [210]

Figure Ill. 9 RHEED patterns of Si surface covetegl 1/2 ML Sr, which lead to a x2

reconstruction along [110] directian

Figure 1ll. 10 Top view (left upper) and side viéleft below) of the model of Si surface
covered by 1/2 ML Sr and a STM image (Ref.12) {righ
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111.3) Epitaxial growth “window” of SrTiO 4/Si (001)
[11.3.1) Introduction

Strontium Titanate (SrTi§) STO) possesses a perovskite-type structene3() and the
lattice mismatch between ST@s{5=3.905A) and Sids= 5.431 A) is fairly small (1.69%)
with STO unit cell rotated 45° around Si surfac@lPaxis, as shown in Figure Ill. 11(a). The
surface energy of SrO-terminated STO and the STM#8iface energy are 0.801 J/and
0.574 JIm (Ref.13). Considering that the Si surface enesgg.7 J/mM(Ref.13), we obtain
Vo > Verot Vi 1-€. STO wets the Si surfddeTherefore the epitaxial growth of 2D STO

layer on Si is theoretically possible. Furtherm@&Q is predicted to be thermodynamically
stable on Si up to 1000k Figure IlI. 11(b) shows a model of the epitaxjedwth of STO on

Sr-passivated Si surface (covered with 1/2 ML Sageet) that we discussed in last section.

Si

Figure Ill. 11 The model of (a) Epitaxy relationglbetween STO and Si (001) substrate; (b)
epitaxial growth of STO on 1/2 ML SrO covered Bisttate.

STO presents a high dielectric constant of 300aredlgap of 3.3eV and its conductive
and valence bandoffsets with respect to Si areled/Iand 2.4eV. STO is paraelectric at room
temperature and becomes ferroelectric at -238°@Gpftoximately -168°C, STO undergoes a
transition from cubic phase to tetragonal phaseith a small distortion value c/a=1.0005 and

this transition is related to the rotation of theygen octahedron8

In this section, we will firstly introduce the hoeqtaxy of STO. This work has been
well developed at INL by G. Delhaye. We will showw STO/STO homoepitaxy allows
fixing the oxide stoichiometry and determining trewth rate. In the second and third part,
we will study the influences of growth temperatarel oxygen partial pressure to the STO/Si

system and identify the optimal growth conditiomen we will discuss the strain relaxation
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process, particularly at the early stages of tlwvt, of the STO film grown under optimal

condition.

[11.3.2) Homoepitaxy of SrTiO3
[ll. 3.2.1) Preparation of the STO substrate

A SrTiOs (001) surface has two possible terminations: Sn@® &0,, since the crystal
consists of an alternating stack of these two atophdnes. Calculations predict different
surface energies for the two possible terminatior801 J/r for SrO and 2.127 Jfnfor TiO,
respectively’*® In order to achieve a perfect, i.e. well-defirseniface on an atomic scale, as
well as a single terminated surface, the cleanimghod developed by Kawasaki et'alis
generally employed, which consists in a treatmdnthe SrTiQ substrates with an NjA
buffered HF solution (BHF) with pH 4.5 leading taaiform TiO,-terminated surface. Some
detailed research®s" demonstrates that this Ti®rmination on the surface is incomplete,
whose fraction was estimated to bet8%. In INL, we use a chemical treatment including a
short dip (30s) in the commercial BOE solutionaaluced in Ill. 2. 1), following with a rinse
in DI water for 10 seconds. Then the substratat®duced into the epitaxy chamber for an
annealing at 650°C under an, Qartial pressure of 1xTJorr for 1 hour, allowing
minimizing the formation of oxygen vacancies in thateriaf' and the carbonic pollutiéh
on the surface. Ex-situ AFM measurement has bedorpeed for the STO substrate after

chemical and thermal treatments, revealing itsassgrinorphology, as shown in Figure Ill. 12.
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Figure Ill. 12 (a)Model of the Tigterminated STO surface; (b)experimentaiix2um AFM

image showing a step-terrace structure of STO serfand (c) the vertical profile of the line
marked in (b),exhibiting the height of the stef.#nm, i.e. a unit cell of STO.

The AFM image exhibits a flat and well-defined S3@face with a step-terrace structure
and the step height equals to 0.4nm correspondimgé unit cell STO. The Tgerminated
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terrace edges meander along the two crystallograptes [100] and [018] The RMS of the
STO surface is 0.29nm. Figure 1ll. 13 shows the EBBpatterns of STO substrate before
homoepitaxial growth. We can observe that the ktigses are well-defined with clear
Kikuchi lines, which demonstrates a flat and googstal quality surface. The half-order
fractional streaks appear along both [100] and J@il@&ctions, demonstrating a two domain
(2x1)+(1x2) surface reconstruction, which corregjsoto a TiQ or TiO, (x is slightly smaller
than 2) terminated STO surface. This is due toctieation and organization of the oxygen
vacancies during the annealing process. In essdacd]ifferent treatment methods and
annealing temperatures STO surface exhibits ditereconstruction phases. In addition to
the above-mentioned 1) and (X1)+(1x2) reconstructions, several other reconstrnstare
also reportetf2>26:27:28.29.3031.32.3334.35.38,c0h as (21), c(4x2), c(4x4), (4x4) c(6x2), (6x2),
(V5x5)-R26.6°, {13xV13)-R33.7°. Generally, the higher order (largemauiy unit cell)
reconstruction usually requires higher annealimgprature and thus higher density of the
bulk oxygen vacandy.

[100] L sined |
Figure 1ll. 13 RHEED patterns of the STO substraftéer the chemical treatment and

annealing process. The arrows shows x2 reconsiactiong [100] and [010] directions.

[ll. 3.2.2) Epitaxial growth of STO on STO substrae

The configuration of our MBE chamber allows depagitSTO by two methods:
co-deposition (sending all the elements Sr, Ti @dimultaneously) and layer-by-layer
deposition (growing alternatively the SrO plane did, plane). Because the presence of Sr
promotes titanium oxidation (see 1.3.2), codepositmethod is used in this study. This
method has been studfécby Gabriel Delhaye during his PhD thesis and #sailts lead to
the optimal growth condition of the homoepitaxySiO as following:
(1) Growth temperaturdoetween 450°C~750°C

Homoepitaxy can be performed between 250°C to 75i€ all the RHEED patterns

show a streak-feature revealing monocrystallinetagm@l growth. This means the

crystallization temperature of STO is as low as°€5Nevertheless, when the temperature is
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lower than 450°C, the Bragg spots gradually cokerdtreak lines from the beginning of the
growth, exhibiting the appearance of 3D structeealing to more rough surfaces.

(2) Oxygen partial pressurBx10’ Torr~1x10° Torr

As shown in Figure 1. 20 (chapter 1), in order tompletely oxidize the metals of
strontium and titan, the oxygen partial pressureukh be 1x10 Torr and 1x18 Torr
respectively. Although the presence of Sr in coddmm method will make the oxidization of
Ti easier, the P©should be higher than 5x10rorr. In addition, due to the configuration of
our MBE chamber, PQOs technically limited to 1xI®Torr. In this range of oxygen pressure,
there is no significant variation of RHEED patterns
(3) The growth ratel~3 ML/min

Too high growth rates lead to amorphous STO groath to limited adatom surface

diffusion. In our case, because of the intrinsiarelateristic of Ti evaporation cell, the growth
rate is limited between 1~3 ML/min. The variati@fsSRHEED patterns for these two growth

rate demonstrate no evident difference.

In this optimal growth condition, a high qualityyd-dimensional monocrystalline STO
could be homoepitaxial grown on STO substrate. iStdichiometry can be finely tuned
during homoepitaxy by monitoring RHEED reconstroct (Ref. 38): a x2 reconstruction is
observed along the [100] STO azimuth when the saria Ti-rich, while a x2 reconstruction
is observed along the [110] STO azimuth when tivéase is Sr-rich. (Figure lll. 14). By
adjusting the Sr and Ti fluxes, x1 reconstructi@ne achieved for both [100] and [110]
azimuths, which represents a good stoichiometrTD film. Furthermore, the growth rate

could be measured by recording the intensity agmih of the specular spot.

Figure 1ll. 14 RHEED pattern of (a) Tirich and (b) SrO-rich STO film surface.
[11.3.3) SrTiO 4/Si (001): growth temperature dependence

Generally speaking, in order to achieve a two-disiamal growth for an epitaxial system

with small lattice mismatch, two conditions havebi satisfied: 1) thermodynamically, the
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epitaxial film has to wet the substrate, whichhe tase of SrTiglSi system as discussed in
section 111.3.1; 2) kinetically, the growth temptna has to be sufficient to confer to adatoms
sufficient surface mobility to build the growingystal. Too low temperatures lead to
amorphous layers. Particularly for the epitaxiavgth of oxides on Si substrate, due to the
presence of oxygen and to the reactivity of Si vifitts elemen, two additional conditions
have to be considered: 1) the growth temperatusetdvde not too high to avoid reactions
between the oxide and Si; 2) the chemical potewtfiabxidants, i.e. oxygen (molecular or
atomic) pressure has to be limited to prevent thidation of Si surface but high enough to
form the required phase of the oxide (oxidizatidrihe metallic atoms of the oxide lattice,
but not of the Si surface).

Abovementioned analysis suggests that an epitax@hth “window” concerning the
suitable growth temperature and the oxygen paptieksure exist for the heteroepitaxy of
SrTiO; on Si (001) substrate. In this section, we disdies temperature dependence of
STO/Si system.

In order to protect the Si surface from oxidatiziagd achieve the required oxygen
stoichiometry, a strategy including the meticuloxggen control has been used, as illustrated
in Figure 1ll. 15. The Si surface is clean and lygbrdered covered with 1/2 ML-thick Sr
after Sr-assisted deoxidization process. The oxyg#nPo,=2x10% is introduced to the MBE
reactor via a pressure-regulated plasma chambeoryolling a needle valve to form 1/2ML
SrO as a template for the STO growth. For theahZML STO, the Sr and Ti are codeposited
under an ambience obR=5x10® Torr, which is raised up to 2xT10Torr~1x10° Torr for the

subsequent Sr and Ti atom fluxes.

sosozMLSEONON ML Sr0
Si == Si
2ML STO P,,=5X10%Torr 2ML STO P,,=5x10*Torr
15ML SrO - 15ML SrO
Si Si

Figure 11l. 15 The sequent oxygen control strateg$TO epitaxy
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With this sequent oxygen control strategy, STO thims are deposited on silicon
substrate at different temperatures from 340°C~600he characteristics such as RHEED,
TEM, XRD and IR are employed to study the crystaliion, surface of the film and the

interface between STO and silicon.

111.3.3.1) RHEED

Two series of 4nm-thick and 45nm-thick STO filme grown on Si (001) substrate, at
different temperatures. Figure Ill. 16 shows tmalfiRHEED patterns of these samples along
STO [100] azimuth.

340°C 360°C 420°C 450°C 500°C

4nm

Figure 111.16 Variation of RHEED patterns of ST@fi(4nm and 45nm) grown at different

temperatures.

We firstly discuss the 4nm-thick samples. Appaseritie growth of STO film on silicon
demonstrates strong temperature dependence. Fowohextreme temperatures (340°C and
500°C), the RHEED patterns exhibit both streak dirend diffuse halo, suggesting the
coexistence of crystalline and amorphous phasesselbimilar RHEED patterns result from
different mechanism: a too low temperature (340&@ys to partially amorphous STO layer
due to the limited mobility of the surface adatofese 11.2.1); while a too high temperature
(500°C) induces a reaction between the depositedaind the underlying substrate, leading to

the formation of an amorphous silicate interface.

For the samples grown between 360°C and 450°GhalRHEED patterns displays a
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clear, well-defined streak line feature, suggestihg two-dimensional single crystalline
quality of STO films. One has to notice here theiHED only provides information on the

first few monolayers below the surface of the groyilm.

As the film thicknesses increase to 45nm, the RHE®&Derns of samples grown at
360°C~450°C displays a feature of streaks line ey Bragg spots, suggesting the
increase of the surface roughness and the 3D gravatle of the films. This behavior is
consistent with the STO homoepitaxy for which theiraal temperature is 550°C (see lll.
3.2.2f% At too low temperature, intensity oscillation tfe specular spot on RHEED is
rapidly damped due to limited adatom mobility. TREEED pattern of the sample grown at
500°C displays Debye-Scherrer rings indicatinggbbycrystalline growth. It is surprisingly
that the sample grown at 340°C undergoes a tranditorm an amorphous-crystalline mixture
phase to single crystalline phase as the film tesk increases (~20ML, not shown here) and
simultaneously follows a 3D growth mode (spottytdea on RHEED).

11.3.3.2) TEM
The 4nm-thick samples grown at 360°C and 450°C we&eenined by TEM, (Figure IlII.
17 (a) and (b)) The sample grown at 360°C presantpod structural quality and an
atomically abrupt interface with silicon. In cordtaa ~1.2nm-thick amorphous silicate layer
is formed at the interface between STO grown at’@58nd the Si substrate, as already
described elsewhel&*. According to these results, 360°C appears asptimal temperature
for growing high quality STO/Si layers with an aptineteorinterface.
10

glue

A e e i e A Tl e

Figure 1ll. 17 High-resolution TEM cross-sectiondew of STO/Si(001) grown at (a)360°C
and (b) 450°C, with the Si directions denoted inset

Figure 11l. 18 shows the diffraction pattern copesding to Figure Ill. 17(a). The crystal

orientation of STO with respect to Si can be dedutem this figure and as expected, the
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epitaxy relationship is defined as [110] STO (04190] Si (001).
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Figure 1ll. 18 High resolution TEM diffraction patn of the STO/Si(001) sample grown at
360°C.

111.3.3.3) XRD
To further investigate the structural quality ofett8TO films grown at different

temperature, 45nm-thick samples have been chawmederby high-resolution X-ray
diffraction. Figure Ill. 19 displays theb2s scans recorded around the STO 002 out-of-plane
Bragg reflection for the samples grown at 340°C°863120°C and 500°C respectively. The
sharp, intense peak a#=569.13° is the Si 004 Bragg reflection. The STO glas grown at
340°C, 360°C and 420°C present good crystallindityuaith the STO 002 peaks appearing
at 2=46.29°, 46.34° and 46.27° respectively. Howewer,the 500°C sample the STO 002
peak intensity is much less than that of the osla@nples, due to lower crystal quality. These
results are consistent with the RHEED observatibne out-of-plane lattice parameters
extracted from Figure Ill. 19 for the sample of 380360°C and 420°C are 3.919+0.002A,
3.915+0.002A and 3.921+0.002A respectively. Theiebe discussed below.
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Intensity (cps)
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Figure 1ll. 19 High resolution X-ray diffraction meurements around STO (002) diffraction

condition for the STO/Si samples grown at diffeteniperatures.

In-plane diffraction was also used to charactetime samples. Figure Ill. 20 shows the
corresponding data (in linear scale) collected adatlne in-plane STO 200 Bragg reflections.
For the sample grown at 500°C, we observe a shamegnse peak at 62=47.30°
corresponding to the 220 diffraction of the undedysilicon substrate and no STO 200
reflection is observed. In agreement with out-af@ measurement results, this suggests a
poor STO structural quality for this sample. Foe tither three samples, the STO 200 peaks
are much more intense than the Si 220 peaks regealigood STO structural quality. The
in-plane lattice parameter extracted for the samgl®wn at 340°C, 360°C and 420°C are

3.931+0.01A, 3.933+0.01A and 3.945+0.01A respettive
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i (220)
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Figure Ill. 20 High resolution XRD data collectedoand in-plane STO (200) Bragg

diffraction condition for the STO/Si samples graatmlifferent temperatures.

Both of in-plane and out-of-plane lattice parametare larger than that of bulk STO
(3.905A). We attribute this anomalous behavior tmmbined influence of thermal expansion
and defects existing in the STO epitaxial flmst us assume the STO films entirely relax to
their bulk in-plane lattice constant at growth temgture (340°C, 360°C and 400°C), which
can be calculated by:

a;" = ayx[1+ (T, = 20)x ') Equation-1il
where Tg the growth temperaturea’ the in-plane lattice parameter at the growth

temperaturea, the bulk STO lattice constant (3.905A) angro the thermal expansion
coefficient of STO (9x16K™) *2. Because the underlying silicon substrate imposes a
clamping effect to the STO film, the STO will obthe thermal expansion coefficient of Si
when cooled to room temperature (20°C). The in@I&TO lattice parameters can thus be
written as:

a’® = a7 x[1+ (20~ T )xag] Equation 11-2

whereasithe thermal expansion coefficient of Si (2.5%K0)*.

The theoretical in-plane lattice parameters of $f@vn at 340°C, 360°C and 400°C are
3.913A, 3.914A and 3.915A respectively. These \alare larger thanpg, indicating that
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differential thermal expansion leads to tensilaistin the STO layers at room temperature.
According to the elasticity theory, the relationshietween in-plane and out-of-plane lattice
parameters is given by:
aca . ,C . a4
8 Cu 8
where G, and G; are the macroscopic elastic constants of €TWith C,,=3.175x10"
dynes/cr and G;=3.175x10" dynes/cri. And y=C;./(C11+Cy,) is called Poisson’s ratio that

Equation III-3

describes the tetragonal distortion of the film doghe strain. The, predicted by elastic

theory as well as all the theoretical and experindaia are listed in Figure 1ll. 21.

Comparing the experimental and calculation dataigure 1ll. 21, we find that both STO
grown at 340°C, 360°C and 420°C present the saufeg values as that of fully relaxed STO
layers, which tends to indicates that these layees fully relaxed on Si at the growth
temperature. However, both in-plane and out-of-gliattice parameters are larger than those
predicted by thermal expansion and elastic thecoypgidering the experimental errors). The
experimental unit cell volumes (\47-a.) obtained are larger than the calculated onés. It
probably related to the presence of defects inSh® film such as misfit dislocations and
oxygen vacancies, which could increase the latimestant” *> “° The volume of a vacancy
in ionic solids is in general larger than the ammdlume of the missing i8h It has to be
noted that we observe weak temperature dependenteeflattice parameters of 45nm single
crystalline STO films due to the relative largectmiess and the interface conditions play no
longer a critical role for the structure qualitytbé STO layers.

Temperature 340°C 360°C 420°C
a,(20.002A) 3.919 A 3.915 A 3.921 A
Experiment ay (0.01A) 3.931A 3.933A 3.945 A
Data a.lay 0.9969 0.9954 0.9937
Unit cell Volume (A 60.56 60.56 61.02
Calculation results (A 3.900 3.899 3.898
(if STO is entirely ay (A) 3.913 3.914 3.915
relaxed on Si) . a.lay 0.9967 0.9963 0.9958
Unit cell Volume (A 59.72 59.72 59.74

Figure 1ll. 21 Experimental and theoretical data®7O lattice parameters

111.3.3.4) IR (work of W. Peng, collaboration with SOLEIL)

The Infrared transmission measurements were peeidrat AILES infrared beamline,
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Synchrotron SOLEIL, on the samples discussed irptBgious sections. The high brightness
of the synchrotron radiation allows obtaining sfgaint IR signal on our thin STO layers.
The IR spectra were recorded under vacuum usingrukeB E55 Fourier transform
spectrometer with resolution of 1&mand a bolometer to cover the 20~600cspectral
region . Figure 1ll. 22 (a) and (b) show the IRngmission spectra of the STO/Si samples
grown at 340°C~500°C with thicknesses of 4nm anthdlSespectively. The absorbance was

calculated using the transmission through a Si)6Qkhstrate as a reference.

In Figure Ill. 22 (a) (4nm-thick samples), the dpaim of STO grown at 360°C clearly
shows transverse optical (TO) modes at 155 ¢RO.), 199 cnit (TO,) and 555 crit (TOy).
Compared to equivalent phonons observed in cer8intbe peak positions of thin layers are
shifted to higher energy (see Figure Ill. 22 (®Ypporting a mismatch induced stressed
structure. As the epitaxial temperature increasas f360°C to 420°C, these phonon modes
shift to lower frequency, indicating an increasehsf interatomic bond length. It demonstrates
that the STO film grown at higher temperature (420% less strained (i.e. less tetragonally
deformed) than that grown at 360°C on silicon satbst In addition, the intensities of the ;O
TO, and TQ modes corresponding to the 420°C sample are wehkarthose of the 360°C
sample, indicating larger crystalline disorder e tlayer grown at 420°C.. In the spectra
corresponding to the STO layers grown at 340°C;@5&nd 500°C the STO phonon modes
are not visible, which indicates that the well seteSTO portion dramatically decreases in
these thin films. Meanwhile, several interface meode 260cit~ 480cn are present in all
spectra except for the 360°C grown sample, which good agreement with the our RHEED
and TEM results (no interface layer formed at 360°These interface modes can be

attributed to the formation of the amorphous siidaterfacial laye?>°

Interestingly, for the spectrum of the 360°C samfiieee extra modes appear at 25'cm
58cmi* and 81crt respectively. These low energy modes can be int@ither by the

formation of tetragonal STO phases or by the sgtibn of the soft mod&°% It is well

known that the bulk STO crystal undergoes a phaaesition from the cubicPnBm

perovskite structure (at room temperature) to gemal phase withd/mcmsymmetry? when
T is below 105 K. This transition involves the tia of TiOs octahedrs. According to
previous IR reflectivity study on STO ceraniftas a function of temperature, T@ode
position shows a progressive shift from 93 cat room temperature to 15 ¢mat 15 K (see
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Figure lll. 22 (c)). In the case of thin films, i& widely reported that the biaxial strain
imposed by underlying substrates can induce thacdaetragonal phase transition thus
ferroelectricity in STO epitaxial filn?&>° For the STO/Si system with a lattice mismatch of
1.7%, our IR results suggest that different tetradjostructures (as demonstrated by the
various TO modes) are present in the STO film conmsurtely grown on silicon. Evidently,
the vibrational modes can be a great guide in debeng the precise structure of thin layers.
The interpretation however, is hampered by the dexily of the spectraab initio periodic
method are underway to predict the vibrational speof both SrTiQ bulk and thin layer

which will allow verifying the assignment of thelesv energy modes.

In Figure Ill. 22 (b) from 45nm-thick samples, th®;, TO, and TQ modes appear in the
spectra of all the temperatures due to the mudetdiim thickness. However, the TQeak
in spectrum 500°C is quite broadened, which is vikgly caused by the eventually
polycrystalline film feature. Compared to the 4rimek thin films, the TQ modes of 360°C
and 420°C spectra of 45nm-thick STO layers areesilg shifted to lower energy (see Figure
lll. 22 (c)) which attests the relaxation of theGTilms as the thickness increases, thus
confirming our XRD results (previous section). Caripg the TQ modes taken from spectra
340°C, 360°C and 420°C, one can observe thatm@de of spectrum 420°C shifts to lower
frequency with respect to those of 340°C and 360A@icating the STO layer grown at
420°C is more relaxed than those grown at 340°C 38@fC, consistently with our XRD
measurements (Figure Ill. 21). Furthermore, thenea significant difference in the interface
mode region for all the spectra of different tenaperes, which reveals that the STO
component takes a majority portion in the epitaklal and the signals of the interface mode
become much weaker comparing with those in 4nnkthlms. These results are in good

agreement with prior RHEED and XRD measurements.
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Figure lll. 22 Infrared transmission spectra of gpial STO films on Si grown at different
temperatures (a)4nm-thick films and (b)45nm-thidknd. Squares, circles and triangles
denote the transverse optic modes of, T, and TQ respectively. (¢) IR active TO modes of
STO. All numbers are in émBulk STO data are determined by infrared refiégti(Ref.48).

[11.3.3.5) Influence of initial oxygen partial pressure

The oxygen partial pressure, in particular at thdyestage of the growth, is another
parameter to achieve a coherent interface betwdéh fdn and Si substrate. Therefore a
series of 9ML-thick STO/Si(001) samples grown a thptimal temperature 360°C under
different oxygen partial pressures at the initiavgth stage (0~3ML) have been investigated
using XPS. Figure Ill. 23 (a)~(c) display the expental scans and the fit of the & core
levels of the STO/Si samples grown under initiaygen partial pressure of 2xi0orr,
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5x10%Torr and 8x1Torr. As a reference, spectrum (d) was recordeu &cSi substrate with
its native SiQlayer on the surface. In this spectrum, the2fipeak is centered at around
99.3eV and the SiOpeak is located at about 103.2eV, consistentli Vitérature datd. For
the spectrum (a), taken from the sample grown umi®r2x10%Torr, the peak centered
around 101.7eV which can be assigned to Sf* orSi** specie¥ indicates the formation of

a silicate at the interface. In spectrum (b), rdedrfor the STO/Si sample grown under
PO,=5x10%Torr, the signal arises principally from the siliceubstrate with only a relatively
weak peak centered at approximately 101.2eV inidigahe presence of Si-O-Sr bonds at the
interface®. This indicates that the STO/Si interface is abatpthe atomic scale, which is in
good agreement with the present TEM analysis (Eiglir 17(a)). Spectrum (c) is taken from
the sample grown under REBx10%Torr. The experimental data can be fitted using two
components corresponding to SEpecies. The peak centered at around 101.7eV d8dbes
formation of silicate phase while the other onetesd at 103.3eV, which is much more

intense, indicates the formation of $Si& the interface.

These results clearly demonstrate that the oxy@etieppressure plays a critical role for
the interface reaction during the first growth staDecreasing the oxygen pressure results in
a pronounced intensity of silicate (or silicide)hiash is consistent with the study of
STO/(Ba,Sr)O/Si system performed by G. J. Norgal.€iRef.57). In Ref.57, both SrSj@nd
TiSiyx interfacial layers form when the oxygen pressiwgeless than the optimal value
7x10%Torr. Meanwhile, increasing the oxygen pressurelde@a the oxidation of the silicon
surface. The optimized oxygen partial pressurengutihe initial growth stage is 5x¥0orr
for the STO/0.5ML-SrO/Si(001) system.
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Figure 1ll. 23 The XPS scans in the Si 2p regio®MiL-thick STO/Si(001) samples grown
under different initial oxygen partial pressure (2¥10%Torr, (b) 5x10%Torr (c) 8x10%Torr

and a reference spectrum of Si substrate with a8 on the surface.

According to the analysis above, we can thus obtiaé epitaxy window of STO/Si
system, as sketched in Figure lll. 24. Both of the elevated and too low growth
temperatures lead to amorphous interfacial lay&wden STO and silicon and the optimal
temperature is around 360°C. At the optimal tentpeea too high or too low initial oxygen
partial pressures (for the first 2ML~4ML STO) rdsuh the formation of amorphous
interfacial layer and the optimal oxygen partiakgsure is 5xI®Torr. In contrary, a higher
oxygen pressure 5xTTorr~1x10°Torr is required for the following growth to acheethe
good stoichiometry of SrTi§) Compared to the optimal growth conditions of SIQD
homoepitaxy that are ~550°C and 1¥T06rr, the optimal growth conditions of heterosystem

STO/Si fall in a regime of relative low temperatared low initial oxygen partial pressure.
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Figure 1ll. 24 Diagram of STO/Si(001) system,H.

[11.3.4) SrTiO 3 film grown under optimal conditions
In the previous section, we discussed the impattgrawth temperature and initial

oxygen partial pressure on the heteroepitaxy of fCsi (001). Optimized material quality
and abrupt interface if obtained at T = 360°C weithinitial O partial pressure of 5xT0orr
for the first 2ML of STO. In this section, we wilnalyze the structural properties of STO

films grown under the optimal growth conditionsumther details.

[11.3.4.1) Two-phased STO, strain relaxation
The XRD out of plane 2w scans recorded around the STO 002 reflection ifar f

samples with the thicknesses of 10ML, 14ML, 24MRML and 118ML are displayed in
Figure 1ll. 25 (a) (in reciprocal space units: d./ where d is the distance in the real space
along the growth axis). The spectra of the founrier samples (10, 14, 24 and 42 ML)
present Pendellésung fringes attesting for the gogstallinity and flatness of the STO layers.
The main diffraction peak progressively shifts tosglarge g values increasing the STO
thickness beyond 14 ML, indicating a decrease efSMO out of plane lattice parameter. At
118 ML, Pendellésung fringes are no longer detedtexlto a degradation of the STO quality
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associated to plastic relaxation (see below).
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Figure Ill. 25 (a): &-w scans of the STO 002 reflection for 10, 14, 24ad@ 118 ML thick
STO/Si layers. Grey, dark cyan and red-dashed lifiésof the peaks. q = 1/d is the
interatomic distance in the growth direction. (bdains in linear scale on the Pendellésung
fringes of the spectra of (a)lq is the offset with respect to the center of thelioal sinus
contribution. (c): Reciprocal space map of the SO@ reflection, and 2w profile of the

map forw= 0.

Interestingly, the Pendellésung fringes are notragtnic for the 10, 14, 24 and 42 ML

samples. The XRD spectra cannot be fitted usingmgle cardinal sinus function, and a
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shoulder peak at low q value must be added, asrsimo®igure Ill. 25 (b). A good agreement
between experimental data and fitted curves isimddaby using a sum of a cardinal sinus
(for the main diffraction peak and the Pendelléstrimgges) and a Gaussian function (for the
low g shoulder). Such a dissymmetry of the diffi@ttspectrum can result from geometric
effects (strong mosaicity of the STO layer, possibisalignment between the STO layer and
the Si substrate). To test this hypothesis, a recg space map of the STO 002 reflection of
the 24 ML thick sample was recorded using a Get@0bounces analyzer on the diffracted
beam (Figure Ill. 25 (c)). This allows strongly vethg the detection acceptance angle, thus
removing possible parasitic diffraction due to getme effects. The profile extracted for the
reciprocal space map of Figure Ill. 25 (c)eat O is also dissymmetric, indicating that this
dissymmetry is related to the presence in the agétwo different STO domains having two
different out of plane parameters (designated iastlte following). The 002 STO peak of the
118 ML thick sample can also clearly be decompassnl two components, as shown in
Figure IIl. 25 (a).

In-plane diffraction was used to record thg-@ spectra corresponding to the 110 STO
reflections. The @, angle in in-plane configuration is equivalent teetd angle in the
out-of-plane configuration, so that in-plane-8® scans are equivalent t®-& out-of-plane
scans. 110 STO reflections are particularly intamgsbecause 100 Si reflections, that are
theoretically located in the same angular regios, farbidden due to diffraction selection
rules. Diffraction from STO only is thus collectetound the 110 STO reflections. A
deconvolution into two Gaussian peaks was requicefit these B,-¢ scans, as shown in
Figure Ill. 26. The bimodal character of the ditftian peaks is clear for the 10, 14 and 24 ML
samples, and becomes less clear for larger thiskseslowever, even for the 42 and 118 ML

thick layers, a better fit was obtained using twau€sian peaks rather than one.
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cubic STO, taking into account the influence of $hesubstrate on the thermal expansion of

STO during the temperature ramping down step @ftewth.

This analysis indicates that the STO layers contaio STO domains having two
different in-plane lattice parameters (designatedaain the following) and two different
out-of-plane lattice parameters c. The lattice mpeter values extracted from in- and
out-of-plane XRD experiments are plotted in Figure27. In this figure, the red dash-dotted
lines represent the values calculated for in- antob-plane lattice parameters of fully
strained and fully relaxed (bulk) cubic Pm3m ST®eTcalculation is based on the elastic
theory considering thermal expansion effect, asudised in detail in previous section lll.
3.3.3. As a consequence, thin STO layers growni®ulSstrates undergo additional thermal
deformation after epitaxy, when the temperaturgaimped from the growth temperature
(360°C) down to room temperature (20°C). As desdilm Ref.58 for the GaAs/Si system,
the in-plane lattice parameter of STO is submittedhe Si thermal expansion coefficient,
while the effective STO out-of-plane thermal expanscoefficient depends on the thermal
expansion coefficients of Si and STO as well as WO elastic constants, and rates
1.315x10° °C®. This anisotropic contraction leads to built-inngde strain at room
temperature in STO thin layers relaxed on Si avtjidemperature (for such relaxed layers, a
is larger than c). The dark and light gray experitak curves in Figure lll. 27 labeled
“cub-STO a” and “cub-STO c”, respectively correspoto the same STO domain: for
thicknesses lower than 24 ML, the correspondingearpental values for a and ¢ correspond
to the calculated values for “standard” STO cry=ialg in the cubic Pm3m perovskite
structure and fully strained on the Si substrate.this STO phase, designated as cub-STO in
the following, plastic relaxation starts betweena2dl 42 ML, leading to a decrease of ¢ and
an increase of a. For the 118 ML, the experimevdlles of a and ¢ matches that calculated
for bulk cubic Pm3m STO (on condition that diffetiah thermal expansion is taken into
account), showing that the cub-STO phase is fulbstrally relaxed for this thickness.
According to these experimental results, the @itibickness for plastic relaxation of STO on
Si is between 24 and 42 ML.

The remaining set of lattice parameters (blue aack ¢yan curves in Figure Ill. 27

labeled t-STO a and t-STO c, respectively) corradpo a second STO phase, designated as
t-STO in the following. Obviously, this t-STO phadees not correspond to cubic Pm3m STO:
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the associated ¢ values for the 10, 14 and 24 Mk tBTO layers are around 4.1 A, which is
much larger than the expected c value for cubic $¥éh strained on Si, and the associated a
values does neither match that expected for cub@ Strained on Si, nor that expected for
bulk cubic Pm3m STO. It corresponds to a tetrag&TdD phase, the origin of which will be
discussed in further details in the next sectidme Tetragonality (c/a-1) as a function of the
deposited STO thickness and the evolution of ¢ danation of a are plotted for both
cub-STO and t-STO phases in Figure Ill. 28. For td-STO phase, the tetragonality
corresponds to that expected for cubic Pm3m STénstl on Si for thicknesses below 24
ML, and tends toward that expected for fully reld&TO for larger thicknesses. Moreover,
the evolution of ¢ as a function of a matches thaiected from linear elasticity for cubic
Pm3m STO (black dash-dotted line in Figure Ill. @8). For the t-STO phase, the
tetragonality is around 0.06 for thicknesses bek@ ML, and tends toward that expected for
fully relaxedcubic STO for larger thicknesses. For this t-STO ph#se,evolution of ¢ as a
function of a presents two regimes: for thicknedsdew 24 ML, the experimental points are
aligned along a line that can be easily fitted Kdgnay dash-dotted line in Figure 1ll. 28 (b))
using a Poisson-type relationship of the form:
c:ab—ZXEX(a—ab)

11
where g, C;2 and G; are the bulk lattice parameter and elastic cotstainthe t-STO phase,
respectively. The fit in Figure IIl. 28 (b) leadsd, ~ 4.0 A and &/C;;, ~0.46, which strongly
differs from the values for cubic Pm3m STQ £3.905 A and &/Cy; = 0.323). Interestingly,
for the 42 and 118 ML thick STO layers, the evauntof ¢ as a function of a for the t-STO
phase deviates from that predicted by Poissonisaktiip and tends towards that measured
for the cub-STO phase. This evolution, as wellted bf the tetragonality, suggests that the
t-STO phase undergoes a progressive tetragonaultec ghase transition for deposited
thicknesses larger than 24 ML, which correspondthéothickness above which the plastic

relaxation of the cub-STO phase starts.
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Figure 11l. 28 (a) : Evolution of the tetragonalifg/a-1) as a function of the STO thickness for
the cub-STO phase (dark grey) and the t-STO pluss& Cyan). Red-dashed lines: calculated
tetragonalities for fully strained and fully relakecubic STO, taking into account the
influence of the Si substrate on the thermal exippansf STO during the temperature ramping
down step after growth. (b): evolution of ¢ (ouptdne lattice parameter) as a function of a
(in-plane lattice parameter) as a function of thECSthickness for the cub-STO phase (dark
grey) and the t-STO phase (dark cyan). Dark-grephddotted line: elasticity theory
prediction for cubic STO (elastic parameters indezhon the graph). Dark cyan dash-dotted

line: fit on the three smallest thicknesses forttsd O phase (fit parameters indicated on the

graph).

In order to further precise the experimental resudlétailed above, the 10 ML thick
STO/Si sample was studied by high-resolution TENgyFe IIl. 29). A high-resolution
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cross-sectional view of this sample is displaye#igure Ill. 29 (a). The STO layer is flat and
its interface with Si is abrupt at the atomic scdlbe image contrast in the STO region
presents clear heterogeneities, attesting for tskgystallographic disorder. More precisely,
well defined bright zones (as zone 1 in Figure 2B. (a)) coexist with darker zones (as zone
2). The electron diffraction pattern correspondiogthe image of Figure Ill. 29 (a) is
displayed in Figure 1ll. 29 (b). In the in-planeoflzontal) direction, the Si 220 and STO 200
diffraction spots are superimposed, as expecteth ftbe indirect epitaxial relationship
between STO and Si. In the growth (vertical) diettthe STO 002 diffraction spot appears
clearly. Interestingly, this diffraction spot is waed, indicating that the STO presents two
distinct ¢ parameters. The values of these c pdmmeas extracted from the diffraction
pattern are 3.95 + 3xT0OA and 4.10 + 2x18 A for the bright external spot and the less bright
internal spot, respectively. These values match teasured by X-ray diffraction for the
c-parameters of the strained cub-STO and the t-phases in the 10 ML thick sample,
respectively. The Fourier transform of the imagé&igure Ill. 29 (a) is displayed in Figure III.
29 (d). In this Fourier transform image, the inq@aSTO 200 diffraction spot is no longer
masked by the Si 220 diffraction spot, and botleotions can be distinguished, as shown by
the zoom in the corresponding region (Figure 112 @)). The two diffraction spots
correspond to a values of 3.845 + 8% and 3.899 + 8x10A. The smallest of these values
correspond to the Si 110 interatomic distance anthé¢ a value for strained cub-STO, while
the largest corresponds to the a value measuredRyy for the t-STO phase. This TEM
analysis thus confirms the presence of the two Bféses in the 10 ML thick samples, and
also confirms the a and c values measured by XRD.
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Figure Ill. 29 (a) High-resolution TEM cross-sectal view of the 10 ML thick STO/Si layer.
(b) : corresponding electronic diffraction patterte) Zoom around 002 Si and 002 STO out of
plane reflections (squared zone in (b)). (d) : Heutransform of the image of Figure 29(a),

and (e), zoom around the 002 in-plane reflecticugiared zone in (d)).

[11.3.4.2) Formation of the two STO phases

Further information can be extracted from the asialpf the TEM image of Figure Il
29 (a): the Fourier-transform images correspontrnzpne 1 and 2 are displayed in Figure IIl.
30. The horizontal line profiles recorded along ##00> axis in these Fourier transform
images are compared in this figure. This graph shthvat STO has not the same in-plane
lattice parameter in zone 1 and in zone 2. In Zbifleright zone in Figure 1ll. 29 (a)), the a
value extracted from the Fourier-transform image€igfire I1l. 30 is 3.85 + 1.5x1bA, which
is close to that expected for STO strained on S4@ A). In zone 2 (darker zone in Figure IlI.
29 (b)), the a value for STO is 3.90 + 1.5%1&), very close to that measured by XRD for the
t-STO in-plane lattice parameter in this samplenely 3.89 + 2x13 A. This analysis allows
concluding that bright zones in Figure Ill. 29 @rrespond to coherently strained cubic
Pm3m STO, while darker zones in Figure lll. 29qairespond to tetragonal STO.
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Figure IIl. 30 Fourier transform images of zone Ada2 in Figure Ill. 29 (a), and associated
profiles along the [200] in-plane axis. Insets bétgraph: zooms around the STO -200 and
STO 200 reflections.

According to Figure 1ll. 29 (a), the extension bése STO domains is of the order of ten
or a few tens nanometers. They are separated ligaleboundaries, leading to a (quite
disturbed) columnar like morphology. Both STO damsaare present in approximately same
proportions in the 10 ML sample, according to Feyllt. 29 (a). Both STO phases are very

similar from a chemical point of view, so that tiéerence in the TEM contrast between the
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STO domains cannot be interpreted as resulting fobramical effects. Tetragonal STO
domains are darker because they are slightly neistad with respect to the Si substrate
(mosaicity), oppositely to perfectly oriented cagr@rcubic STO domains. This mosaicity also
leads to a quite low contribution of the t-STO phas the heavily angularly resolved
out-of-plane XRD spectra of Figure Ill. 25. Oppesif the in-plane experiments summarized
in Figure lll. 26 have been carried out using a Imlmwer angular resolution. In these
in-plane spectra, the relative intensities of tleaks corresponding to cubic and tetragonal

STO is much more representative of the volumic propn of these domains in the samples.

The t-STO phase thus presents a more pronouncedicitpsthan the well ordered
coherent cub-STO phase. The coexistence of a wagred and a more disordered STO phase
appears clearly in the-scans of the STO 002 reflection plotted in Figlite31. Up to 24
ML, i.e. as long as the cub-STO phase remains ealigrstrained on Si, these-scans
present a sharp central contribution correspontbng well ordered STO phase, and a much
broader contribution corresponding to STO with fyanosaicity. According to the TEM
analysis described above, the well ordered STO epHaading to the sharp central
contribution in thewm-scans correspond to coherently strained cub-STghbzone 1 in
Figure Ill. 29 (a)), while the broader contributsom thew-scans (due to stronger mosaicity)
correspond to the more disorder t-STO phase (damk 2 in Figure 1ll. 29 (a)). Very similar
results as that displayed in Figure lll. 31 haverbpublished in Ref.59. In this article, the
authors attribute the sharp portion of the STO @B2cans to the presence of coherently
strained STO, which is consistent with our analySippositely, in Ref.59, the origin of the
broader contribution (which is reported by the ausHfor STO thicknesses as low as 5 ML) is
not clearly discussed and is attributed to a relgp@tion of the STO layer. According to our
experimental results, the plastic relaxation aitithickness for the cub-STO/Si systems
exceeds 24 ML, which excludes the presence of a ®T@ed portion in 5 ML thick layers.
The disordered STO portion in thin layers (up toh24) corresponds to the t-STO phase, as
clearly shown by our experimental results. AboveMl4 plastic relaxation of the cub-STO
phase occurs, leading to the disappearance of sleatpgbution in then-scans of Figure lll.
31: plastically relaxed cub-STO presents a stroogaitity due to the presence of threading

defects associated to plastic relaxation.
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Figure Ill. 31 w-scans of the STO 002 reflections for 10, 14, 24add 118 ML thick STO/Si

layers.

The evolution of the RHEED pattern at the earlygstaof STO growth is presented in
Figure Ill. 32 (a). Pattern (i) corresponds to thel)-reconstructed Si surface before growth,
while patterns (ii), (iii) and (iv) were recordedtaa the growth of 0.8, 2 and 5 ML,
respectively. The contrast of the diffraction linegattern (ii) is low, due to the presence of a
relatively bright background. This indicates thaft(Sis initially partly amorphous, as
described in Ref.60. The amorphous part of STO ttemmystallizes, leading to brighter

diffraction line contrast in patterns (ii), (iind (iv).
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Figure 1ll. 32 (a) RHEED patterns recorded alon@t8i [110] azimuth before STO growth (i),
and after 50 (ii), 110 (iii) and 250 s (iv) of STgpowth. (b) : red circles : evolution of the
RHEED contrast (ratio between the diffraction linéensity and the background intensity) as
a function of the deposition time. The points aedwi), (ii), (iii) and (iv) correspond to the
RHEED patterns of (a). black squares : evolutiorthef STO in-plane lattice parameter, as
deduced from the spacing between STO diffractimeslia a function of the deposition time.
Dark cyan lines: in-plane lattice parameters follyustrained cub-STO and for t-STO at
360°C, as deduced from XRD and TEM measurementsa&imd) into account the influence
of the Si substrate on the thermal expansion of 8liihg the temperature ramping down

step after growth.

The evolution of the RHEED diffraction line contraand of the STO in-plane lattice

117



Chapter I11: Epitaxial growth of crystalline oxides on Si: SrTiO; and Gd>0;

parameter a (as deduced form the spacing of theBRH#iffraction lines) are plotted in
Figure lll. 32 (b). The diffraction line contrastae measured by normalizing the diffracted
intensity with respect to the background intengigcorded between 2 diffraction lines). It
decreases as compared to that measured for thieagalduring the first ~0.8 ML STO (zone
1 in Figure lll. 32(a)), and re-increases betweénahd ~2 ML. Intensity oscillations are then
observed, indicating the onset of a two-dimensitengr-by-layer growth mode after ~2 ML.
The evolution of the RHEED contrast between 0.8 2ndL is driven by the proportion of
amorphous STO in the growing layer : the RHEED @sitdecreases between 0 and 0.8 ML
(zone 1) due to the increase of the backgrounadhsitie and increases above 2 ML (zone 2)
due to a decrease of the background intensity. BYdML, the background intensity remains
constant and the evolution of the RHEED intensstyniostly driven by the variation of the
diffraction line intensity. This shows that amorpBoSTO is formed on the surface
simultaneously with crystalline STO up to 0.8 MLpdathat the amorphous STO part
recrystallizes between 0.8 and 2 ML. Interestingtg evolution of the STO in-plane lattice
parameter a is correlated to that of STO crysigliBetween 0 and 0.8 ML, a increases from
the Si value (3.843 A along the 110 azimuth atglwevth temperature to approximately 3.9 A.
This value is very close to that measured by XRD &BM for the in-plane lattice parameter
of the t-STO phase (~3.903 + 8x1@ at the growth temperature if one considers that
in-plane lattice parameter of t-STO is submittedhe thermal expansion coefficient of Si
during the temperature ramp-down after growth)s®iows that the initially crystalline part
of STO is the t-STO phase. Between 0.8 and 2 MLerwlthe amorphous STO part
recrystallizes, it starts contributing to RHEEDfittion. In this region (zone 2) the STO
in-plane lattice parameter decreases and reach@65-8 at 2ML. This shows that the
in-plane lattice parameter of recrystallized ST@nsller than that of the initially crystalline
t-STO phase. Considering the TEM and XRD resultaie above, the recrystallized (and
initially amorphous) STO portion correspond to twdherently strained cub-STO phase. Due
to its limited resolution, RHEED does not allowdatiminating both STO lattice parameters:
beyond 0.8 ML, when both STO phases coexist urtdar trystalline form in the deposited
layer, the lattice parameter measured by RHEEDnig\&erage lattice parameter resulting
from the contribution of both these phases. AbowL2 when the initially amorphous phase
is fully recrystallized, the surface lattice paraemestarts oscillating. These surface lattice
parameter oscillations are characteristic for ttmvth of a coherently strained matetialThe

simultaneity between lattice parameter oscillatistart and full recrystallization of the
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initially amorphous STO phase further confirms thiae initially amorphous STO phase
recrystallizes into the coherently strained cub-Spkase between 0.8 and 2 ML. The
formation of a coherently strained material by ystallization of its amorphous phase on a
substrate may priori sound anti-intuitive. However, as mentioned in thieoduction, the
formation of coherently strained STO on Si by retailization of amorphous STO has
already been reported earlier by several grifp$? and is a standard technique for
fabricating STO on Si (so-called “kinetically cosited” STO growth).

[11.3.4.3) Discussion on the origin of the t-STO phse

At room temperature or even at its growth tempeeatin Si (360°C), the stable bulk
STO phase is the cubic Pm3m phase. Bulk STO undsrgm extensively studied
antiferrodistorsive phase transition at ~105 K, @néerroelectric with a tetragonal 14/mcm
structure below this temperatifeThis phase transition leads to a rotation of th@gT
octahedrons of the perovskite structiftet is associated to an increase of the tetraggnali
(c/a-1) of the STO lattice which turns form 0 abd@s K to a few 108 at 50> Pressure
has been shown to strongly modify the critical teragure of this transition for bulk ST
and strain related to mismatched epitaxial growsh also known as impacting the
transitior?>®® % A T, as high as 293K has thus been reported for &SR®/DyScQ epitaxial
layer”* However, the tetragonality reported in the studientioned above never exceeds
103, and is much smaller than that reported here @etvBx1F and 7x1G for t-STO, when
the total STO thickness is below 24 ML).

For the STO/Si(001) systems, Aguirre-Tostado ét dlave reported tetragonality values
of 1.5x10° for STO thicknesses up to 40 A, while Woicik eBahave reported a value of
was found to be fully strained on Si, i.e. to présexactly the same in-plane lattice parameter
as that of Si. In both cases also, the formatioa ttragonal STO phase was attributed to the
simultaneous influence of the strain and of anri@kpolarization related to the presence of
interface defects (such as oxygen vacancies) arfdcsuadsorbates. Finally, in both cases,

STO was described as single-phased.
It is likely that similar effects are at the orignfi the formation of the t-STO phase in our

samples, even if our experimental results signifiigadiffer from that reported in Ref. 72

and.73 In our samples, grown by direct depositibpaotly crystalline STO (as in the low
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temperature step of the kinetically-limited methotyyo STO phases coexist. The t-STO
phase, while not commensurate to Si (it presetasger in-plane lattice parameter as that of
Si) is crystalline as soon as growth begins while tub-STO phase results from the
spontaneous crystallization of initially amorph@&iBO. Moreover, the t-STO phase is clearly
present for STO thicknesses up to 24 ML (~96 A)icwhis much larger than the maximal
thicknesses of 40 and 20 A reported in Ref. 72 #&)despectively. In our growth conditions,
the amount of oxygen provided at the early staddiseogrowth is insufficient to fully oxidize
the entire material. In this O-poor environment,s€gregation effects (enhanced by the
presence of an elevated concentration of O vacgnaie liable to take place, leading to an
inhomogeneous repartition of the O atoms (and CGamaes) at the very beginning of the
growth that may be at the origin of the formatidrthee two STO phases. In the end, the fact
that the t-STO phase is not coherent with the 8stsate (which indicate that it is not fully
strained on Si) while the cub-STO phase is fulhpised on Si indicates that epitaxial strain
does not play a major role in the formation of O phase.

[11.3.4.4) THz IR evidence of the two-phased STO athrelaxation

The samples discussed in the previous section alsoestudied by IR measurements, on
the SOLEIL AILES beamline in collaboration with Pr&. Roy. The results of the 14, 24, and
118 ML thick samples are plotted in Figure Ill. Fr these samples, all the TO modesTO
TO, and TQ) shift to lower energies when the film thicknessreases from 14ML to 114ML,
which corresponds to the plastic relaxation of tdubic STO phase. For the 14ML film
several extra TO modes (including soft modes) aseved appear in the THz range (20~100
cm?) which shows that cubic STO phase, as well as lariged and polarized tetragonal
(ferroelectric, corresponding to soft modes) ST@g&s coexist in the film. For the 24ML
STO film, a single extra TO mode (non soft modehpams indicating that the tetragonal
phase portion STO decreases (no polarized phasestibican be detected. However, when
the film thickness reaches 118ML, no extra TO medests suggesting the STO film is
entirely relaxed. These results are in good agreeméh our XRD analysis: a tetragonal
STO portion exists in the films up to at least 24,Mnd disappears for larger thicknesses.
Moreover, this analysis allows concluding that ti@tvagonal STO phases (namely polarized

and unpolarized) coexist in the 14ML-thick films.
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Figure 1ll. 33 Evolution of the IR transmission spa of STO films grown under optimized

condition as the film thickness increases.

[11.3.4.5) Evolution of the surface morphology of he STO film

In this section, we investigate the evolution af Burface morphology as the STO film
thickness increases. Figure Ill. 34 shows the RHEt&erns and corresponding AFM
1x1um images of STO films with different thicknessdsgtsample series is the same as that
discussed in the previous sections). These expetimbighlight the effects of plastic
relaxation of STO morphology: below 42 ML, the fdnare flat. Roughness then increases
above 24 ML (critical thickness for plastic relarataccording to our XRD experiments), due
to the onset of plastic relaxation and related fram of defects in the STO layers.

14ML 24ML 42ML 118ML

2000m - RMS=0.14nm 2000m RMS=0.21nm 2000 RMS=1.88nm ;
Figure Ill. 34 Evolution of the surface morphologfythe STO films as the thickness increases:

RHEED patterns (upper) and AFM 1xh images (below, inset shows the RMS values)
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[11.3.5) Summary

Our experimental results give some clarifying eletseon the STO/Si interface,
morphology, STO crystallinity and strain relaxatiprocess. According to our analysis, the
STO growth shows temperature and oxygen partiabsore dependence. The optimized
epitaxy window is 360°C and initial g2z=5x10%Torr. For the STO films grown under the
optimized condition, STO is two-phased. A cubic Sdl@ase is formed by recrystallization of
initially amorphous STO. This STO phase is cohdyesirained on Si and obeys elasticity
laws (with the elastic constants of bulk cubic PmSR0) up to 24 ML. Above this thickness,
plastic relaxation starts leading to fully relax®80 at 118 ML. The tetragonal t-STO phase is
crystalline as soon as growth begins and rematrsgenal (with a tetragonality of 5x%@o
6x107%) up to at least 24 ML. Further increase of STQrkhess leads to a progressive
reduction of the tetragonality of the t-STO phasat tends to O for large STO thicknesses.
Despite the apparent simultaneity between plastaxation of the strained cub-STO phase
and diminution of the tetragonality of the t-STOaph (which requires further experimental
confirmation, by studying STO/Si layers with intexdiate thicknesses), epitaxial strain is not
likely to be the main driving force for the formati of the t-STO phase: O vacancies
associated with O segregation at the early stagg®@rowth are more likely at the origin of
this phenomenon. Improving the STO structural quaéquires:

-further understanding and control of the origintloé formation of these two phases, in
order to obtain single phased STO

-increasing the STO growth temperature: at 360°C) $ initially partly amorphous.
The optimal growth temperature for STO/STO homaegyiis 550°C.

l11.4) Towards substrate-like quality SrTiO 3 thin films on Si (001)
[11.4.1) Alternative strategies of Si surface passiation

One of the principal objectives of this thesis ¢sitssin the development of perfect STO
epitaxial film on silicon substrate and the compreion of the issues related to system
thermodynamics, oxidation kinetics and knowledgeirdérfacial structures. In order to
improve the crystalline and surface quality of €O film epitaxially grown on silicon
substrate, we discuss in this section several rdifte Si passivation strategies and their

influence on the STO structural quality.
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[11.4.1.1) Silicate (Sr.SiO,) buffer layer

Since R. C. McKeet al'*">"® firstly pointed out the crucial role of Sr termiita layers
in the preparation of crystalline oxide-semiconduieterostructures, the growth of alkaline
earth oxides (SrO, (Ba,Sr)O) on silicon were ineystudied, particularly during the first
stages of their growth on Si. Y. Liafget al reported an investigation of a two-dimensional
silicate-like layer (S5Si04) on Si (001) surface. This layer remains stableight temperature
~450°C in oxygen rich environment with oxygen parfiressure up to 5xI0Torr hence can
possibly be used as an interfacial template fordhlesequent growth of single-crystalline
perovskites. We have further studigdhe structural and chemical behavior of the ctijs&a
SKSIO, layer and it is found that this silicate decomgos®e SrSiQ at higher temperature

600°C due to internal reactions and/or by reactidh the substrate.

In this thesis, we examine firstly the growth ofG3®n 2D silicate layer reported by Y.
Liang (Ref. 77). This process consists in formihg silicate and subsequently growing STO
at around 550°C. The process details and the RHgd&@rns obtained along Si[110] azimuth
at each step are shown in Figure Ill. 35. Afteatineent by BOE plus UV ozone (lll.2.1), the
silicon surface is covered by ~1nm thick Sil@yer. An annealing at 950°C for 1 hour is
performed to obtain a clean (2x1) reconstructedugiace. Strontium is then added to the
silicon surface from 1/3ML (%3 reconstruction) ML (x2 reconstruction) at 600°C. The
substrate temperature is then ramped down to 180ftCthe 1/2ML Sr is oxidized under
oxygen partial pressure of 5xiDorr. A 2D single crystalline $8iO;, layer is formed by
increasing the temperature to 550°C, which is redehy a clear, well-define RHEED pattern
with Kikuchi lines. STO is deposited on this sitieduffer layer at 550°C with oxygen patrtial
pressure 5xI0Torr. We observe that the STO film remains amorghmtil 4ML and exhibits
both crystalline and amorphous phases when thé&rbss is 20ML, which suggests the
possible reaction between the deposited STO asdifitrate and the formation of amorphous
interfacial layer. Therefore the 1/2ML silicate émycannot passivate silicon surface at high

temperature and high oxygen partial pressure.

It is very likely that the 1/2 ML silicate layer 180 thin to prevent the interfacial reaction.
According to the results of Ref. 38, theSI0, layer is formed during the epitaxial growth of
SrO on silicon substrate when the growth tempeegatsirhigher than 500°C, and remains

single crystalline and 2D up to 6ML. We have thugestigated the growth of this silicate as a
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function of the growth temperature.

Figure Ill. 35 Growth processes of STO/Sr@8N001) system. The RHEED patterns are all
taken along Si[110] azimuth.

10ML silicate layers are deposited at 500°C~750°%h w& Sr flux of 9x18Torr and
oxygen partial pressure of 1xiTorr (optimized condition of SrO epitaxy, see Ra8).
Figure IIl. 36 shows the RHEED patterns along Si0Jlazimuth of the 10ML-silicate on
silicon substrate. At 500°C, the RHEED displaysyadiffuse halo suggesting a completely
amorphous feature of the deposited layer. It halsetmoted that the growth always begins
from a crystalline phase but the portion of amoysh@hase continuously increases and
covers the entire surface at the end of the growththe temperature increases to above
650°C, the crystalline phase (streak lines) cafl be observed for the 10ML film.
Nevertheless, at the extreme temperature 750°@rtveth mode turns into three dimensional

one.
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500°C 550°C 600°C

650°C 700°C 750°C

Figure 1ll. 36 RHEED pattern along Si [110] azimudi 10ML silicate layers at different

temperatures

Based on these observations we conclude that ttial iBD single crystalline silicate
layers cannot be grown on Si at any temperatuns.rbt surprising because neither the two
SKSiO, phases o and B) structurally matches silicdh considering that $8iOs;-o. has an
orthorhombic (group space N°62 Pmnb) phase with.G82, b=7.090 A, ¢=9.773 and
S1SiOy-p possesses a monoclinic (group space N°14 P12fhaRe with a=5.663A, b=7.084
A, c=9.767 R°. Therefore the initial crystalline silicate layisrlikely a pseudomorphic phase

and stable only within few monolayers.

We examine the quality of STO films grown on 2Mlieth silicate buffer layers at
550°C~650°C. Figure IIl. 37 exhibits the evolution§ RHEED patterns along Si[110]
azimuth for the STO growth on silicate/Si (001) pdate. We observe that 2ML silicate layers
grown at 550 °C show clear streak lines attestimgsingle crystalline feature. The RHEED
pattern of 10ML-STO grown at the same temperatusplays clear, streak lines feature
suggesting single crystalline growth. However, itiigal 5ML STO shows partly amorphous
feature revealing the formation of interfacial layEor higher temperatures, the RHEED
patterns show coexistence of streaks and the difo suggesting both crystalline and
amorphous phases. The RHEED patterns of STO fileosited on these silicate layers

demonstrate spots and Debye-Sherrer rings suggefiirand polycrystalline growth modes.
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550°C 600°C 650°C
0

Si substrate
(1/2ML-SrO)

2ML silicate

SITiO;

Figure lll. 37 RHEED patterns along Si [110] azirhudf the STO growth on silicate/Si(001)
template at different temperatures.
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Figure 11l. 38 Evolutions of (a) RHEED intensity thfe specular spot and of (b) the silicate

lattice parameter (deduced from RHEED diffractiorelspacing)

Figure 11l. 38 (a) and (b) respectively shows tweletions of RHEED intensity of the
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specular spot and of the silicate lattice parameéteing the silicate growth at 550°C. The
RHEED intensity undergoes a continuous declinendutine growth and the oscillations show
that 3ML-thick silicate film is deposited. Thg Bemains constant and equals to that of the
silicon substrate value (3.845A at the growth terapee 550°C) suggesting a pseudomorphic
growth of silicate film on Si.

The crystallographic quality of a 60ML-thick STO/2Msilicate/Si sample grown at
550°C was examined by XRDO2» measurement, as shown in Figure Ill. 39. The sgen
sharp peak locating at6269.13° corresponds to the Si 004 reflection. TheO(® peak
(260=32.95°) that should be extinct also appears piglhke to the interdiffusion of the atoms
at the silicate/Si interface. The STO (001), (0&2)l (004) peaks appear &22.75°, 46.56°
and 104.44°, exhibiting good quality of single-cajne STO film, in good agreement with
the RHEED observations.

STO(002)

'_STO(001)
Si(002)

STO(OO4)

Intensity (counts)
1

o } A }l i

20 30 40 50 60 70 80 90 100 110
26-0(°)
Figure 1ll. 39 XRD 2-w scan of the STO film grown on silicate/Si(001)akate at optimized
growth condition

Compared to the STO grown on Sr-passivated Si cairfat >500°C, which is
polycrystalline, the 2D single-crystalline STO filkan be epitaxially grown on silicate/Si(001)
template at 550°C. Nevertheless, an amorphoudawtal layer forms at the interface and the
STO recrystallizes after 5ML.

[11.4.1.2) (Ba,Sr)O-passivated Si(001)
In addition to SrO, the binary oxide BaO was aleerb envisaged and explored as a
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buffer layer for the heteroepitaxy of perovskitéd®s on silicof®? In particular, the mixed
compound (Ba,,SK)O attracts intense researchiéd®® due to the possibility to tune its
lattice parameter between that of BaO(5.534A) drad of SrO(5.140A). According to the
Vegard Law® the compound (Ba-Sf 29O adopts the same lattice parameter as that of
silicon (5.431 A) at room temperature. Hence latticatched epitaxy could be envisaged
between (B@;:Shh29O and Si and also between (B&rK)O and STO by progressively

changing the alloy composition.

The growth condition of the mixture (BaSr 29O has been detailed investigated in the
thesis of G. Delhay® at INL. The optimized growth condition of (BaSrh.29O can be
summarized as following:

(1) Low growth temperature (60°C). At such low temperat the mobility of the metal
species is limited leading to a homogeneous mixethpound in case of
co-deposition.

(2) Oxygen partial pressure of 1xIDorr. This critical oxygen partial pressure
guarantees the complete oxidation of the metalispathile prevents the formation
of the phases of Baand SrQ.

(3) The stoichiometry of the mixture (BaSro.29O is determined by the measurement of

Quartz Crystal Microbalance.

RHEED patterns along Si[110] and Si[100] of a 19Bay 7Sty 29O film are shown in
Figure Ill. 40. The high contrast, well-orderedesk lines exhibit good single crystalline
quality of the layer. In addition, the epitaxialatonship between (Ba:Sr.29O and Si can
be defined as [100] (Ba-Sro.29O (001)//[100]Si(001).

1

Figure 1ll. 40 RHEED patterns of (a)1/2MLSr cover8dsurface, (b)(Ba,Sr)O[110] surface
along Si[110]direction and (c) (Ba,Sr)O[100] alorg)[100]direction.

(a) Si[110]

Figure 11I. 41 (a) shows the evolution of the RHEEENSIity of the specular spot during
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the growth of the (Bg:Sr29O sample grown under optimized condition. The tpigt
displays oscillation at the beginning of the growtiggesting layer-by-layer growth mode,
which transforms to 3D growth revealed by the diegpance of the oscillations. The
evolution of the lattice parameter of (B&5r.29O is plotted in Figure 1l1l. 41 (b): it oscillates
in phase opposition with respect to the RHEED isitgn This behavior corresponds to the
non-tetragonal deformation of the B&51290 takes place at the free edges of the
two-dimensional islands formed during the layerlyer growth, as explained in Il 3.5. The
lattice parameter of (BaxSr 29O remains similar to that of silicon, indicatinigat good

lattice-matched (BgySih.29O epitaxial film has been grown on Si(001).
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Figure Ill. 41 Evolution of the intensity of the BBD diffraction lines (a), and of the

(Bag.7:S10.29)O lattice parameter (b) (as deduced form RHEERraktion line spacing).

In order to investigate the stability of (&S 29O thin film on silicon substrate, the
interface of the as-deposited 5ML sample and a Eammealed at 380°C for 10min under
UHV are probed by XP3. Figure Ill. 42 shows the XPS spectra of2Sbf the two samples.
An high energy shoulder appears on the th@sieak after the annealing of 380°C, which
corresponds to the presence of silicate and siliche interface. These results demonstrate
that the (Ba,Sr)O layer is thermodynamically inktadn silicon even at such low temperature
of 380°C, which make (Ba,Sr)O not suitable as asigason layer on silicon for the
subsequent STO growth at relative high temperai@®=3°C).
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Figure Ill. 42 XPS Si 2s specffaof the as-deposited sample and the sample annexled
380°C for 10min under UHV.

[11.4.1.3) Summary

In this section, we have examined two other pasisivamethods in addition to 1/2
ML-SrO to achieve the commensurately epitaxial ghowf STO on silicon without the
recrystallization process. However, none of thesetechniques effectively passivate silicon
surface at the relative high temperature 550°C, dbemal growth temperature for STO

homoepitaxy. Other strategies should be identiitealtain this objective.

[11.4.2) “2 steps” growth approach

Given that the strategies discussed above coultdenased to passivate silicon surface at
high temperature, a “2 steps” growth approach lees kexplored in this thesis. It is detailed
in this section. The STO epitaxial film grown undlee optimal condition identified in 1ll. 3
(360°C and initial oxygen partial pressure of 5%I6rr) is firstly annealed under UHV at
550°C to be used as a buffer layer (first stepytHem STO epitaxy is then performed at

550°C, and under an oxygen partial pressure of 5x1810°%Torr. This process is illustrated

in Figure 111. 43.
- 3 i 2~10ML STO optimal condition
2~10ML STO optimal condition Annealing 550° C URV
=ML SrO =ML SrO
Si Step 1 Si Step 2

Figure Ill. 43 lllustration of “2 steps”’approach aépitaxial growth of STO. Left panel shows
step 1 of the STO growth under optimized conditind right panel displays step 2 of an
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annealing and the epitaxy at high temperature aigth loxygen partial pressure.

[11.4.2.1) Influence of STO buffer layer thickness:crystallinity

As discussed in the following, the “2 steps” appiods a compromise between STO
structural quality (crystallinity, defects) anderfiace abruptness. The STO grown at the first
step presents an abrupt interface with silicon ianekpected to act as a buffer layer role to
prevent Si from oxidization at high temperature amler high oxygen partial pressure.
Because the oxygen might diffuse through the STfleblayer to the STO/Si interface and
lead to the formation of silica amorphous layer, imeestigate the influence of STO buffer
layer thickness to the quality of the samples.

A series of 45nm-thick STO/Si samples (grown at°&50nder 5x10 Torr of oxygen
except for the STO buffer) with 2ML, 5ML and 10MIOS buffer layer (grown at 360°C)
have been fabricated. The evolutions of the RHEERems recorded along the Si[110]

azimuth are shown in Figure 1ll. 44.

As shown in the figure, all the films are grown fat, 1/2ML-SrO covered silicon
substrates. At the first step, STO was depositedeumptimal conditions defined in the
section 1ll. 3. The 2ML STO buffer exhibits both arqphous and crystalline phases, while the
5ML and 10ML thick STO buffers present improvedstajlinity due to recrystallization at
360°C (see section Ill. 3.4.2). For 2ML STO, aftamealed at 550°C under UHYV, it is
obvious that the diffuse halo vanishes and the RBIEfttern shows clear streak lines
features, suggesting good crystallinity of the Slaé@er. For 5SML and 10ML samples, the
streak lines displays higher contrast and bettéinelé feature after annealing treatment. In
the end of the growth, all the samples exhibit wlelined streak lines feature with a “x2”
reconstruction RHEED patterns, suggesting highitwalngle-crystalline TiG-terminated

STO epitaxial layers.
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2ML-buffer 5ML-buffer 10ML-buffer

Si surface
(1/2ML-SrO covered)

STO-1 step
(360°C,
5x10%Torr)

Annealed
(550°C, UHV)

STO-final

Figure Ill. 44 RHEED patterns along Si [110] azirhubf “2 steps” STO films with different
buffer STO thicknesses.

HRXRD measurements were performed to further stingy crystalline quality of the
45nm STO layers. Figure lll. 45 shows the typicgéc2scans andv scans (rocking curves)
recorded the around STO 002 reflections for théediht samples.. Theb2y scans of the
three samples exhibit the similar feature. The SO0@ peak centered at6=246.58°,
corresponding to an out-of-plane lattice paramates3.896A, indicates that the STO films
are fully relaxed on the silicon substrate, comsndethe thermal expansion mismatch (see
[11.3.3.3). STO 003 peaks arising &i=¥2.3° can also be observed for the samples with 5M
buffer and 10ML buffer, indicating high quality atallinity of these films. The rocking
curves however show that increasing the buffer rlayckness to 10 ML reduces the
mosaicity of the STO film. It is very likely thatitker buffer layers result in better interface

quality thus better crystallinity.
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Figure 1ll. 45 X-ray &-w» scans in log scale (left panel) aadrocking curve scans around

STO (002) in linear scale of (right panel) for aiss of STO films “2 steps”

[11.4.2.2) Interface and surface quality

The “2 steps” samples have also been examined BENRMeasurements to clarify both
crystallization and interface qualities. Figure #6 (a) and (b) shows the HAADF-STEM and
HRTEM cross-sectional view images of the 2ML-buample respectively.

: _ = (b)
Figure Ill. 46 (a) HAADF-STEM and (b) HRTEM crosssgonal view images of 2ML-buffer
sample.

From the TEM images we can clearly observe thatapproximately 2nm Si©
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amorphous layer forms at the interface. In addjtsurprisingly, this 2nm-Si©amorphous
does not disappear as the buffer thickness incsems®ML and 10ML (not shown here).
According to an earlier study (Ref. 42), the siliager forms at the second step of the growth,
i.e. the oxygen (§=5x10"~1x10°Torr) diffuses through the grown STO layer to tiiean
surface at such high temperature (550°C). Regarttingpe STO layer quality, the highly
uniform contrast displayed by the images verifyoadjcrystallinity of the STO epitaxial film.
We can clearly observe the strontium and titan atonthe HAADF-STEM images.

The surface morphology of the “2 steps” samplesatge explored by AFM non-contact
measurement. They all demonstrate an atomically dlaface. Figure Ill. 47 shows a
4umx4um AFM image of 2ML-buffer sample, with the RMS afl@nm.

= ' ——

Figure Ill. 47 4imx4um AFM image of 2ML-buffer “2 steps” STO/Si(001) gden

[11.4.3) Strategy of multi-step recrystallization growth

H. Li et al. in 2003 reported a kinetically conteal sequential deposition method for the
STO/Si system with an abrupt interf&teThis method consist of an initial deposition of
amorphous 2ML STO at low temperature (200°C) ana/ loxygen partial pressure
(1~5%10°Torr) then annealing at 600°C and UHV, followingtiwthe repeat of this process
till L0ML STO is obtained. They announced that thidIL STO could maintain its integrity
for subsequent further STO growth at high tempeea(®50°C) and high oxygen partial
pressurex1x10°Torr). Therefore we investigate this method in g@stion.

Figure 1ll. 48 shows the evolution of the RHEEDtpats of the STO films at each step.
After annealing at 550°C under UHV , well-definettak lines RHEED pattern can be
observed for the originally amorphous 2ML STO. Bpeating the recrystallization process,
10ML high quality single crystalline STO layer ibtained. Based on this 10ML buffer STO
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layer, 105ML STO film is subsequently depositecb@0°C and oxygen partial pressure of
1x10°%Torr. The final film shows the similar RHEED patiess those grown using “2 steps”

method, indicating a high quality single crystadlifiO,-terminated STO film.

TR

(@) ©)

10ML annealed STO
2ML amorphous STO 2ML annealed STO 10ML STO annealed
=ML SrO zML SrO Y:ML SrO =ML SrO
Si Si Si Si

Figure 1ll. 48 Evolution of RHEED patterns (uppdor each step of STO deposition using

kinetically controlled sequential method in Ref 62.

XRD 26-w measurements were performed on this 45nm-thiclpkgras shown in Figure
lll. 49 (a). The STO 002 peak appears 6+46.60° (with a FWHM=0.22°), in the same
position as that observed for STO grown by the t&ps’ method, which suggests STO is
totally relaxed. The corresponding rocking cutvé€Figure Ill. 49 (b)) presents a FWHM of
0.14°, which attests for the excellent structuraldy of the STO layer.

Considering the finite thickness of the STO sampik5nm), the FWHM of @s/2 of
perfect crystallite can be estimated by Schernenida:

_ 0.8A
Bcosg,

where t the crystallite thicknessthe X-ray wavelength (1.54059A), B full width alhmax
(FWHM) and6g the Bragg angle (rad). Comparing the FWHM of clttan value (0.18°)
and experimental one, a “substrate-like” STO epetas obtained on Si(001) substrate. The
surface morphology of this STO layer is characegtiby AFM (4umx4um), which shows
atomically flat quality with RMS=0.16nm, as is demstrated in Figure Ill. 50.
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Figure Ill. 49 (a) Typical 2-w scans in log scale (a) and rocking curve scans around STO
(002) in linear scale of (b) “recrystallized” ST@rhs

500nm RMS=0.16nm

Figure 1ll. 50 4mx4um AFM image of “recrystallinzed” STO/Si(001) sample

Figure lll. 51 (a) and (b) show the TEM cross-swwl images of the recrystallized
10ML thick STO buffer layer (taken from Ref.62) anfl our final 45nm-STO film. The
10ML recrystallized STO buffer presents an abrupéerface with Si and the subsequent
growth of STO at 550°C and,(partial pressure of 1xT0orr lead to the formation of a
~2nm-thick amorphous SiJayer at the interface. This behavior is similarthat of the
STO/Si sample grown by “2 steps” method. Oxygerfudds through the growing film

resulting in the formation of interfacial SiIO
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Figure Ill. 51 TEM cross-sectional images of (a)MlOrecrystallized STO buffer (Ref. 62)
and (b) ~45nm-thick final STO epi-layer grown a6%5 and R,=1x10"Torr.

[11.4.4) Conclusion

In this section, several strategies are compareaptionize STO structural quality while
maintaining an acceptable interface structure betw@®TO and Si. Neither the silicate nor
(Ba,Sr)O layer could play the passivation role ¢f@ne “2 steps” and “recrystallization”
methods were developed and a “substrate-like” Spidager has been obtained. Although a
~2nm-thick SiQ interfacial layer forms even for the 10ML-thick fler samples due the

diffusion of the oxygen, we succeeded in strongiprioving the STO structural quality.

Figure lll. 52 shows the X-ray reciprocal space snéRSM) around both STO (002)
(symmetric) and STO (103) (asymmetric) Bragg reftets, for the ~45nm samples grown
under the optimal conditions for low temperaturesQ® and P@5x10°Torr then
1x10°Torr) and by “2 steps” and “recrystallization” metts. This figure clearly shows how
we have improved STO structural quality. Excepttfee sample grown by “recrystallization”
method which displays intense and circle spoténRSM maps, all the other samples shows
ellipse diffuse spots feature in the maps, whichgest the high mosaicity of these STO
samples. Comparing the “recrystallization” sampléwhe “360°C” sample, the FWHM of
the rocking curve i of STO (002) is improved from 1.4° to 0.14°, whighviously shows
that the crystalline quality of the STO film is sificantly developed owing to our
optimization for the growth condition.
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Figure lll. 52 Reciprocal space maps along STO [0&2d STO(103) Bragg conditions of
STO epitaxial films fabricated by different grovdtrategies. Intensities from low to high:

blue, green, yellow, red.

111.5) Epitaxial growth of Gd ,03; on Si (111)
[11.5.1) Introduction

Gadolinium oxide (GgD3) which belongs to the rare earth oxides familyspres a cubic
bixbyite Mn,Os (I1) structure (group spada 3) in which the unit cell includes eight unit cells
of an incomplete and distorted fluorite structwae,shown in Figure 1ll. 53 (a). As mentioned
in 1.3.1, it is identified as a promising candid&te the future high-k gate dielectric due to its
several outstanding properties: (1) high dieleatanstant; (2) thermodynamic stability on Si;
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(3) lattice-match growth when 2 unit cells of &g deposited on one Si unit cell (lattice
mismatch 0.44%) and (4) high bandgap of 5.3eV amdel conduction and valence band
offset of 1.8eV and 2.4 eV respectively with respecSi, as shown in Figure Ill. 53 (b).
Particularly, compared to the & films with bidomain structure on Si(001) substrates

Gd0Os3 films on Si(111) exhibits highly perfect crystaity which turns out quite appealing
for its potential application to the realization mbnolithic integration of functional oxides
and semiconductors on the silicon substrate. We fagus on the study of G@3/Si(111)

system in this section, including elucidate thewglocondition and the structural quality of

the GdO; epitaxial films.

Acgpoa/l * A o~ Ay v
Figure Ill. 53 (a) Lattice structure of G@3 and (b)schematic band alignment for &&ak/Si

heterostructure

[11.5.2) Influence of the growth temperature

The GdOs films studied in this section were prepared uslagtron beam evaporation of
commercial granular G®; target on p-type Si (111) substrates f1@ni® dopant
concentration). The film deposition started fromasomically flat silicon surface (see 111.3.1).
Similarly to the SrTiQ growth, the @ partial pressure is precisely controlled in thege of
UHV (~5x10%Torr) during the first stage to avoid any interfamrasitic phase formation.
The growth rate is 2~3A/min, monitored by the QCMter 2 monolayers growth of G@s,
the Q pressure was ramping up to 1%T0rr in order to insure the oxygen stoichiometry in

the oxide film.

A series of ~5nm-thick G@; films were deposited at different temperaturesyiram
from 650°C~750°C. Figure Ill. 54 shows the RHEEDtg@as (along Si [1-10] azimuth) and
the corresponding AFM imagespfhx1um) The RHEED images of the 680°C and 700°C

samples exhibit streaky lines, indicating good t@lisity of the films. A x4 surface
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reconstruction can be observed for the sample depost 700°C, likely due to the presence
and organization oxygen vacancies at the film sarfaCompared to those grown at 680°C or
700°C, the films grown at extreme temperatures {658nd 700°C) are partially amorphous
feature (diffuse halo between the diffraction dtedaAt 750°C, the 7x7 reconstruction of Si
remains through the whole growth process, whichlccdae attributed to an important
desorption of GgD3 at such a high temperature. AFM images show thatGdO; layers
deposited between 650°C and 700°C have a surfageaaf quality with an RMS of less than

1nm.

650°C 680°C 700°C 720°C 750°C

2000m  RMS=0.49nm 2000m  RMS=0.43nm

Figure Ill. 54 RHEED pattern along Si[1-10] azimudind AFM images of G@; films gorwn
on Si (111) at respectively 650°C, 680°C, 700°@°T2and 750°C.

[11.5.3) Influence of oxygen partial pressure (Thes of C. Merckling)

A crucial parameter to succeed in high quality growithout any interface layer
formation is the oxygen partial pressure. A higbuegh oxygen chemical potential is needed
to avoid the silicidation of the Si surface, whiakll lead to a Volmer—Weber growth of
Gd,0; because of its wetting behavior on Si surfac€igure ll. 55 shows the RHEED
patterns (along Si[1-10] and Si[-211] respectivalfjhe GdOs film grown at 700°C without
the introduction of oxygen (~5x18Torr), in which the spotty feature reveals cleatig
three-dimensional growth mode. The AFM image shawsgher RMS with respect to the
sample grown within @ambient indicating higher surface roughness. @nother hand, too
high oxygen pressure, particularly at the initialge, might oxidize the Si surface leading to a

formation of interfacial SiQphase.
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Figure 1ll. 55 RHEED patterns of the &g film grown in UHV along (a)[1-10] azimuth and
(b)[-211] azimuth; And Amx1um AFM image with RMS of 0.97nm.

Figure 1ll. 56 (a), (b) and (c) show the TEM crasestional images of G@3/Si(111)
grown at 700°C with different oxygen partial pregsu It is apparent that the silicide (S@)
inclusions can be observed along the interfaceHerGdOs/Si sample (a) grown in UHV.
Oppositely, the introduction of too high oxygentmdrpressure at the very beginning of the
growth (b) leads to a silicate ((&},O,) interfacial layer. With our meticulate oxygen th
including first 2ML film grown in UHV and subsequén under PG=1x10°%Torr, the
interface (c) is found to be abrupt at atomic scélle epitaxial relationship between &4
and Si (111): [-110]GgD5(111)//[1-10]Si(111), with one G@s unit cell on two Si unit cells,
as shown in Figure I11.56 (d). The oxide layerasated by 180°C around the [111] axis with
respect to the underlying silicon substrate.

R Y T S

Gd,0,(111)

Si(111)

S B 1UCof
¢Gd : . Gd,0,(111)
i #
@sSi -
oo ¢ lll"p, /J )
(38 K i

UHV; (b)Poz=1x10"°Torr and (c)UHYV for first 2ML and thendz=1x10"®Torr. (d) illustration
of epitaxial relationship between & and underlying Si (111).
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According to the analysis above, we can therefdrtain the epitaxy window of G@3
on the silicon substrate. The RGemperature diagram can be illustrated in Figurga.

10 —
5
~ 10
| -
i
= 6
=10
|
®
7
® 10
E_ silicide interface
-'__é’ 103 layer
S Gd,05
A o Gd,Si,
@]

600 650 700 750
Temprature (°C)
Figure lll. 57 P> T diagram of GgO3/Si(111) system

[11.5.4) Evaluation of structural quality by XRD

The structural quality of the GO3/Si(111) samples was investigated by high-resatutio
X-ray diffraction. Figure Ill. 58 shows &2y scan around the Si (111) Bragg reflection as
well as the fitting data of a 6.7nm-thick £&3/Si (111) sample grown at 700°C. The intense
and sharp peak observed &=28.44° corresponds to the Si 111 substrate redlect
According to the fitting curve, the @03 222 peak is located ab228.87° with a Full Width
at Half Maximum (FWHM,A(20)) ~1.2°. Pendelldsung fringes appear at both slewslof
the GdOs peak, indicating a high uniformity, flathess amglstal quality of the GgDs film.
The out-of-plane lattice parameter of this 6.7nmkhGd,0O; can be extracted from
20=28.87°:10.704A, indicating that @dsis under tensile strain (pseudomorphic growth on
Si).
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— Fitting
Experiment
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20-w(°)
Figure Ill. 58 X-ray #-w scan and the fitting data around the Si (111)eeibn of a

6.7nm-thick GgOs layer grown on Si (111).

[11.5.5) Conclusion

In summary, we identified the optimal growth coratit of GdO3; growth on Si (111)
substrate and the @d; epitaxial film present high crystalline quality a®ll as an abrupt
interface with respect to silicon. The relationshgiween GgD3; and Si is defined as [-110]
G053 (111)//[1-10]Si(111), with one G5 unit cell on two Si unit cells. The growth remains

pseudomorphic for a 6.7nm-thick layer.
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Chapter IV Integration of versatile functionalities on Si based on oxide/Si system

I\VV.1) Introduction
The integration of epitaxial functional oxides aseimiconductors on silicon opens the
opportunities for the integration of novel memagnsing, electric, optical signal processing

and photonic elements on microelectronic platforms.

Firstly, the highk oxides themselves could serve as the gate digl@ftthe future 22nm
and sub-22nm CMOS nodes by replacing tradition@} §ate dielectrics.

Secondly, Field-Effect Transistor (FET) deviceshnilhcreased speed and functionality
(FeFET, spinFET, MottFET) can be realized by replgconventional Si@gate dielectric
with functional oxides. Smart sensors such as ligkhsitive bio-chemical sensors can be
developed, which based on static strain-free mena@sraand cantilevers made of high
performance piezoelectric oxide films. Other desicesuch as integrated
micro-electromechanical systems (MEMS) and feriele random access memories

(FeERAM) can also be envisaged.

Thirdly, the integration of Ge on Si via oxide harfflayers might circumvent the
difficulty of direct Epitaxy due to the large lati mismatch which leads to extended defects
in the Ge layer. Thus devices such as modulatoeterdepitaxial injection lasers,
photodetectors, waveguide and solar cell basechergbod physical properties of Ge (or
[1I-V semiconductors) could be married with the @weristics of the silicon manufacturing
processes. Higher mobility tunnel could also bdized for the future CMOS with Ge layer

on oxides/Si template.

I\VV.2) Dielectrics
IV.2.1) A promising candidate: Gd,O3

We have discussed in prior chapters the unpardlf@leperties of crystalline GO; as an
alternative gate dielectric for the future CMOShteique. With the purpose of further
clarifying the choice of G#D; in this work, we compare GQ3 with other candidates in terms
of EOT and leakage current. The direct tunnelingesu of the MOS structure can be

calculated by the following equatibn
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The values demonstrated in the following table then injected in this equation and
Figure IV. 1 displays the results obtained withagegvoltage Vx of 1.5V.

SiIG Al,O3 LaAIO; HfO, Gd,05
(O (/Si) (eV) 3,1 2,8 1,8 1,5 1,8
K 3,9 10 20 24 20
m’ 0,5 0,35 0,3 0,17 0,29
10°F—a—si02

10° §F —e— Al203
10°F LAO / /

10‘3 —O— HfO2
NE 10°F Gd203 / /

10°
10-21 .
10-24
10-27 r . ; ¢ ; . ; . ; .
5 4 3 2 1 0
EOT (nm)

Figure IV. 1 Current densities calculated as a fimt of equivalent thickness of Si(@ate
voltage of 1.5V) for different dielectric candidsai@gef. 2).

We can observe that the curves of LaABdd GdOs are almost superposed and towards
to the lowest leakage current. Although all thegght oxides possess much lower leakage
currents than Sig G0 is the most promising in terms of scaling among ¢tandidates
illustrated in Figure IV. 1. Another promising cadate LaAlQ (in amorphous phase) has
been previously studied at INL. At an EOT valuelaim, the leakage current of & is 6
decade less than HiOwhich thus attests the choice of £5d as the possible high-gate

dielectric for sub-22nm nodes.
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IV.2.2) Electrical characterization of as-depositedsd,03/Si(111) samples

In this section, we will focus on the dielectricachcterization of the G@3/Si(111)
samples. The growth parameters and the structwiaity of the samples are presented in
[11.5. In order to evaluate the real potential loé¢ tdeposition technique, we firstly study the as
deposited samples without any PDA process. A M@&ttre of Au/Ni/GdO5/Si(111) was
fabricated by lift-off method and a Karl Suss mdmrabe station equipped with a HP 4284A
impedance meter and a HP 4156B pA-meter is usedCfor and |-V measurements, as

introduced in detail in the section 11.3.2.

IV.2.2.1) Influence of growth temperature

A series of ~3nm GfD3/Si(111) samples were fabricated at different tenamfoees in
order to investigate the influence of growth tenajare to the electrical properties. Figure IV.
2(a) shows the typical experimental C-V curves mess at a frequency of 100 kHz for
G053 thin films grown on Si(111) at 650°C, 680°C and)7®. For the sample grown at
720°C, the leakage current density was too higlmeasure any C-V characteristics. As
discussed in the previous chapter, at 750°C, tmpéeature is too high for GO; absorption
onto Si surface. For the investigated film thiclsyeguantum mechanical effects are no more
negligible. In this case, capacitance equivalemtkttess (CET) which can be calculated
directly is bigger than EOT. The EOT was therefexgacted by fitting the experimental C-V
data with realistic quantum simulations. Figure B(b) shows a fitting example for the
sample grown at 700°C. For the ~3 nm-thick filmevgn at 650°C, 680°C and 700 °C, the
EOT values extracted are respectively equal to,A9® and 0.73 nm. The sample deposited
at 700°C turns out to have the best EOT. For thertagrown at 650°C, 680°C and 700°C,
their dielectric constants are respectively 13add 12 which are less than the bulk value 20
but very close to the results obtained for the@dhin films in the literaturg’. For the
samples presented in the present work with Au/li ébectrode, the theoretical flatband
voltage s is -0.5V. The positive shift of thegy for all the C-V curves suggests the presence

of charge traps in the oxide film and the interface

Figure IV. 3 shows J-V characteristics of the,GgSi(111) MOS capacitors grown at
different temperatures. At {MVeg| = 1V, the leakage current through the samplesieg
grown at 700°C is 1.1x10A/cm?, which satisfies the ITRS recommendations fordBenm
node (J<1{fA/cm?)>.
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Figure IV. 2 (a) Room temperature C-V curves (f=d80) obtained for G#s/Si (111) MOS
capacitors grown at different temperatures; (b)T@%ng of the C-V curve of the sample
grown at 700°C. The EOT value extracted is 0.73nm.
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Figure IV. 3 Room temperature J-V curves of,@fSi (111) MOS capacitors grown at
different temperatures.

IV.2.2.2) Influence of deposited film thickness

AU/NiI/Gd,04/Si (111) MOS structures with different oxides plgé thicknesses were
characterized and their EOT values as a functiothefphysical thicknesses are plotted in
Figure IV. 4 (a). From the slope of the plot, thelettric constant of the G@; films grown
on p-type Si (111) wag=12, which is calculated by:

3.9

Ko
EOT = t‘ligh—K&:K = tGC&QE—OT

64 = Equation V-3

high-«
Tunneling AFM (TUNA) is employed to investigate tleakage current in the @03
dielectric films (performed by Waél Hourani at ININSA.). Similar to Conductive AFM
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(C-AFM), TUNA is a secondary imaging mode derivesbni contact AFM, which
characterizes ultra-low currents (<1 pA) througé thickness of thin films. The gate voltage
is applied on the samples (negative on the subksarad positive on the point) with a ramp of
0~-10V and 0.5V/sec. The current limit is -80pA.eTiesults are shown in Figure IV. 4 (b).
We can observe that the threshold voltage to bieakdhe insulator layer increases from 5V
to 7.6V as the film thickness increases from 2.70®.2nm. It is reasonable since the EOT of

the highk oxide layer (thus its capacity) enhances withiticeease of the film thickness.

3.0 T T T T T T T T T T T T T T

25+ g .

20 , .

15F < R

EOT (nm)
Current (pA)

1.0} 7 .

0.5F .

0.0

01 2 3 4 5 6 7 8 Yo 1 2 3 4 5 6 7 8 9
Physical thickness (nm) Voltage (V)

Figure IV. 4 (a)Evolution of the EOTs of the @ films as a function of the physical

thickness; (b) TUNA I-V curves of @&/Si MOS structure with different dielectric film

thickness, inset illustrates the principle of TUNA.

IV.2.2.3) Leakage current and frequency measurement

The leakage current through a MOS capacitor canmbdeled by a resistance R in
parallel with capacity. An ideal insulator owes tquiow leakage current thus the R can be
regarded as infinite. However, in practice theet#ics always contain defects leading to the

leakage current which affects the C-V charactenmanf MOS capacitor.

Experimentally, the frequency of the measuremeiliences the C-V characterization. A
too low frequency will inevitably lead to an immaté deterioration of the C-V
characterization, as shown in Figure IV. 5. Thesgblems are attributed to the excessive
leakage current, as we will discuss in the follayvin

The MOS capacity can be simply modeled as below:

C,: Gate dielectric capacity |

Ry: dielectric leak resistance R,

Rs: Series resistance (substrate, contact dots)
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In order to determine these three parameters, necessary to establish a relationship

between this model and the measured parameteesaligd mode:

We can obtain that
_ (1+RG)+ RCw’
" G,1+RG,)+ RCw
— CP
™ (1+RG,) + R Cp’

Equation4V

and C Equation IV-5

According to the equations, thenCand Ry, are dependent with the measurement

frequency.

2
R
When w-0=> Rﬂpﬁ &4‘ R) and Cmp_){&+pRpj Cp

When w - o= R - R and C -0

Figure IV. 5 shows the -V and R,-Vg curves of different frequencies obtained from
a 2.8nm-thick GgD3/Si(111) sample. The variation ofng can be clearly observed as a
function of the frequency. We can observe platformghe accumulation regime for all the
Cmp-V curves. The platform level decreases from gE@nt to 1.27uF/cnt as the frequency
increases from 10kHz to 1MHz, indicating a non-igele series resistance.R

The approximation value ofsRan be obtained from the,RV4 curves because,Rtends
toward to R with the high frequency limitation. The saturatiah high frequency can be

obviously observed in Figure IV. 5 angR422).

n order to determine J)Rwe consider the quasi-static I=f)Mmeasurement performed on
the same sample. By applying the Ohm’s law to tleasarement, we obtain the variation of
the total resistance, i.esfR,, as a function of the gate voltage. Knowing tRe variation of
R,=f(Vy) can then deduced from the variation gf R,=f(V ).
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Figure IV. 5 Gy-Rmp Obtained from the measurement of different freqiesnin parallel mode
on a GdO4/Si(111) sample.

The leakage current measured fog-Ves=-1V is used as parameter to compare the
Gd,04/Si samples with silicon oxide having the same EQRliageV.S. EOT is illustrated in
Figure IV. 6. Obviously the G@4/Si samples have a leakage current density whiskvsral

orders of magnitude smaller than $i the same EO¥s
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Figure IV. 6 Leakage current density v.s. EOT of@dompared with Si@®

IV.2.2.4) Determination of defects in the films

Although we have obtained good EOT value with |leakiage current, the electrical
guality of the GdO3/Si(111) samples is not perfect, several bulk artdriace defects exist:
interfaces trapped chargeg,Bixed and mobile charges. These defects prekentgelves by
the distortion of the C-V curves including hystéseand \tg shift, etc. The methods to

determine these crucial parameters were introducet.3.2.5 and we will analyze the
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Gd,04/Si system in detail.

According to Equation 20 (Chapter II), we have:
046G, lw) _
= Equation IV-6
gA
Where G, is the peak conductance in the parallel C-V measant (f=10kHz)

configuration A is the top electrode area amés the elementary charge.

Figure IV. 7 illustrates the G-V curves obtainedsdxh on the data for f=10kHz
represented in Figure IV. 5. Considering the etefgrarea is 100x100m?, the Oy value of
the 2.8nm-thick GgD4/Si(111) sample can be deduced: 2.58%8¥*.cm®. And the @i of
the sample with EOT=0.73nm is 3.28%¥@Vv™*.cm?
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Figure IV. 7 G-V plot of a 2.8nm-thick &k showing the that is used for Pcalculation.

The C-V and |-V sweeps show hysteresis due to thdeotrapped charges,Qn the
GdO3 film. Figure IV. 8 (a) (b) show the hysteresisttea of the C-V and |-V sweeps
respectively for the G@4/Si(111) sample with EOT=0.73nm. Figure IV. 8 (hpwss the Vg
shift (due to fixed oxide charges) of the same damjith the reference of simulation data.
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Therefore different optimizing methods were carroed in order to decrease the defect
density in the oxides films thus develop their &ieal performances. We will focus on the

impacts of these strategies on theGgiSi samples.

IV.2.3) Influence of the oxidant type

The majority defects in the oxide films fabricateg MBE are oxygen vacancies thereby
atomic oxygen with higher oxidizing potential isedsduring the film growth in order to
improve the stoechiometry. The influence of thegety types on the electrical properties of
the samples was explored by TUNA measurementsaipeed by Waél Hourani, INL-INSA).
Figure IV. 9 (a) shows the |-V measurements in eared 0~-10V(0.5V/sec) for the
Gd,04/Si(111) samples grown in molecular and atomic exygmbiences respectively. For
the films grown under ©and atomic oxygen with the same physical film khigss 2.7nm,
the threshold voltage of the latter (6V) is higlieain the former (5V), indicating the sample
grown under atomic oxygen possesses better dielegtrality. As the sample thickness
decreases to 1.1nm (atomic oxygen ambience), thaldb decreases to 5.1V. The impact of
atomic oxygen can be presented more directly by Aldbkrent maps. Figure IV. 9 (b) and (c)

shows the imx1um TUNA current maps of a 6.2nm-thick sample gromder Q ambience
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and a 2.7nm-thick sample grown under atomic oxyaabience respectively. For the sample
grown under @ with an applied voltage of -7.2V and a current lscaf 5.0pA
(bright)~-20pA(dark), intense leakage current spais be observed in the map. However, for
the sample grown under atomic oxygen with an agphatage of -6.4V and a current scale
of 5.0pA (bright)~-10pA(dark), only randomly didiuted leakage current spots are visible
demonstrating better dielectric property. In adxhtiit has to be noted that the &d layer
grown under atomic oxygen is much thinner than traivn under @(2.7nm v.s. 6.2nm),
which further suggests the positive impact of atorokygen growth ambience on the

dielectric property of the G@; layer.

10° —=-27nm-O; ambience Vi =SL0 (o Figure IV. 9 (a) TUNA I-V curves of

—— 1.1nm-O ambience Vin =5
Gd0O4/Si(111) samples grown under

—a— 2.7nm-O ambience
TUNA

<10 molecular and atomic oxygen ambience;
5 1umxlum  TUNA current maps of
10 Gd04/Si(111) samples grown under (b)

O, and (c) atomic oxygen ambience.

[ 50pA 50pA

-20,0 pA -10,0 pA

IV.2.4) Influence of post deposition annealing

Post Deposition Annealing (PDA) in different comalits, including a PDA in a tubular
furnace and a Rapid Thermal Annealing (RTA) unddfer@nt gas atmosphere were
performed for the samples grown at 700°C to imprbsgr electrical quality and investigate

their structural stability.
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IV.2.4.1) Annealing in a tubular furnace

Figure IV. 10 (a) shows the forward and reverses Baeeps (at 100 kHz) for a
2.3nm-thick GdO;3 film, both as-deposited sample and that anneale@d0@°C under @
atmosphere for 30 minutes in a tubular furnace.|dckwise loop & V=0.1V) can be
observed for the measurement of as-deposited sampticating electrical charge
phenomenon depending on the applied voltagdich is probably caused by oxygen
vacancies. The flat band voltagergy extracted from the C-V curve of as-deposited dansp
-0.3V, which is much larger than the theoreticak {-0.5V) of the Ni gate MOS capacitors
without any oxide charge. The positive shifh Yrs=0.2V) between the theoretical and
experimental ¥ values reveals a large amount of negative changie dielectric films and
at the interface. The measurement of the annealegbls displays a significant decrease of
the hysteresis AV=0V) and the AVgg (0V), indicating that this PDA method under O
atmosphere effectively decreased the charge deoisitye as-deposited layer and developed
the interface states at the &4/Si interface. It is very likely that the oxygencaacies are
refilled during the annealing process. At the sdaime, the EOT is only slightly disturbed,
given that the EOT of the PDA sample is 0.9nm whisha little larger than that of
as-deposited one (0.73nm). Figure 5 (b) shows tWlemkasurements. At {Wes|=1V, the
leakage current density of as-deposited and PDApkamare 1.02xItA/cm® and
4.04x18A/cm? respectively, both of which are consistent with taeommendation of ITRS

for 32nm node.
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Figure IV. 10 (a) C-V measurements at =100 kHztha as-deposited GQs film grown at
700°C and the same sample treated by a 200°C Pbgeps under ©in a tubular furnace.

(b)corresponding J-V measurements.
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IV.2.4.2) Annealing in a RTA furnace

As Rapid Thermal Annealing (RTA) is the most usesthnd in the treatment of high-
materials, we have tried different RTA processesoan GdO; films, 400°C RTA under
nitrogen, forming gas (96%MN4%H,) and Q atmospheres have also been performed on a
2.54 nm GdOs film (EOT=0.82nm) grown at 700°C under atomic ogggambience. The
treatment includes an increase of temperatureeatati® of 100°C/min and the temperature is
maintained at 400°C for 1 second with a subsequeanting with an introduction of the

considered gas during the annealing.

Figure IV. 11 (a) shows the C-V curves measuretiOat kHz for as-deposited and RTA
samples in B forming gas, @ ambiences respectively. As-deposited sample sHEEWVE of
0.82nm with a hysteresis loop di V=0.25V and a ¥=-0.3V (A Vge=0.2V). Different gas
ambiences present different impacts on the anneaegles. The annealing in, @mbience
yields a almost similar EOT value (0.86nm) compa@as-deposited one (0.82nm), while
effectively reduce the charges in the film: the thgssis loop and pg of the Q-annealed
sample are reduced tAV=0.1V and AVgg=-0.1V respectively. The annealing under N
and forming gas atmosphere result in increased B@les (1.8nm and 1.4nm) but
effectively decrease the hysteresfs\(=0V and 0.1V) andA Vg (-0.25V and -0.2V).

The J-V measurements are shown in Figure V. 114)]VsVes|=1V, the leakage
current density of the as-depositedy-dthnealed, forming-gas-annealed anga@nealed
samples are 1.11xT@/cm? 6.03x10'A/cm?,  1.62x168A/cm® and 4.78x10'A/cm?
respectively. The RTA samples demonstrate stablepé&rformance with respective to the

as-deposited sample.
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Figure IV. 11 (a) C-V measurements at f=100 kHztfar as-deposited and RTA undes, N

forming gas and ©Gad,0Os films and (b) corresponding J-V measurements.
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IV.2.5) Influence of the substrate orientation

In order to investigate the influence of the sudistrorientation on the electrical
properties of GgD3;, a 2.5nm-thick GgDs film is deposited on Si(001) substrate to compare
with that on Si (111) substrate. Figure IV. 12ghpws the C-V characteristics of &4 films
on Si(001) and Si(111) substrate. The physical ftimcknesses are 2.5nm and 2.7nm
respectively. Compared to that of &d/Si(111) that displays a typical capacity behawioe,
C-V curve of GdOy/Si(001) sample exhibits an abnormal large deptetenion following a
quick breakdown of the capacity, which might belaxmd by the comparison of their J-V
characteristics: as shown in Figure IV. 12 (b), ldmkage current density of os/Si(001)
sample is larger by 1~2 orders of magnitude thahdh GgOs/Si(111) sample. This result is
probably due to the presence of the grains betweztwo orthogonal in-plane orientations of
GdO3 on Si (001) (see Ref. 8), the joints of which sanve as the channels of the leakage
current.
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Figure IV. 12 (a) C-V measurements at f=100 kHztfa GdO; films on Si(001) and Si(111);

(b) corresponding J-V measurements.
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IV.2.6) Conclusion

The crystalline GgDs thin films on Si substrate demonstrate good digteproperties.
With this highk oxide, low ETO values (0.73nm in this work) candixained with a leakage
current value consistent with the ITRS recommendati(J<300 A/ctfor a 7A EOT of the
16nm node in the category of “low operating poweshhology requirements”). @0z has
been proved to be one of the most promising catekdar gate dielectric materials of future
22nm and sub-22nm MOSFET technique.
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The electrical properties of the as-deposited sasnple far from perfect and require
further optimization. Different strategies are pemfied to develop the performance of
GdO4/Si MOS structure. The employment of the atomic gexty during the growth could
effectively decrease the leakage current in thgOgthyers. Both PDA by tubular furnace and
RTA improve the dielectric qualities of the samplés particular, the RTA under O
atmosphere can effectively reduce the charge demsithe dielectric films while retain
almost the same EOT value of the sample, thus itgal to be a good PDA treatment for the
Gd,05/Si samples. Figure V. 13 shows the best perforear=f(EOT) of GaO; films in
the literature, in which the results of this wone also demonstrated. It is evident that the

above-mentioned results are at the cutting edgieec$tate of the art of world.
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Figure IV. 13 International state of art of @ok/Si system for y+/-1V. The green triangles

note the results obtained in this thesis.

I\VV.3) Piezo-(Ferro -) electrics

Piezo-(Ferro-)electrics is one of the most impdrtproperties of the alkaline earth
titanates, which possess the same perovskite steuck ferroelectric is generally defined as a
material whose intrinsic lattice polarization P daa reversed through the application of an
external electric field E that is greater than ttwercive field B All ferroelectrics are
piezoelectric. Not all materials with electricalsgresis are ferroelectric: as discussed in last
section, dielectric films have an extrinsic hyssg&sedue to mobile charged defects. And

junctions can also exhibit hysteresis.
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In order to demonstrate our SrEiQi(001) can be used as a template for functioxialeo
integration on silicon, we investigated the eleectriproperties of four perovskite oxides on
the SrTiQ/Si(001) template: SrTig) BaTiO;, Pb(Mg, Nb)-PbTiQ, Pb (Zr, Ti)Q using
different film deposition processes: MBE, sol-dater-MBE.

IV.3.1) SrTiO3

Bulk cubic crystal SrTi@does not show any ferroelectricity. However, thexial strain
imposed by the underlying substrate on the cohlgrepitaxial SrTiQ films might induce
cubic to tetragonal phase transition leading toofdectricity. In fact, several recent works
have reported this strain induced or enhanceddksetricity in the epitaxial thin filn?s:%
Thanks to the commensurate epitaxy of SgTéd Si, as demonstrated in Chapter lll, the
ferroelectricity is thus envisaged in our Sr{iin film. We performed |-V measurements on

the Au/Ni/STOp-Si structure in order to explore its electricahaeor.

Figure IV. 14 displays the typical I-V behaviors 200K of STOp-Si heterostructure
grown at 360°C with respectively thicknesses of 4atid 10ML. The Au/Ni electrode area is
100umx10Qum. According to the results of Chapter Ill, theerfice between STO and Si is
coherent and the STO is principally strained ons@strate with such thin thicknesses.
Surprisingly, the ST@Si structure shows well-rectified -V characteadsbf p-n diode
instead of ferroelectric one. We attribute this d8br to the oxygen vacancies in the STO
film. In fact, electrical properties of STO can lobanged from insulator tm-type

21314 or doping impurity ion$*% STO thin films

semiconductor by reducing it to Sri
prepared by vacuum processes usually contain oxygeancies which can form positive
space charge under high electric fields by detrappiectrons. Then STO films will possess

characteristics of the-type semiconductors.

Let us look at the I-V curves in the Figure IV. Tthe p-Si/n-SrTiOs.« heterojunctions
with 4ML and 10ML demonstrate similar striking néications. Under forward bias (positive
pole dc voltage applied on tipeSi), the current is initially quite small (1.8 and 2.QA at
0.3V for 4ML and 10ML STO respectively) and beghesincrease very quickly after the
voltage exceeds 0.35V. However, it remains verylisengen under large reverse bias. At

V=-2V, the current of 4ML and 10ML STO/Si junctiorme -2.8<10A and -6.11A

respectively.

167



Chapter IV Integration of versatile functionalities on Si based on oxide/Si system

0.9
0.8

'-
—o— 10ML] -
0.7

<oe6l ]
Z05)
= 0.4-
O 03}
0.2}
0.1}

0.0}

-2

0
Voltage (V)

Figure IV. 14 Typical |-V characteristic of p-SiBTiO;—« junctions diode at 300 K.

The observed phenomena can be explained by comgjddre band structure of the
p-Si/n-SrTiOs« heterojunction’, as shown in Figure IV. 15. Values of work funaotio
[x(S1)=4.05eV and(STO)=3.9eV] and band gap Ji5i)=1.12eV and {STO)=3.3eV] were
taken to construct the band structure. The barskbfif conduction band atSrTiOs.,/p-Si
interface is E=x(STO)- y(Si)=-0.15eV and that of valance band is=[(STO)-
x(SD]HEL(STO)- E(Si)]=2.03eV. An energy barrier is formed at théerface of STO/SI.
Under forward bias condition (a positive pole ofvidtage applied on thp-Si), the applied
voltage reduces the energy barrier and electrorteanconduction band af-SrTiO;.x may
inject into that ofp-Si. By using an iterative method to solve the Baisequation and
Boltzmann formulas self-consisteriflythe energy barrier height can be obtained asv0.4e
which is comparable to the threshold voltage (0)3%Wer the forward bias voltage.

Vacuum level  p-Si n-SrTi0;,,
X (Si)=4.05eV
X (STO)=3.9eV
oo
E.(Si) — <A Eg=-0.15eV
‘ E,(Si)=1.12eV Sl
ES) "eas -
A Ev=2,03e\1 E4(STO)=3.3eV
.

Figure 1V. 15 Schematic band structure for p-SifiiiS3-4 heterojunction.

One question remains: why cannot we observe ferctréd behavior? One can suppose
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that the too high leakage current avoid measuring hysteresis loops. Indeed the
polarization switch current is less than 100pA whihe leakage current of the STO/SI

heterostructure is about 1mA.

IV.3.2) BaTiOs
Barium titanate (BaTig) BTO) is a classical ferroelectric material whighs extensively

investigated in bulk form in the pat Recently the BTO thin films have also attracted
numerous study not only because of its simple cb@mcomposition and remarkable
properties (high dielectric constant, non-lineartiegd properties and positive/negative
temperature coefficient effects), but also due t&o lead-free and environmental-friendly
characteristics, which have become increasinglyoitamt from a long term point of viél

It is a tetragonal ferroelectric at room tempemtwith a=3.989A and c=4.029A and a Curie

temperature of 393K.

IV.3.2.1) BaTiOs/Nb-doped STO (001)

To well investigate the heteroepitaxy of BTO on 8IbO, the Nb doped STO substrates
are firstly used before the deposition of BTO or0O&Si templates. The conductive Nb:STO
wafers (10mmx10mm, 0.5wt%, provided by MaTeck) hthee similar crystal structure with

pure STO but can be served as an bottom electred#jey are electrically conducting.

It has been reported that the ferroelectric peréoroe of BTO films are highly influenced
by the film thickness due to the size effect ameéssing™%? or the oxygen pressure due to the
generation of oxygen vacanciéé® Therefore a series of BTO films with the thickmes
ranging from 4nm to 50nm under various oxygen phmiressures from 1xTOorr to
1x10°Torr are deposited on Nb-doped STO substrate testigate their influences on the
structural and electrical properties of BTO.

Before the growth of BTO, the Nb-doped STO substiiat prepared with the same
method as explained in lll. 3.2.1. Figure IV. 1&plays the RHEED patterns along both
BTO[100] and [110] azimuths of a 50nm BTO film gmowat 620°C and P£21x10%Torr on
the Nb-doped STO substrate. The growth temperatutee heteroepitaxy of BTO on STO
was optimized by a previous thesis at INL (G. Dgéha2007), which ranges from 550°C to
650°C. Clear, well-defined streak lines can be nleskindicating a single crystalline BTO
layer with good quality. Both [100] and [110] ditems show 1x1 reconstruction during the
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whole growth process, suggesting good stoichiometr8a and Ti. If the Ti/Ba ratio is
different from 1, special reconstructions appeatr@nRHEED pattern.

il Y

BTO[100]

Figure IV. 16 RHEED patterns along BTO[100] and BI®] azimuths of
50nm-BTO/Nb-STO sample grown at 620°C and=®10 °Torr.
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Figure IV. 17 Evolutions of (a) the intensity oé tRHEED specular spot and (b) the in-plane

parameter of the growing BTO film.

The intensity variation of the RHEED specular splaserved during the epitaxial growth
of BTO film is shown in Figure IV.17 (a). The intty variation has an oscillatory behavior
which indicates a 2D layer-by-layer growth modeeTdrowth rate can be estimated to be
0.01ML/s by analyzing the oscillation.

The evolution of the BTO in-plane lattice parameseplotted by recording the distance
between the streak lines along [110] directionsta®wvn in Figure 1V.17 (b). It also exhibits
oscillatory behavior due to the evolution of théodmation of 2D islands during the growth.
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Considering the lattice mismatch between BTO an@® & +2.2%, the minimum of tha,
corresponds to the moment when one whole layeongpéete while the maximum represents

the half complete layer, which is in contrary wiitie intensity oscillation.

The oscillations persist up to approximately 16ML46m) and then disappear, which
indicates a transition from 2D to 3D growth moda&isTresult shows a critical thickness of
6.4nm for BTO epitaxial layer on STO substrate. Thecal thickness of BTO/STO system

can be theoretically calculated following the fotation of Matthew and Blakeslee:

h, = {m (Ej +1}.{ b-v cos'a ) } Equation IV-7

b 2rrf (1+v)cosl

whereh; is the critical thicknesd is a+/2, f is 2¢ (¢ is lattice mismatch between BTO and
STO, 2.2%),v is the Poisson ratigy is the angle between dislocation line and its Brsg
vector andi is the angle between the slip direction and tlracton in the film plane which

is perpendicular to the line of intersection of #fip plane and the interface.

In this BTO/STO system, the main type of the misgli#locations are interfacial edge
dislocations with Burgers vectbra<1005°2® The critical thicknesses calculated range form
2.4 to 11nm’ due to the different dislocation slip systems usethe calculations. And the
results obtained experimentally by other groupag¥RD*?® RHEED*' and HRTEM?® also
range from 2nm to 10nm, which generally dependhengrowth conditions. Our result is in

good agreement with previous work.

The crystalline qualities of the BTO films with f#ifent thicknesses are examined ex-situ
by HRXRD measurements. Figure IV. 18(a) shows atamce for a 50.7nm-thick BTO/STO
sample. In the typicalw» scan we can observe sharp, intense BDOpeaks appear at the
left side of theSTO 00l peaks, indicating the c-oriented BTO film on STh&vwate. The
Pendelldsung fringes demonstrate highly uniforntuieaof the BTO film. The inset shows a
rocking curve ino around BTO(002) Bragg condition with a FWHM=0.0@Snfirming the
good crystalline quality of the BTO epitaxial fillhhe BTO film thicknesses were determined
by XRR measurement. Figure IV. 18 (b) shows thécafity curve and the fitting for the
50.7nm sample. It can be observed that the curgeite well fitted by the Rigaku software
and the corresponding fitting parameters are listethe inset table. Two BTO layers are

found: one 10.8nm layer close to substrate (comuorateslayer) and one 39.9nm layer on the
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surface (partial relaxed layer). Moreover, the kesitons of the measured reflectivity curve
and the good fit of the simulation curve suggestiaiform growth along the surface normal

direction. The AFM image (imx1um) displays an atomic flat surface of the sampke, a

shown in Figure IV. 18 (c).
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Figure IV. 18 (a)Room temperatur@/@ scan of a 50.7nm BTO/STO sample. Inset shows
rocking curve inew around BTO (002) Bragg condition with a FWHM=0.09b) XRR

measurement (simulation and experimental datat sisews the information of layers) and (c)

Lumx1um AFM image (RMS=0.17nm) for the same sample.

From the B/ow scan around BTO (002) reflection the out-of-lin€Blattice parameter
can be extracted and the in-plane lattice paraset@n be obtained form the BTO (202)

measurements (not shown). The evolution of thecaparametersc(anda) of the BTO films
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as a function of thickness is plotted in Figure 19. (a). The in-plane lattice parameters are
equal to the STO lattice constant when the thicknssless than 10nm, indicating the
pseudomorphic growth of BTO film. This behavior veonsists with our RHEED
observations and prior reports. Once the thickmesgeds 10nm, the BTO film plastically
relaxes on STO substrate by forming misfit disleoet and with the thickness of 50nm it is

almost completely relaxed on STO.

Figure IV. 19 (b) compares the evolutionaé ratio and unit cell volume of BTO film
with those of bulk one (noted by dashed lines). ther coherent epitaxial BTO layers (less
than 10nm), the/aratios are much larger than the bulk one resuittad the enhancement of
the tetragonality of the BTO cells according to $23on’s elastic law. And their unit cell
volumes are less than the bulk one. As the filnckimess increases, the BTO film
progressively relaxes thus tb& ratio continues to decrease and is very closeailio dne for
50nm-thick film. The unit cell volume of BTO. In dition, the volumes of the relaxed BTO

films are larger than the bulk one.
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Figure 1V. 19 Evolution of (a) lattice parametersued a; (b) c/a ratio and unit cell volume of

BTO epitaxial film as a function of thickness.

In essence, the lattice parameters of BTO unitscale determined by two mismatch
effects: lattice mismatch and thermal expansionnrmatsh. The lattice mismatch between
BTO and STO is +2.2%. Let us now discuss the theaxpansion mismatch effect. During
the cooling process from the growth temperatur®{62 to room temperature (20°C), both
BTO epitaxial film and STO substrate are contradeeé to the thermal expansion effect.
Meanwhile BTO also undergoes the cube-tetragomasition during this cooling process.

According to D. Taylor et &', the thermal expansion coefficients of BTO and S&i@®
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1.7x10°and 9x10 respectively. In the case that BTO is pseudomogilyigrown on STO
substrate (less than 10nm), the in-plane latticarpater of BTO will always equal to that of
STO (3.905A) and under the other extreme conditia the BTO is totally relaxed on STO,
during the growth process BTO follows its own thalnexpansion coefficient but it will
follow the STO thermal expansion coefficient instehuring the cooling process due to the
clamping effect imposed by underlying STO substrdtnce the in-plane lattice parameter of
the entirely relaxed BTO can be calculated as 4808&hich confirms that 50nm-thick film

(a=3.990 A) is almost entirely relaxed.

Evidently, the abovementioned relaxation mechanistated to lattice mismatch and
thermal expansion mismatch can quite well explaa évolution of the lattice parameter of
BTO. However, it cannot fully explain the fact tithe unit volumes of partial relaxed BTO
are larger than the bulk one. We attribute thisnaous enlargement of the unit cell volume
to the oxygen vacancies existing in the BTO filifise similar behavior has been reported for
PbTiO;*° and BaTiQ prepared by Laser-MBE According to the discussion about PbFOD

the +2 charged oxygen vacan®¥() is energetically more favorable along thaxis than in
the (a-b) plane. In this case, subject to the Gublio interaction, the nearest tilé** and
four Pb** neighbor cations of a/2" defect are displaced away from th&* while the

nearest eight ©®neighbor anions are attracted towards it. Thelaigments ofi** andPb**
cations are along axis anda axis, respectively. The magnitude of the displamais from
ideal tetragonal positions of Ti, O, and Pb atones @espectively, 0.021, 0.004, and 0.016 nm.
Resulting from these displacements, the unit aglime of PbTiQ is enlarged. The BaTiD
possesses similar perovskite structure with PpTiQs the enlargement of the lattice volume

can be explained in the same way.

In order to reduce the oxygen vacancies in the Bp@axial films, the plasma induced
atomic oxygen has been used during the growth d#ifeteht oxygen partial pressures are
employed to investigate its impact on BTO filmsgue IV. 20 shows thebZn scans around
the BTO (002) Bragg condition for the BTO/STO sadspl45nm~50nm) grown under
different oxygen conditions. From curve (a) to (#)e oxygen conditions are molecular
oxygen 1x1GTorr plus atomic oxygen 8xX0orr annealing (650°C, 1hour), atomic oxygen
1x10°Torr plus atomic oxygen 8xTorr annealing (650°C, 1hour), atomic oxygen
1x10°Torr, atomic oxygen 5xI®rorr and molecular oxygen 1x%Torr respectively. The
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Chapter IV Integration of versatile functionalities on Si based on oxide/Si system

intense sharp peak located @=27.3° is the STO(002) reflection. For the BTO gnow
molecular oxygen ambience (a) and (e), only one BJ@2) peak arises at the left side of the
STO peak, revealing good crystalline c-axis oridnBIO lattices. However, for the BTO
films grown in atomic oxygen ambience (b), (c) afu), two BTO (002) peaks appear
together indicating botls-axis anda-axis oriented BTO lattices. Th&a domains structure
forms during the cubic-tetragonal phase transitthuming the cooling process when the
temperature decreases to less than 120°C. Ther#feralignment of the BTO lattices in
atomic oxygen ambience is not as highly-orderethasin molecular oxygen ambience. The
90° domains in these c/a-axis oriented films midgatrease the piezoelectricity of the BTO
film3? thus should be avoided. We choose the conditipag#he optimized oxygen condition,
i.e. growth under molecular oxygen 1%T0rr following by an annealing under atomic
oxygen 8x1GTorr (1hour). Figure IV. 21 displays the reciprosglace maps around both
STO (002) and STO (103) Bragg conditions. The matense spots represent the STO
reflections. According to the RSM measurement adoBmO 103 reflection, the 50nm BTO

film is partially relaxed on STO substrate.

O, 1x10Torr annealing
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Figure IV. 20 Typical &« scans around BTO (002) reflection for ~50nm BTQ'S001)

samples grown in different oxygen ambiences.
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Figure IV. 21 Reciprocal space maps around STO ((£5i2 panel) and STO 103 (right panel)

Bragg conditionsintensities from low to high: blue, green, yellogg.

The Au/Ni/BTO/Nb-STO structure is fabricated usitng BTO/STO samples grown in
molecular (Q) and atomic (O) oxygen ambiences (both are in-pigt-annealed under
atomic oxygen atmosphere) respectively. Au/Ni atdSN'O are respectively used as top and

bottom electrodes.

The I-V characteristics realized on a 100x100 electrode of the two samples are shown
in Figure IV. 22 (a). It is surprisingly that thamsple grown in @ ambience which is c-axis
oriented shows a rectifying behavior with a thrédhwltage \,=-0.7V. This result reveals
that the oxygen vacancies in the BTO film growrOmnambience are non-negligible although
an in-situ PDA in atomic oxygen ambience was subsetly performed. The oxygen
vacancies in the film lead to a p-BTO/n-STO (Nb edpjunction structure, which shows a
rectification characteristic. The current remaiesywsmall even under large reverse bias. At
V=2V, the current is 2,/A.

In contrary, the sample grown in O ambience whiossgsses both c-axis and a-axis
oriented BTO shows hysteresis characteristic for wutage loop ranging from
-2—0—2—0—-2V, exhibiting the ferroelectric switch (butterflyehavior). In the inset the
current is plotted in logarithmic scale, where thé characteristic is found symmetric for
positive and negative bias. Figure IV. 22 (b) shdiws corresponding C-V curve for the
sample grown in O ambience. The hysteresis of thevec for a voltage loop of
-3—0—3—0—-3V confirms the ferroelectric quality of the BT@nf and the two peaks at

V=0.2V and V=-0.8V reveal the polarization reverset the ferroelectric BTO film.
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Furthermore, as the positive bias increases thactapce tends to a constantvwhich can be
described as:

d
wheregodielectric constant in vacuun8.85x10"F/m); ¢ the relative dielectric constant of
BTO; Sthe electrode area(100x306%) andd the BTO film thickness (50nm). Considering
that G is equal to 2.6xI8F (at V=2.8V) the; of BTO film can be estimated as 147.

G, Equation V-8
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Figure IV. 22 (a) Typical |-V characteristics ofetlBTO/Nb-STO samples grown in molecular
and atomic oxygen ambiences, inset shows log sdaiee O-ambience I-V curve; and (b)
corresponding C-V characteristic at f=1MHz for treample grown in atomic oxygen

ambience. The electrode area is AOx10Q:m.

Several ex-situ PDA treatments are performed omif@ films grown in @ ambience in
purpose of refilling the oxygen vacancies and imagiderroelectrics of the film. The RTA
annealing in @atmosphere at 400°C is firstly examined, which suout to affect very
slightly the electrical properties of the BTO filfihe annealing in a PLD chamber at 600°C
under oxygen partial pressure of 100 Pa is themgited.

In this thesis, BTO thin films are principally paeed by MBE at INL while Pulsed Laser
Deposition (PLD) is also employed for the comparisbhe growth of BTO films by PLD
was carried out at IEF, Paris-Sud University, is&r We perform the deposition using a KrF
excimer laser = 248 nm) at 620°C ancb=120mTorr. Laser energy was set up to 200 mJ to
have a maximum fluence of 3 J/tmn the target. The electrical properties of BT@nke

grown in Q ambience (sample a), annealed (in PLD chamber) Ba@ple grown in ©
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ambience (sample b), BTO sample grown in O ambi¢semple c) and BTO sample by PLD
(sample d) are investigated and compared by Pisgonse Force Microscopy (PFM,
performed by Prof. Brice Gautier, INL-INSA). ForettBaO-terminated ferroelectric BTO
with a tetragonal structure, the ferroelectric aigson lies along the c axis, with" P
polarization giving a net negative surface fixedrgie, as illustrated in Figure 1V.23 left panel
(upper). The mechanism of PFM is also illustratadFgure 1V.23 left panel (lower).
10umx1Qum polarized ferroelectric domains have been writbgnthe conductive point of
PFM (+10V) in d.c. (writing) mode on the sample}, (&), (c) and (d). Then a voltage of
-10V is applied on pmx5um areas in the center of the polarized domains.rigm panel of
Figure IV. 23 shows the typical amplitude signdiserved in the a.c. (reading) mode (V=1V),
in which all the samples show electrical contr&itwever, it can be seen that the poling
region of sample (a) is not stable. The contraghatbottom of the square poling region
disappears during the subsequent reading procegh whly takes 2~5min. Therefore the
electrical contrast in PFM image of sample a isugedi probably by the charges in the film
instead of the ferroelectricity of the BTO film, igh is in good agreement with our macro
electrical characteristic results. For the othee¢hsamples, the poling regions are stable and
can be re-detected even after 3 hours (not showg).hdoreover, it is thought that the film
has undergone a phase transition to a single teotoe domain with a Pimprint at room
temperature, which is confirmed by the PFM writhepause it was easier fof ®llowed by

P poling, showing that the film has actually arRprint.

vacuum

ML R

Figure IV. 23 Left panel: Ferroelectric distortidor a BaO-terminated unit cell (upper) and

schematic of PFM measurement (lower). Right paR&M amplitude contrast images of
sample (a), (b), (c) and (d) respectively.
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In conclusion, we demonstrate that high quality owystallinec-axis oriented BTO film
can be deposited on STO substrate. The oxygen siasain the BTO film play a critical role
to influence its electrical property. In order tatain a ferroelectric BTO film it is necessary to
use the atomic oxygen during the growth. Moreoleth of the BTO films ex-situ annealed

at Ry,=100Pa and fabricated by PLD undep¥3Pa exhibit good ferroelectric characteristics.

IV.3.2.2) BaTiO4/SrTiO4/Si(001)

The experiences of the growth and characterizatioBTO/STO system can be easily
transplanted to the BTO/STO/Si heterostructure5Am-thick BTO film is epitaxially grown
at 620°C following an annealing at 650°C in atomkygen ambience on 5nm-STO/Si(001)
template fabricated using “recrystallization” prese Figure IV. 24 displays the RHEED
patterns of Si substrate, STO film and annealed BI®along Si[110] (STO[100]) azimuth.

The BTO film shows good crystalline quality with 22 reconstruction indicating a

TiO,-terminated surface after the in-stiu annealinge Thmx1um AFM image of the final
BTO film with RMS=0.32nm demonstrate a atomic 83tO surface.

t.'.a
1

STO[100] BTO[100] .20 RMS=0.32nm

Figure IV. 24 RHEED patterns of Si substrate, Sili® &nd annealed BTO film along Si[110]
azimuth and a 1xan” AFM image of the BTO film with RMS=0.32nm.

The crystallinity of the BTO layer is explored byRMRD. Figure IV. 25 shows a typical
26/ scan around BTO (002) Bragg condition for the BS0D/Si(001) sample. The epitaxial
relationship between BTO, STO and Si substrate gseapected: [100]BTO(001) //
[100]STO(001) // [110]Si(001). The BTO epi-layerhgbits good crystalline quality. The
FWHM of the rocking curve im of BTO (002) peak is only 0.7°.
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Figure IV. 25 Typical &» scans around BTO (002) reflection for a 45nm-BB@h-STO/Si
(001) sample. Inset shows rocking curvesinaround BTO (002) Bragg condition with a

FWHM=0.7°.

To further investigate the structural quality of @Tilm on STO/Si template, the RSM
maps around STO (002) and (103) are performed cgply, as shown in Figure IV. 26. The
left panel shows the mapping around STO(002) reflec Compared to its counterpart of
BTO/STO(001) (Figure IV. 21), it can be found thadth STO 6=3.905A) and BTO
(a=3.989A) film are under compressive strain on Jisstate &/V2=3.840A). From the RSM
image around STO 103 reflection, two maxima of BT reflection can be distinguished.

One part has the same in-plane parameter with 8ifCahd the other is more relaxed on the

STO/Si template.

00L(r.l.u)

P e )

002 001 000 o001 002 022 0.24 026 028
HOO( L) OKOrLu)

Figure IV. 26 Reciprocal space maps around STO ((§i2panel) and STO 103 (right panel)

reflections.Intensities from low to high: blue, green, yellogd.
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Figure IV. 27 shows a cross-sectional view of tH®©OBESTO/Si (001) heterostructure with
a 20nm-thick STO grown using the same process. dn~thick SiQ interfacial layer is
formed due to the oxidation of the Si surface irdldy the oxygen diffusion at 620°C
through the growing layer. The STO and BTO filme aingle crystalline on Si (001).
However, different domains exist and are twistethwiach other, leading to the mosaicity of
the layers.

u =

Figure IV. 27 TEM cross-sectional view of a BTO/&i0,/Si(001) heterostructure.

The electrical properties of the BTO film on STOt8mplate is then probed by the
fabrication and characterization of Au/Ni/BTO/ST@gSi MFIS (Metal Ferroelectric
Insulator Semiconductor) capacitor. Ferroelectremory field effect transistors (FeFET) with
a MFIS structure have emerged as promising nonietaemory devices due to their attractive
properties such as nondestructive readout operataa power consumption and high
switching speed.
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Figure IV. 28 (a) Typical I-V characteristics ofetlBTO/STO/Si(001) samples of as-deposited
one and @RTA annealed one; (b) corresponding C-V charast&riat f=1MHz for the

samples. The electrode area is A0x10Qum.
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The Si substrate ip-type (B doped) with the doping density '3@m?® Both the
as-deposited sample and the RTA annealed samp® @tmosphere) show dielectric I-V and
C-V properties, as shown in Figure IV. 28 (a) abgdréspectively. The slight hysteresis loop

in the C-V curve of the as-deposited sample igedlto the charges in the films.

The above-mentioned results demonstrate that th® Bjfown in atomic oxygen
ambience by MBE is not ferroelectric, although ittr&nd ex-situ PDA were also performed.
We attribute this phenomenon to the low oxygeniglapressure during the growth. Due to
the UHV working environment of MBE, the maximum gen partial pressure is ~5%10
Torr, which is considerably less than that in a Rilamber (which can reach 100Pa). Hence
additional BTO film is deposited on the BTO/STOg#8mple in order to compare its electrical
properties with the BTO film deposited by MBE. 50i#tinick BTO epitaxial layer is deposited
in PLD chamber at 610°C and 120mTors gartial pressure and cooled under 300Tosr O
ambience. Figure IV. 29 shows I-V and C-V (G-V) dderistics realized at f=1MHz on a
10Qumx10Qum electrode area of Au/Ni/BTO/STO/SiSi MFIS structure. Evidently, both
I-V and C-V curves exhibit hysteresis loops suggesthe ferroelectric behavior. In addition,
The C-V curve shows a memory window of 0.75V fag flarroelectric memory application.
And thee; of BTO/STO/SIQ heterostructure is roughly estimated as 32, cenisig that G is
equal to 5.6x18'F (at V=7V). This low value of the relative dielgctconstant can be

explained by the existence of a serie of 3 casc{BTO, STO, Sig).
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Figure IV. 29 (a) I-V characteristic and (b) C-V {@ characteristics (at f=1MHz) on a
10Qumx10Qum electrode area for the BTO MFIS capacitor.

In conclusion, high quality single crystalline BTidms have been integrated on the
STO/Si(001) template using MBE and PLD. The BTO/&i@pitaxial film grown by MBE
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shows dielectric characteristic, which is probatilye to the oxygen vacancy defects existing
in the film. Good ferroelectric hysteresis loops te obtained on the MFIS capacitor of BTO

deposited by PLD technique under much higher oxygetial pressure during the growth.

IV.3.3) Pb(Mga/s Nby/s)-PbTiO3

Lead Magnesium Niobate-Lead Titanate Pb{M\,3)O3 - PbTiG; (PMN-PT) attracts
numerous studies in recent years as one representdtthe relaxor ferroelectrics. Relaxor
ferroelectrics is a particular group of ferroelectnaterials, the dielectric constant maximum
of which does not correspond to transition from-potar phase to a ferroelectric polar phase.
In addition several other particular features mekaxor ferroelectrics distinct from others:
frequency dispersion of the dielectric maximummsloop hysteresis behavior neaf.fand
the optical isotropy at the temperatures below diedectric maximum when there is no
external field®. The relaxor ferroelectrics exhibit very high-aiefric permittivity* and a
large piezoelectric resporfsewhen correctly biased. There are potential apfitina such as
capacitors® and in MEMS-type devicés

The major difficulties currently limiting PMN-PT arrelated to the processing of the
material itself instead of the aspects of integratiThe results shown here focus on issues

related to silicon integration and the ferroel@cpioperties.

26nm-thick PMN-PT film was epitaxially grown on &fm-STO/Si(001) template using
PLD at Orsay, Paris-Sud University (thanks to \ialérillard and Philippe Lecoeur). We
performed the deposition using a KrF excimer I&ser 248 nm) at 600°C andR=170mTorr.
Laser energy was set up to 240mJ. During the pastty cooling down process, the oxygen
pressure was increased to 300Torr. It should bednttat the growth conditions are too
aggressive to maintain the integrity of the abi@plkiOs/silicon interface. However, they are
below the threshold required to disturb the quadityhe SrTiQ layer (which has been shown

to occur at temperatures over 800¥C)

The crystallography of the PMN-PT film was checksd HRXRD. The left panel of
Figure IV. 30 shows the typicab& scan around Si(004) Bragg condition, in which msee
sharp PMN-PT 00L peaks appear together with th@08)(reflection, which reveals the good
crystallinity of the PMN-PT epitaxial film and a MMPT(001)/STO(001) /Si(001) epitaxy
relationship. A combination of phi scans under4®4) and PMN-PT (202) Bragg conditions

183



Chapter IV Integration of versatile functionalities on Si based on oxide/Si system

iIs shown in the right panel of figure IV. 30. Thtle epitaxial relationship between the
epitaxial films and Si substrate can be descrilsed140] PMN-PT (001) // [110] STO (001)
// [100] Si (001).

o [Si(404) — films
9% —— substrate
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Figure 1V. 30 (Left) Typical @w scan around Si(004) Bragg condition; (right) plbass with
the Si(404) and PMN-PT (202) Bragg conditions, Wwhieveals the epitaxy relationship
between PMN-PT and Si substrate: [110] PMN-PT (001200] Si (001)

The MFIS capacitor of Au/Ni/PMN-PT/STO/Si is falated and characterized, as
demonstrated in figure IV. 31. The C-V curve showsthresis loops indicating the
ferroelectric behavior. The measurement is perfdrmaé f=1MHz on a 100mx10Qum
electrode area. The C-V curve shows a memory winoio0V. And thes; of PMN-PT film
is roughly estimated as 48.0, considering thas@qual to 8.5xIHF (at V=5V)
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Figure IV. 31 C-V characteristics at f=1MHz on aQLufhx10Qum electrode area for the
PMN-PT MFIS capacitor.
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Due the bad conductivity of silicon in comparisohametal, it was not possible to
determine the 4} piezoelectric coefficient using PFM method. Newehestructure will be
prepared by introducing a SrRgi€@onductive bottom electrode between the STO bgifgar
and the PMN-PT in order to obtain a perfect elatgrfmr ground.

IV.3.4) Pb (Zro52Ti0.49O03/SrTIO 3/Si(001)

Lead zirconate titanate, Ph4ilixOs (PZT), is a solid solution of PbTiand PbZrQ
compounds. PbTi©has a Curie temperature of 490 °C, at which itemgdes a first-order
phase transition from cubic paraelectric phase eivagonal ferroelectric. PbZTixO3
ceramics with composition (x=0.45~0.5) close to tharphotrophic phase boundary (MPB)
are the most commonly used piezoelectric matesiavérious sensors and actuafdrdue to
the exaltation of physical properties around theBMIPhe motivation of investigating the
heterostructure described in this section stem fnoiegrating ferroelectric thin films with
CMOS technology to make high density nonvolatilennaes.

80nm-thick Pb (Z52Tip49O3 film is deposited on 20nm-STO/Si(001) template by
sol-gel method (at LETI, Grenoble, thanks to Gwén&E RHUN). The process is listed in
detail as in Figure V. 32.

STO/Si 50 mm wafer
]
Spin coating sol gel
1000 rpm, 1500 rpm/s, 20 s
Spin coater

Drying 120°C / 5 min
Hotplate

I
Calcination350°C/150 s
Hotplate
I
Cristallisation on ¥z wafe850°C /
60s/0Q
RTA furnace

Figure 1V. 32 Sol-gel process of PZT depositior5di®©/Si (001)
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The PZT shows high quality, c-axis oriented sirghestallinity on Si substrate. Figure IV.
33 exhibits the typical o scan around Si (004) Bragg condition on the PZUST (001)
sample (left panel). It can be seen obviously BT 0O0L peaks appear at the right side of
STOO0O0I peaks. In addition, the scans around the Si (404) and PZT (202) Braggitiond
reveal the epitaxial relationship between PZT andu®strate: [110] PZT (001) // [100] Si
(001). The FWHM of the rocking curve inof PZT (002) peak (not shown here) is ~0.9°.

Siod)
0° —— PZT(202)

PZT(001)
Si(004) T

STO(001)
PZT(002)

STO(002)

Intensity (counts)

Intensity (counts)
STO(003)

20 30 40 50 60 70 80 0 50 100 150([(300 250 300 350

26/6°)
Figure IV. 33 (Left) Typical @w scan around Si(004) Bragg condition; (right) pbagas with
the Si(404) and PZT (202) Bragg conditions, whieveals the epitaxial relationship between

PZT and Si substrate: [110] PZT (001) // [100] 80¢)
The reciprocal space maps around STO 002 and fl@8trens are carried out in order to

further investigate the crystallinity of the PZTndi on STO/Si(001) template, as shown in
figure IV. 34. It can be observed that PZT is @itirelaxed on the template.
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Figure IV. 34 Reciprocal space maps around STO ((§i2panel) and STO 103 (right panel)

Bragg conditions. Intensities from low to high: &lgreen, yellow, red.
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The MFIS capacitor of Au/Ni/PZT/STO/Si is then fmlated and characterized, as
demonstrated in figure IV. 35. Both the I-V and Gsirves show hysteresis loops indicating
the ferroelectric property. The measurement isqoeréd at f=1MHz on a 1@®nx10Qum
electrode area. The C-V curve shows a memory windb®2.6V. And thes; of PZT film is
roughly estimated as 27.1, considering thais@qual to 8.5xI8F (at V=-7V)
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Figure IV. 35 (a) Typical I-V characteristics of ehPZT/STO/Si(001) sample; (b)
corresponding C-V characteristic at f=1MHz for treample grown in atomic oxygen
ambience. The electrode area is AOx10Q:m.

IV.4) Ferromagnetism: Lay;3Sr,sMnO5/SrTiO 3/Si(001)

Perovskite manganites [(REJAE)xMnOs, where RE and AE are rare earth and alkaline
earth respectively] form an interesting class ompounds where the interplay between
metal-insulator and ferromagnetic transitions rssml a variety of fascinating properties such
as colossal magnetoresistance (CR) The origin of ferromagnetism in these materials i
the double exchange interactfdrwhich leads to a strong correlation between mazgtétn
and charge transport properties. Recent years tiae received considerable research
interest§® **°4® owing to their unique properties leading to pd@napplications in
magnetic, magnetoelectronic, photonic devices,areft detector, as well as spintronic
technology. LasSrsMnOsz (LSMO) is one of the perovskite manganites whittove a
colossal magnetoresistance and is expected to &amn polarization close to 100% half
metal. In addition, its Curie Temperature:Ts above 300K (namely 360 K), thus potentially
leading to devices operated at room temperature.

The integration of CMR manganites on the semicotidganaterials (such as on Si) can

lead to potential device applications that utilbmh information processing and data storage
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in the same device. However, the direct integraibsuch materials remains a challenging
work due to large substratesE5.431A) and film lattice mismatchasus=3.8~3.9 A),
mechanical and chemical disaccords arising from dinectural dissimilarities. The STO

epitaxial film could serve as a good buffer layeirtegrate LSMO film on Si substrate.

30nm-thick La/;SrsMn0Os film is epitaxially grown on a 1.6nm-STO/Si(00Entplate
by PLD at 600°C and 120mTorr,@artial pressure following with a cooling procéssO,
atmosphere of 300mTorr. Thé&/@ scan around Si 004 reflection exhibits that ingesisarp
LSMO 00l peaks appear along with Si (004) peak (Figure3B), suggesting a high quality
single crystalline LSMO film on the substrate. Tgte scans reveals the epitaxial relationship
between the heterostructure: [110] LSMO (001) 10J1STO (001) // [100] Si (001).
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Figure 1V. 36 (Left) Typical @w scan around Si(004) Bragg condition; (right) pkass with
the Si(404) and LSMO (202) Bragg conditions.

Figure IV. 37 shows a 500nmx500nm AFM image of H&MO film on the STO/Si
pseudo-substrate, which indicates its atomic flafage with RMS=1.15nm. Despite the
difference of thermal dilatation coefficients betmesilicon and LSMO, the film has no crack

after cooling, which confirms the good crystallopeality of the CMR layer.

Rocking curve measurements give information ongpbeead of the c-axis distribution
relatively to the substrate normal. A FWHM of abOu&° is obtained (not shown here). This
value is significantly lower than the one measui@dLSMO films deposited on complex
buffer stacks such as Bii30,,/CeGyyttria-stabilised-zirconia buffered Si(001) subss
(FWHM of 1.2°)".
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Figure IV. 38 displays a Conductive AFM (C-AFM) nsegement for the LSMO/STO/Si
structure. The hysteresis characteristic of theddWwe between Si and LSMO electrode (left
panel) apparently shows a the directional resigtamgtching according to the polarity of the
applied voltage, which is a Resistance Random Actésmory (ReRAM) behavior. Figure
IV 38 right panel shows the current map (500nmx®@0mf the LSMO film. Further
investigations are needed to understand the oofysuch behavior, charge trapping effect at

interface, or ReRAM effect in (La,Ca)MRCGMR film*2.
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Figure IV. 38 (Left) I-V curve of the LSMO/STO/8idnostructure and (right) 500nmx500nm

08 06 -0

current map of the LSMO film.

The resistance variation as a function of the teatpee (R-T) is also investigated, as
shown in Figure 1V. 39. The R-T measurements shometal-insulator transition temperature
higher than room temperature, with a resistivity lofmQ.cm at room temperature. The
resistivity at OK, 0.3 2.cm, is similar to the one measured for LSMO filgtewn on bulk
SrTiO; substrat&, which means that the density of bulk defects withe 2 films are close.
The LSMO film frown on STO/Si template has samestaljographic and electrical properties
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than a film deposited on STO bulk substrate.
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Figure 1V. 39 Resistance variation of the LSMO fdsna function of the temperature.

The Magneto-Optic Kerr Effet (MOKE) at room tempera (figure IV. 40, left panel)
exhibits the ferromagnetic characteristic of LSMibDnfon Si substrate. Furthermore, a
LSMO-STO auto-supported structure that free fromgiticon substrate can be realized using

the classic silicon etching technique, as showthaéright panel of Figure IV. 40.
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Figure IV. 40 (Left) MOKE measurement of LSMO fiind (right) fabrication of the

LSMO-STO auto-supported structure.

I\VV.5) Optoelectronics: Germanium

Due to its high hole mobility, Ge appears as aeredting channel material alternative to
Si for high-frequencyp-MOSFETs. Ge/Si crystalline templates could also used as
templates for the integration of IlI-V based hegtroctures on standard industrial Si wafer

thanks to the negligible lattice mismatch betweena@dd GaAs (~0.12%). Fabricating such
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heterostructures could allow combining high-perfance micro- and optoelectronic
functionalities on the same silicon basewafer. @inect epitaxy of Ge on Si is challenging:
the lattice mismatch between these two materiaabait 4.1%, so that threading dislocations
are generated in the growing material once the sitgub thickness exceeds a critical
thickness’ of a few monolayers. Many strategies have beereldped to overcome this
difficulty, and the crystalline oxides could serage a buffer layer for the integration of Ge
epitaxial film on Si substrate. In this section, stady the integration of Ge on silicon using

the crystalline oxides/Si templates.

IV.5.1) Ge/BaTiOs/SrTiO 3/Si(001)
Due to the quasi-zero lattice mismatch betweenagg\R=4.00A) and BaTi@(3.99 A)
0.2%, the BTO becomes an interesting buffer lagdot the Ge integration on Si (001).

IV.5.1.1) Growth temperature impact

70ML Ge was grown at a rate of 0.03ML/s in a temapee range between 300°C to
600°C on the BTO film which demonstrates a 2x2 mstwction after a post growth
annealing at 650°C for 30min. The RHEED pattern&eflayer grown at 300°C , 400°C and
600°C along BTO [100] azimuth are displayed in FglV. 41 (a), (b) and (c). It can be seen
evidently that the growth of Ge on epitaxial BTOnfiis indeed of three-dimensional
Volmer-Weber-type, suggesting that Ge can not wetBTO surface, i.€.ce>ysT0Yinterface A
prior TEM study (Figure IV. 41 (d)) of INL on theeGnanocrystal (NC) on BTO/STO/Si
indicates that Ge NC presents large contact arfg@setimes higher than 90°C) and round
profile, attesting a large interfacial enetyyThe Ge growth also presents strong temperature
dependence: at temperature less than 300°C thes @levays polycrystalline and at higher
temperatures it is predominantly 100 and 211 oegnas noted in Figure IV. 41 (b). It should
be noted that at the very beginning of the growtthllathe temperatures, Ge nanodots shows
multi-oriented and 100 and 211 quickly (after 5~frinutes) become the dominated
orientations suggesting they are more favorabla thiter orientations. However, further
deposition of Ge did not change the three-dimerdignowth mode but only enhance the

augmentation of the Ge crystal size.
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Figure IV. 41 RHEED patterns along BTO[100] azimof Ge layers on BTO epitaxial film
grown at (a) 300°C, (b) 400°C and (c) 600°C; And &ITEM cross-sectional view of the
Ge/BTO/STO/Si heterostructiife

IV.5.1.2) Surface impact

The crystalline orientation of Ge layer grown onBIO surface results from a
compromise between a minimization of the latticesmmatch (and hence of the interface
energy) and a minimization of the surface energgefplatelets that are formed before the
formation of round-shaped NE Considering the quite small lattice mismatch testwBTO
[100] and Ge [100], the surface energy has thera@tant influence in the growth of Ge on
BTO. Indeed, it has already been widely reported surface energy plays an important role
for the Stranski-Krastanov growth of strained islgrfor 11-VI semiconductoré and for
nitrides®,

We deposited 70ML Ge layers at 400°C on differesbnstructed BTO surface in order
to investigate their impact on the Ge orientatidfigure 1V. 42 exhibits the RHEED patterns
along BTO[100] azimuth of the Ge layers on Ba-ri€hyich and mixed BTO surfaces. On
the Ba-rich BTO surface (left panel) correspondinga %2 reconstruction along [110]
azimuth and x1 along [100], the Ge appears to bgcpastalline. Oppositely, on the Ti-rich
(corresponding to a x2 reconstruction along [10nath and x1 along [110]) and mixed
(both are x1 along [100] and [110]) surfaces, tleel&yers turn out to be predominantly 100
and 211 oriented. The similar behavior is obsefeedther semiconductors growth on oxides,
such as InP/STO systéin
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Figure IV. 42 RHEED patterns along BTO [100] azimudf Ge layers on different

reconstructed BTO surfaces.

The objective of this work is to grow a Ge epitddmyer on the BTO/STO/Si(001)
template. However, no complete Ge epi-layer is iobth on the BTO film. For the InP
epi-layers realized on STO/Si template (thesisusf Cheng, INL 2010), a two-step growth
step was employed: high temperature (~500°C), gighvth rate (km/min) to form single
oriented islands (seeds) and low temperature, loowip rate to promote homogeneous
coverage of the oxide. Compared with InP/STO systém Ge epitaxial film deposition on
BTO is limited by our Ge growth rate. Due to the tow Ge growth rate (1.2nm/min) we
could attain using our MBE Knudsen cell, the singfiented (100 oriented) islands cannot be
realized in a short time thus subsequent growttisléa the simultaneously size augmentation
of both oriented islands (100 and 211).

IV.5.2) Ge/GdO4/Si(111)
IV.5.2.1) Accommodation and growth mode

Figure IV. 43 shows the evolution of the RHEED eatt (recorded along one of the
Gd,0O3 <110> azimuths) during Ge growth. Before Ge growtarts, the G#D; surface
(Figure IV. 43 (a)) presents well-defined streakys$ and a clear x4 reconstruction, indicating
the good crystal and surface quality of the oxafaplate. Once Ge growth begins, the pattern
turns spotty (Figure IV. 43 (b)) indicating an iait three-dimensional growth in the
Volmer-Weber mode. At this stage of the growth, RIEED pattern is very similar to that
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observed in Ref during the growth of Ge on P#Si (111) templates, or even to that
observed during the growth of InP onG¢/Si (111) templatés As explained in Ref.55, this
pattern results from the superimposition of theljddriented Ge Bragg peaks and of the
diffraction of uncovered oxide regions. After thepdsition of 40 nm of Ge, the RHEED
pattern starts exhibiting diffraction lines, indicg that the initially formed Ge islands
coalesce to form a two-dimensional layer. In FigMe43 (c), a clear x2 reconstruction of the
Ge surface can be observed. At the end of the gr@wgure IV. 43 (d)), the RHEED pattern
presents bright streaky lines resulting from thiéralition of a flat and well crystallized Ge
epilayer. The Ge surface presents3a3] reconstruction, already observed for Ge(111)

surfaces, possibly with the impurity of carbon adgliniunt®.

Figure IV. 43 Evolution of the RHEED patterns atuaction of Ge thickness. The arrows in
(c), (d) highlight the Ge surface reconstructions.

The evolution of the out-of-plane Ge 444 interatouhistance during the early stages of
the growth was measured by recording the evolutiotistance between the 000 transmitted
spot and the 444 Ge reflection spot on the RHEEepa(as indicated in Figure V. 43(b)).
The result is displayed in Figure IV. 44. The RHEE&mera length was calibrated assuming
that the Si substrate presents the bulk Si lafiem@ameter. The Ge 444 interatomic distance
remains constant and equals to its value in bulk®e82 A) during Ge growth. In particular,
Ge takes its bulk lattice parameter as soon aanitbe measured by RHEED. This behavior
has already been observed for several semicondoxige system¥ %, For standard

mismatched V-1V or 1lI-V systems, the growing miadd takes the in-plane lattice parameter
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of the substrate at the early stages of the groarid, undergoes a plastic relaxation process
during which it progressively recovers its bulktits¢ parameter at the expense of the
formation of threading dislocations. In contrasteheGe takes its bulk lattice parameter as
soon as growth begins. The lattice mismatch betwgerand GgD; is fully accommodated
by forming interface dislocations confined at tregenointerface, as described in Ref. 57 for
the InP/GdO; system or in Ref. 58 for the InP/SrEi€ystem.
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Figure IV. 44 Evolution of the 444 interatomic diste during the early stages of the Ge

growth. dus remains constant (~0.82A) and equals to its valugulk Ge.

IV.5.2.2) Epitaxial relationship and evidence forwin formation in the Ge layer

X-Ray pole figures were recorded on the sample.tkar purpose, the X-ray incident
beam was point focused onto a 10frarea using a poly-capillary lens and crossed dlitGe
111 pole figure is shown in Figure IV. 45 (a). Oustfigure, the radial scale corresponds to
the polar angleyf), while the azimuthal incidence)(varies along the perimeter. Thé &ngle
was fixed at 27.28° which corresponds to the Ge Rfdgg angle. Thus, all the visible
reflections on the pole figure correspond to thieattion of planes with interplanar distances
close to Ge {111} planes. The coordinates of theslections allow orientating the different
Ge variants with respect to each other in thegpate. Additionally, for each reflection in the
pole figure of Figure IV. 45 (a), defined by itsl@oand azimuthal angles, rocking curves
where recorded in order to scan the reciprocalespaeasure the lattice parameters, and thus
detect the different layers of the heterostructneamely the Si substrate, the £5g template
and the Ge layer and determine their relative taigons. Some of these rocking curves are

plotted in Figure IV. 46. Using these rocking cugyvthe pole figure of figure IV. 45 (a) has

195



Chapter IV Integration of versatile functionalities on Si based on oxide/Si system

been fully indexed.

towards
[1-21] Si

mirrored plane
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[11-2] Si

Figure V. 45 (a) X-ray pole figure recorded near the 111 Sieefions on the sample of
Ge/GdO04/Si (111). (b) Sketch of the twinning sequencemer of the Ge {111} plane family.

The spot in the center labeled (111) (symmetricdd@ms) indicates that Ge is
(111)-oriented (same out-of-plane orientation as $h substrate). The three-fold symmetric
reflections located ap = 70° andgp = 60°, 180° and 300° and labeled a(-111), a(lahb)
a(11-1) correspond to the main variant of the Gestaf, designated as variant a. The other
reflections in the pole figure correspond to thespnce of twinned Ge variants in the layer.
The set of low-intensity three-fold symmetric retiens atp = 70° andp = 0°, 120° and 240°
(labeled b(-111), b(1-11) and b(11-1)) indicate phesence of a second Ge variant in the layer
(labeled variant b), twisted of 60° around the G#l] vertical direction with respect to
variant a. This variant b corresponds to the presesf the twinning with respect to the
Ge(111) surface. The mirror planes of these miarvare the (-111), (1-11) and (11-1) Ge
inclined planes respectively. Simple geometric stderations allow concluding that the
other reflections in the pole figure result frome thresence of twins in the Ge layer. The
reflections marked by red, green and blue dottedes correspond to the twinning of the
Ge(111) surface plane relatively to the Ge (1-11-1) and (-111) inclined plane,
respectively. This twinning sequence is sketchethenfigure IV. 45 (b) for the Ge (1-11)
plane. On this figure, the trace of the (111) ahdX) Ge planes are plotted in the (10-1) Ge
plane. In this plane, the symmetric of the Ge (Idlape with respect to the trace of the Ge
(1-11) planes (mirror plane) is labeled (1-11)*dtms an angle of 39° with respect to the Ge
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(111) planes. These planes, corresponding to thedfvthe Ge (111) planes with respect to
the Ge (1-11) planes lead to the observation oed @ reflection in the pole figure, @it=

39° and@ = 0°. This reflection is marked with a dotted r&ccle and labeled a*(1-11) in
figure IV. 45 (a). Similarly, a*(11-1) and a*(-11tprrespond to the twinning of the Ge(111)
surface plane relatively to the (11-1) and (-11¥) ilanes. The other secondary reflections
located atp = 56° correspond to the twinning of the Ge (1-11)}-1) and (-111) inclined
plane relatively to each other. Such twins haveaaly been observed by Schroedeml.
during the growth of Ge on #5°°. Their formation has been interpreted as occurmdming

the coalescence of the initially formed Ge islartdise to the presence of facets at the surface
of these islands.

The w20 rocking curves recorded around the Ge 111, alkill-1 and al-11*
reflections of the pole figure of Figure IV. 45 (@je plotted in Figure IV. 46. The rocking
curve recorded around the Ge 111 symmetric reflecfiresents two well resolved peaks
centered ato = 13.65° (Ge 111 reflection) and = 14.25° (Si 111 reflection). This confirms
that the Ge layer presents the same (111) outasfepbrientation as that of the Si substrate.
The rocking curves recorded around the Ge all-lectefn also present two peaks
corresponding to a Ge 111 and a Si 111 reflectiespectively. This indicates that the
in-plane orientation of the Ge variant a is the sams that of the Si substrate. The rocking
curves recorded around the Ge bl11-1 (Ge variaptrdgents a significantly different shape:
the intensity of the Ge 111 peak is 1700 times En#han that of variant a. Since all the
peaks correspond to reflections with the same Zidctsre factor and with the same
geometrical angla), the diffracted intensities can be directly compatedquantify the
proportion of the two variants. This indicates tha@6 % of the Ge layer is twisted of 60°
around the (111) vertical direction with respecthte Si substrate. The Si 111 reflection is not
detected on this rocking curve, as expected fanglescrystalline and single domain substrate.
The peak centered ai = 14.38° is a 111 reflection of the &4 layer. The GgDs lattice is
rotated of 60° around the (111) vertical directwith respect to the Si substrate, as already
shown in Ref®® and % In the end, the rocking curve recorded aroundsgendary al-11*
Ge reflection s ap=36° and 59° only presents a Ge 111 reflectionywaing that only the Ge
crystal is twinned with respect to {111} asymmetgtanes. Since the geometrical angles
differ, the quantification of these secondary tvédrvariants is not possible. Nevertheless, the

intensity in these rocking curves is several ordevger than the intensity of the rocking
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curves collected ap=70° for the main variant a. This qualitatively icates that only a few

part of the Ge material is twinned with respedttl} asymmetric planes.
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Figure 1V. 46 Rocking curves corresponding to tphets in the X-ray pole figure Figure IV.
45(a).

The results discussed in this section allow deteimgi the relative orientations of the
layers in Ge/GgDs/Si heterostructure (Figure IV. 47). The epitaxelhtionship between Ge,
Gd0O3 and Si can be defined as [1-10]Ge (111)//[-110{03d(111)//[1-10]Si (111). Only
0.06% of the Ge material is twisted around the Y MHrtical direction with respect to the
main Ge variant, and a very few part of the Ge madtes twinned with respect to asymmetric
(111) planes.
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Figure IV. 47 Schematics of the GelGgSi stack, cross-section view (left) and top view
(right).
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In conclusion, we have demonstrated that crystalBgOs/Si (111) templates could be
used for the integration of Ge on silicon. Germanigrows in the Volmer-Weber mode and
takes its lattice parameter as soon as growth begm already observed for several highly
dissimilar semiconductor/oxide systems. 0.06% ef @e material is twisted of 60° around
the vertical (111) direction, and a few part of the material is twinned with respect to the
{111} asymmetric planes.

I\VV.6) Conclusion

Based on the oxides/Si heterostructures, varionstifenalities have been integrated on

the same silicon substrate.

The outstanding dielectric quality of ok epitaxial film on silicon is in good agreement
with the recommendation of the ITRS for the subf@Zrodes technology, which make Gd
as a competitive candidate for the higlgate insulator alternative. The PDA treatments can

effectively improve the quality of the @@ films.

The STO coherently grown on silicon shows a goatifggng characteristic at room
temperature. The STO/Si system can serve as adwrpl integrate ferroelectric films such
as BTO on silicon. The oxygen defects in the BTingi tremendously influence both their
structural and electrical properties, due to writol BTO film grown by MBE method does
not exhibit ferroelectricity but rectification cleateristic. A ferroelectric BTO epitaxial layer
is obtained on silicon substrate by combining ti@Bvand PLD (much higher oxygen partial

pressure can be achieved in the chamber) depositibinods.

Using PLD or sol-gel methods, ferroelectric epigdfiims such as PMN-PT and PZT are
obtained on STO/Si template. The MFIS structuresatestrate good device quality for the
application of the FeRAM application.

Ferromagnetic LSMO layer is also integrated orcailisubstrate using STO buffer layer.
The MFIS structure based on room temperature sapductive LSMO epitaxial layer shows
good |-V characteristic that can be used for ReRa#lication. Furthermore, a LSMO-STO
auto-supported structure that free from the silisobstrate is realized using the classic silicon
etching technique.
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Germanium crystalline films are also integratedsdicon using oxides/Si template for
the optoelectronic application. Ge shows nonochystture on BTO/STO/Si surface due to
the limit growth rate determined by our MBE configtion. A high quality single crystalline

Ge epitaxial layer is realized on &¥/Si (111) template with quite few twinned parts.

Finally, we have demonstrated that our crystalbrile/Si templates can be successfully

used for the integration of functional materialssidicon.
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General conclusion and perspectives

The oxides materials cover all spectrums of thectional properties: dielectricity,
semiconductivity, metallicity superconductivity, mnear optics, acoustics, piezoelectricity,

ferroelectricity, ferromagnetism, etc.

Si-based CMOS technology forms the corner stoneuoimodern information age. With
the continuous scaling of the CMOS feature size sihica that once was the “standard” oxide
in microelectronic industry need imperatively regptgy by highk oxides. Crystalline
gadolinium oxide turns out to be one of the mostpsing candidates since it satisfies all the

desired requirements for the high-k gate dielestslection.

Meanwhile, future “More than Moore” and “Heterogense integration” technologies
demand more functionalities integrated on the ssititon platform.

In this context, the work completed in this thegissents the critical aspects towards
understanding the growth strategies as well asghat®n and application issues of
heteroepitaxy of crystalline oxides on silicon dudit® using Molecular Beam Epitaxy.
Substrate-like high quality crystalline Srg@nd GdO; epitaxial layers were realized on Si
and the integration of various functionalinitiessed on these oxide/Si templates were

demonstrated.

The SrTiQ films growth at different temperatures with a subtle ounbf oxidant
pressure, particularly at the early stages, wassitigated by considering both of the kinetic
and thermodynamic aspects. The epitaxy “window”’leixgd for the commensurate growth
of SrTiO; on Si (001) by MBE falls into the regime of theddllie temperature and low initial
oxidant pressure: ~360°C and initial oxygen pamigssure ~5xI%orr. All the structural
analysis performed using diverse characterizati@houds including RHEED, XRD, TEM
and T-Hz IR point out that STO films exhibit twogded structure: a cubic STO phase formed

by recrystallization of initially amorphous STO amdtetragonal t-STO phase, which is
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already crystalline when the growth begins. Theioai thickness for plastic relaxation of
strained STO exceeds 24 ML. The origin of the aronsatetragonality (thus ferroelectricity)
in thin STO/Si layers is attributed to O segregatsffects (enhanced by the presence of an

elevated concentration of O vacancies) at the etakyes of the growth.

In order to improve the quality of STO layer groan silicon substrate, the Si surface
passivation engineering has been studied. Howpwssible alternative passivation strategies
such as using &8I0, or (Ba,Sr)O layers turn out not feasible for tbderent growth of high
quality STO on Si(001).

The epitaxy of substrate-like STO films has alserbexplored by comparing several
kinetic control deposition processes. In the “ZP5tmethod, the STO film quality shows
strong dependence on the buffer STO layer thickgessn in our optimized growth window.
As this thickness increases, the STO film demotesrdbetter crystalline quality. The
“recrystallization” method leads to a highly crybred substrate-like STO/Si layer with a
FWHM of 0.14° (for the 50nm-thick film) and an atmnilat surface. The thin SiQnterface
layer can be attributed to the oxygen diffusiorotiyh the buffer layer at the high growth
temperature of 550°C.

The electrical properties of the STO layer wereo alsvestigated. Our STO films
(deposited onp-type silicon) showsn-type semiconductor behavior due to the oxygen
vacancies in the layers and the metal/STO/Si stractthus possesses rectifying

current-voltage characteristics.

The second oxide/Si system intensively studiedhia thesis was G@s/Si(111). The
optimal growth conditions (from both structural agléctrical points of view) were defined.
The GdO; epitaxial film thus presents high crystalline diyahs well as an abrupt interface
with respect to silicon and the growth remains pseworphic for a 6.7nm-thick layer. The
EOT value of the as-deposited &4 is possible to reach 0.73nm. Various strategies& ha
been used to improve the electrical characterisb€sthe as-deposited sample. The
employment of the atomic oxygen during the growdhld effectively decrease the leakage
current in the GgD; layers. PDA by tubular furnace and RTA can develop dielectric
behavior of the samples. Particularly, the RTA urfdeatmosphere can effectively reduce the
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charge density in the dielectric films while retaimost the same EOT value of the sample.

The ability of STO and Gf; to act as a platform for the integration of diffet
functional oxides as well as germanium on silicas heen demonstrated:

 Piezo-(ferro-)electricity. The epitaxial growth of high quality monocrysitad c-axis
oriented BTO on STO/Si (001) using both MBE and AhBthods has been investigated. The
oxygen defects in the BTO films play a key role tooth the structural and electrical
properties. The BTO film grown by MBE (finite oxidf pressure) does not exhibit
ferroelectricity but rectification characteristis.ferroelectric BTO epitaxial layer is obtained
on silicon substrate by combining the MBE and Pldpakition methods. Ferroelectric thin
films PMN-PT and PZT on STO/Si (001) fabricatedRiyD and sol-gel methods respectively
were also studied and the corresponding MFIS straestexhibit good memory function for
FeRAM application.

* Ferromagnetism. The integration of half-metal LSMO on STO/Si (O@dnplate using
PLD has been demonstrated. The LSMO layer shows teaperature ferromagnetism and
the LSMO-STO-Si heterostructure shows good recigfycurrent-voltage characteristics that
can be used for ReRAM application. A silicon-sustigtifree LSMO-STO suspended structure
was also realized.

» Optoelectronics The epitaxial growth of germanium on BTO/STO/8DY) and
GdO4/Si (111) templates were studied. Nanostructuresc@stallized on BTO/STO/Si
surface due to the limit growth rate of our MBE figaration. A high quality single
crystalline Ge epitaxial layer was realized on,G#Si (111) template with quite few twin
defects by the coalescence of the initial dislacafree 3D islands.

Based on the results in this thesis, differentpersves can be envisaged in this research
field:

* High-x gate dielectric CMOS device

Considering the fabulous electrical characterisficesented by the G@s/Si MOS
structure, a research on its CMOS process comliigtiii MOSFET transistor is envisaged.
The possible functional n-MOSFET with epitaxial limig Gd,O3 gate dielectrics and with

AU/Ni electrode is illustrated in figure C. 1.
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Figure C. 23 Schematic of the p-MOSFET with highekO3 gate dielectric.
* Ferroelectric FET device
The ferroelectric PZT films on STO/Si show goodeoddical quality. However,
complementary studies are needed to further uradetghe structural (e.g. strain relaxation
process) and piezoelectric properties (e.g. thesarement ofl;3). These studies are onset in
the context of the thesis of Shi YIN at INL and LUEGrenoble). The investigation of PZT on

Si is finally towards to the FeFET device applioatas shown in Figure C. 2

Va

L pta "

Vs

Ve
Figure C. 24 Schematic of PZT based FeFET device.

The expertise obtained from the growth of crystalliferroelectric oxides on silicon
substrate can also be extended to other substwaie & germanium. This conception
combines the advantages of FeFET and Ge-basedrtaghity devices and shows promising
application for the future monolithic integratioechnology. We demonstrate our first results
(figure C. 3) showing that high quality single dgtine BaTiQ epitaxial films can be grown
on Ge/Si pseudo-substrate, using a Ba-assisteduf@@&ce passivation and kinetic control
“2-step” growth methods.
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Figure C. 25 Epitaxial growth of crystalline BaH@yer on Ge/Si pseudo-substrate.

» Oxide nanoelectronics on silicon

Based on the STO/Si (001) and £dSi(111) templates, the integration of new
functional oxides on silicon will be an interestingsearch new area. The investigation of
several other functional oxides is ongoing and emaonstrate some interesting first results.

Interfaces between the insulating oxides SgTé@d LaAlQ gained a lot of interest in
recent years due to the fact that when LAO is gronwrliO,-terminated STO, a conductive
guasi-two dimensional electron gas (2DEG) existthatinterface. This unique property of
LAO/STO can be integrated on Si by growing LAO apial film on STO/Si (001) template,
as shown in figure C. 4.

TiO,-STO(001)

Figure C. 26 RHEED patterns of LAO and FHt@rminated STO films along STO(001)
azimuth and TEM cross-sectional view of LAO/STGJ/Si(DO01) heterostructure.

Spinel half-metal ferrite CoF®, (CFO) has been intensively investigated for itslevi

range of applications such as magnetorestrictivisas, microwave devices, biomolecular
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drug delivery and electronic devices, due to itgdamagnetocrystalline anisotropy, chemical
stability and unique nonlinear spin-wave propertitshas also been considered as an
important component for multiferroic multilayers @mposites. Figure C. 5 demonstrates the
first results of integration of CFO by sputtering 8i substrate (collaboration with ICMAB,
Barcelona, Spain) using an oxide buffer layer. disvfound that CFO shows polycrystallinity
and 3D growth mode on @0s/Si(111) and STO/Si (001) templates respectivelyweler,
high quality single crystalline CFO films on Si che envisaged by optimizing the treatment
of the template surface and the growth strategywAsdlemonstrated that Metal/STO/Si and
Metal/GdOs/Si junctions show Shottky-type behavior, spin-piaked carries injection in
silicon through a tunneling contact can be expected

l \"
Gd,0,(110) CFO
m cFo(o)

Figure C. 27 Integration of CFO magnetic films ond®/Si templates.

Vanadium dioxide (V@ has a tetragon&4/nccstructure at room temperature. It shows
an abrupt and reversible change in its optical afettrical (metal-insulator transition)
properties when the temperature is raised beyarrttieal point of ~68°C. Films made from
this material have a potential to be used in enesfficient "smart” windows with
temperature-dependent throughput of solar radiatibe demonstrate the metal-insulator
transition by IR spectroscopy (thanks to W. Peng\atchrotron SOLEIL) for V@ films
grown on our GgD4/Si(111) template, as shown in Figure C. 6 (coliabon with Prof.

Yanagida, Osaka University, Japan).
Two characteristic peak (270&mand 323 cnl) disappear (increase of the temperature)

or appear (decrease of the temperature) around,6&ffith corresponds to the phase
transition of the V@film on GdO4/Si(111).
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Figure C. 28 IR spectra of \dilm on GdOy/Si(111) of increasing temperature (left) and

decreasing (right)respectively.

* Integration of nanowires on oxide/Si platform

Since the discovery of the carbon nanotube (CN18, dcientific interests of discovery
various nanostructures have been raised. One-diomahs (1D) structures including
nanowires, nanobelts and nanowires are supposedhat@ potential applications to
nanoelectronics and optoelectronics, owing to theiwrel physical properties. The nanowires
can also possibly be integration on Si via the exidffers.

Magnesium oxide (MgO) is a typical wide-band-gapuiator, having found many

applications as catalysis, additives in refractgygjnt and superconductor products. We
demonstrate first results of the integration of Mg&howires on Gf3/Si (111) template, as

shown in Figure C. 7 (collaboration with Prof. Ygida, Osaka University, Japan).
H )7 ahil !

SE 15:38 110401 WD17. Fmm 30, OkV. x15k

Figure C. 29 Schematic (left) and SEM image (rigiithhe integration of MgO nanowires on
Si (111) substrate via G@3 buffer layer.

Khalid NAJI (a parallel thesis at INL) has demoat#d that I1l-V semiconductor (such

as InP) nanowires can be grown on the STO (0019tmatk using Vapor-Liquid-Solid (VLS)
method. The integration of InP nanowires on Si(004)STO buffer thus can be expected.
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Figure C. 30 The integration of InP nanowires orO&3i(001) template

212



Appendix

APPENTIX A RHEED... ..ot e e a e e e e e e 215
N A ] o o] TSR 215
A. 2 Fundamentals of Electron DiffraCtion ... . ....eeeeeeiriiieeeeeeeeeeeeeeeeiieevenennens 215
A. 3 Information obtained from RHEED .........ccccooiiiiiiiiiiiii e, 217
A3, L CryStalliNity ..o eaa e —————— 218
A.3.2 GrOWEN MOE ... 218
A.3.3 SUIMaCe rECONSITUCTION ....cevviiiiiiit ittt 219
F N B € (0 )11 1 = (P 219
A.3.5 Strain relaxation PrOCESS............ e e eeeeeeeeee e e e e e eeee e 220
APPENIX B AFM .. ——————————————— s 221
B L PrINCIPI ettt —————————————————— 221
B. 2 OPEratioN MOUES......uuuuuiiiei e e e s e e e e et ettt ettt a e e e e e e e aaaaaaeeaaeaaaaeeeees 222
2 32 I @a ] ] = Lox B 4 To Lo [ T USSR 222
(23922078 \\[o] ¢ E¥ote ] ] r= ox o 4 [o 1o [ S0P 222
B. 3 Techniques derived from Contact mode AFM.............ceiiiiiiiniiiiiiiiieeeeiiiiee 223
2 T 0 A @ o 11 o 1177 AN USSP 223
B. 3.2 Piezoresponse Force MiIiCroSCOPY (PFM) e «eeeeieseiiaisieinnnnninnnnennnirnneene. 223
Y o] o L= T b D 5 225
(O I ] Tox ] o] [P UURURPRPPPPPUPPPPRRR 225
C. 2 X-ray reflectivity measuremMent.........ccccccceeieiieeeeeeeeeeeeeeeeee e 226
C. 3 ROCKING CUNVE MEASUIEIMENT ...t eommmmms et eas s e s e e e e eeaeaeeeeeeesssssssnnnnnsennes 226
C. 4 Reciprocal Space Mapping Measurement (RSM)...........cccceeiiieiiieeeiiiiviveeveiinnn, 227
C. 5 Pole FIQUIre MEaASUIEIMENT .......uuuueuiimeeeeeetiiiiaa s s s e e e e e e e e e aeeeeeeeessenennneesenenes 228

213






Appendix

Appendix A RHEED

Reflection High-energy Electron Diffraction (RHEE)a non-destructive technique to
check the crystalline structure of the substrdie/fisurface. This powerfulin-situ
characterization technique gives important infoioratbout the films or surfaces grown with
MBE. We will briefly introduce the principle and idamentals of RHEED as well as the

information that can be extracted from this techeiq

A. 1 Principle
Figure AA.1 illustrates the typical design for a RED experiment. A beam of electrons

accelerated by a high tension of 25~30kV is glammess a surface at low angle (1°~3°).
The diffraction pattern then formed on a phosphoreen reflects the surface atomic
arrangement. Indeed the component of the electmmentum normal to the surface is very
small and the penetration of the beam into theaserfs low, being restricted to the outermost

few atomic layers, i.e. RHEED gather informatiotydnom the surface layer of the sample.

o ( amera

Specular spot

Streak lines

Electron gun

Figure AA.31 Schematic of the experimental prirecifi RHEED.

A. 2 Fundamentals of Electron Diffraction

To understand the physical origin of the electrdfrattion on the screen we firstly recall
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the two conceptions: reciprocal lattice and Ewadqbkere.
The crystalline solids are composed a set of idahihesh containing a certain number of

atoms called lattice. An infinite three dimensiotatice can be defined by its primitive
vectors @, a,, &) thus each atom can be represented by a uniquerveé= ug + va + wa

with u, v andw are integers. The reciprocal lattice is determibgdgenerating the three
reciprocal primitive vectors, through the formuéasfollowing:

o =2 XA oo BXE L, aXa

! a2 bndl i a3 — — —
a+(a,x a) a,(a; % &) a;%(a % &,)
Therefore the vectors of the reciprocal lattice benwritten as:G=ha +ka + I

with h, k and! integers. And there exists the relationship betw& and R that belong to

the real latticeg® R =1.

The diffraction condition (Laue condition) is thdefined by:
(K-K)=G=ha + kg + I3 .

In a single crystal, the distance between the caise parallel and equidistant reticular
planes is represented by:

2ir
d.=—
"l
whereh, k, IMiller index designating the orientation of a @gh, k, |)or a directiorh, k, I].

In the case of RHEED diffraction, the penetratiéthe incident electron beam inside the
sample is only several monolayers due to the sgralting angle. The electrons are then

diffracted only by the surface atoms. These surfattens occupy the nodes of a two
dimensional network, marked by the translation eesi®, = ug + v . The Laue condition
thereby can be deduced(ko-K), = G/ = ha + ka , whereh andk are integers. The vectors
Gy form a two dimensional network thereby no reswictiexists for the normal

componeném. The vectors(E—R),, form a group of rods perpendicular to the surfie
result from the elongation of the reciprocal latgpots parallel to the normal direction of the

sample. This group of rods is the reciprocal lattiefined by the vectoRs= R; .
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If no energy is gained or lost in the diffractioropess (it is elastic), |e“EH :HR” =2zl .

The Ewald’s sphere with a radius &t / A can be constructed to find the crystallographic
properties of the sample surface, the principlavbich is illustrated in figure AA.2. The

diffraction pattern corresponds to the intersedion the reciprocal rods with the Ewald’s

sphere.
nd
Side view l 2 Laue
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Figure AA.32 Schematic of the principle of RHEED.

A. 3 Information obtained from RHEED
Figure AA.3 shows a RHEED pattern of a Si (111fae. According to the analysis of
this RHEED image, the following information candigained:
1) crystallinity;
2) growth mode;

3) surface reconstruction;
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4) growth rate;

5) strain relaxation process.

@< ------Specular spot
X (0.1)
Integral

fractional
1o N streaks
Kikuchi lines

H‘"“2"ﬂ Laue zone

Figure AA.33 An example of RHEED pattern.

A.3.1 Crystallinity
The crystallinity of the growing film can be obsedvby RHEED, as shown in figure

4. I,l

- -

Amorphous Single crystalline Poly-crystalline

Figure AA.34 The crystallinity of the material obssd by RHEED.

For the amorphous materials possessing no ordengndistance, RHEED pattern shows
a half-circle diffuse halo that is the projectiontlee Ewald’s Sphere. The streak-line feature
of the RHEED pattern suggests single crystallinityhe film (or substrate). The streak lines
are the projection of the intersection of the remgal rods and Ewald's Sphere. The
poly-crystalline material, which possesses multystalline orientations, displays the
Debye-Scherrer rings on the RHEED pattern.

A.3.2 Growth mode
The RHEED pattern can also be used to analyzerthetly mode of the crystalline film,
as shown in Figure AA.5. When the film is two dirmeEmal with a flat surface, RHEED

pattern shows a clear, well-defined steak lineuleatThe steaks are quite fine accompanied
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with some oblique lines - Kikuchi lines - which gndppear for a good quality and flat
crystalline films. If the surface of the materialrough, RHEED shows the wider steak lines
with non-uniformed intensity. For the 3D growth nepRHEED displays a spotty feature.

2D-rough

Figure AA.35 The growth mode observed by RHEEepatt

A.3.3 Surface reconstruction

For a crystal terminated along a given plane, thelrium positions of the atoms near
the surface will be changed due to the alteratiothe force determined by all other atoms in
the bulk. Then the surface reconstruction occursmRhe RHEED pattern, we can analyze

the surface reconstruction by observe the fractistneaks (Figure AA.3).

A.3.4 Growth rate

In the 2D layer-by-layer growth mode, one can olesé¢he intensity oscillation of the
specular spot (Figure AA.6), which is induced by theriodic variation of the surface
morphology during the growth of the 2D islands. Titensity of the specular spot displays a
dependence of the surface reflectivity which isiaction of the inverse of the roughness. The
minimum is reached when the surface is half-covgredighness maximum). Then the
roughness decreases again and the reflectivitgases leading to another maximum of the

intensity. We thus obtain de growth time for a mager film, i.e. the growth rate.

Y

Intensity

A

Time’
Figure AA.36 Variation of the intensity of the sgac spot of RHEED as a function of the

coverage of the surface.
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A.3.5 Strain relaxation process

The RHEED pattern allows recording the variationhaf in-plane lattice parametay by
measuring the interdistance of the diffraction atrénes, which is inversely proportional to
the lattice parameter of the crystalline film ledti For the 2D layer-by-layer growth, we can
study the strain relaxation process by plottagas a function of the film thickness. Before
the relaxation occurs, the plotting will also olsté, as shown in Figure AA.7.

a
b
asub ‘—’SU

A

a,

-

'I.'hickness’

Figure AA.37 Observation of the oscillation of tye@s a function of the film thickness.

In case thatsys>asnm, the film will tensile strained on the substratgjich imposes
clamping effect to the film. When the surface iffHfoavered, although the lattice parameter
of the 2D islands at the bottom will follow that thie substrate, the top of the lattices are free
of strain effect, thus a minimum of; & obtained. Once one monolayer is formed on the
substratea, increases again to the valueagf, If the oscillation disappears, the 2D growth

mode changes to 3D and the film starts to relax.
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Appendix B AFM

As one of the most widely used Scanning Probingrddicopy (SPM) tools, Atomic
Force Microscopy (AFM) technology possesses sevargjue advantages: (1) no limitation
of the sample material (compared to Scanning TumgmeMicroscopy); (2) capability to
measure a wide range of surface properties inajuttipography, surface potential, electrical
and magnetic properties; and (3) it can be perfdrmeliverse environment such in air, water
etc. Its resolution in the Z direction is of theder of sub-nanometer, while the lateral is

limited by the tip radius of curvature, in the ardéfew tens of nanometers.

B. 1 Principle
The work principle of AFM is illustrated in FiguAB.1.

Photodetector

Laser beam

Cantilever

""" i Line scan
w

Tip atoms

Force

Surface atoms

Figure AB.1 Principle of AFM tool

An AFM consists of an extremely sharp tip mountethtegrated on the end of a flexible
cantilever. Upon proximity to a surface, the cawr reacts to the forces between the tip and
the investigated surface. Van der Waals forceaesditminated atomic force in the interaction.
By monitoring the deflection of the cantilever with feedback loop, the downwards or
upwards movement of the probe give the topographiyeoscanned surface. The deflection of
the cantilever is measured by an optical lever maddéaser light form a solid diode is

reflected on the backside of the cantilever and tbellected by a photodetector, which
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consists of closely spaced photodiodes. Angulgslaiement of the cantilever leads to one
photodiode collecting more light than the othertpldade, producing an output signal. Thus
the detector keeps tracking the deflection of tlamtilever. The use of a quadrupole
photodiode allows separating vertical and lateoaltigbutions of the signal:

Vertical: (A+B)-(C+D)

Lateral: (A+C)-(B+D)

B. 2 Operation modes
B.2.1 Contact mode

In the contact modehe probe is brought towards the surface by extenthe Z scanner.
When the tip enters in contact with the surfacecthatilever starts bending. The extension of the
Z scanner stops when the cantilever deflectionhesmthe predetermined setpoint, corresponding
to a chosen contact force. Scanning over the suffis@tures causes the cantilever deflection to
change. The feedback loop regulates the verticatahner position in a way to maintain the

deflection constant to the setpoint. The recordedahner movement gives the topography.

The advantages of the contact mode are:

- High scan speed,;

- Only AFM technique that can reach atomic resolytion

- More effective on rough surface with extreme charigevertical topography.

And disadvantages:

- Lateral forces can distort features in the image;

- Forces normal to the tip-sample interaction carnilga in air due to capillary forces
from the adsorbate layer;

- Lateral forces and high normal forces can resulteduced spatial resolution and

damage of soft samples.

B.2.2 Non-contact mode

Non-contact mode is the most widely employed AFMdmdt operates by scanning the
probe across the sample surface, while the caatilév oscillated by a piezo-actuator.
Operation can take place in ambient and liquid remvnents. In the first case the cantilever
oscillates at or near its resonance frequency amiplitude ranging typically from 10nm to
100nm. In a liquid, the oscillation need not beha cantilever resonance. The tip slightly

“taps” on the sample surface during scanning, atim@ the surface at the bottom of its
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swing. Variations in the tip-surface average distamake the oscillation amplitude to change.
The feedback loop monitors the RMS of the oscdlatiacquired by the photodetector and
keeps it constant at the setpoint value by vertmavements of the scanner. Its vertical
position at each (x, y) data point is stored tonfahe topographic image of the sample
surface.

With respect to contact mode AFM, non contact-AFA8 Bome advantages:

- Higher lateral resolution on most samples (1nrarim)

- Lower forces and less damage to soft samplesathagair

- Lateral forces virtually eliminated.

And one disadvantage:

- A little bit slower scan speed than contact mod

B. 3 Techniques derived from Contact mode AFM
Some techniques derived from the contact mode AFMnadely used to characterize the

electrical properties of the film.

B. 3.1 Conductive AFM

Conductive AFM (C-AFM) allows the characterizatioh the conductivity variations
across conducting and semiconducting materials. Sdmaple is scanned with the tip in
contact with the surface at a contact force keptstant by the feedback loop. A DC bias is
applied to the tip while the sample is groundedingar amplifier senses the current flowing
through the sample, with detectable current randge 1@pA~1uA. For the current
measurements ranging from 100fA to 100pA (adaptidrléhe measurement of the tunneling

current in the oxide thin film), the Tunneling AFRNMTUNA) can be employed.

B. 3.2 Piezoresponse Force Microscopy (PFM)

PFM is based on the converse piezoelectric efiésing the AFM tip as top electrode, an
electric field is imposed over the investigated pmwhich is usually grown on a bottom
electrode. A ferro-(piezo-)electric material chasmg@s sizes in response to the applied field.
By changing the vibration orientation of the tipoth in-plane and out-of-plane

piezoelectricity of the film surface can be meadure

When the tip is in contact with the surface and lteal piezoelectric response of the
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sample is detected as the first harmonic compooktite tip deflection, the phagge of the
electromechanical response of the surface yielttanration on the polarization direction
below the tip. FOP" domains (polarization vector oriented normal t® sirface and pointing
downward), the application of a positive tip biasults in the expansion of the sample, and
surface oscillations are in phase with the tipagdt,e = 0. ForP" domains, the response is
opposite ang = 180°.

Lateral PFM is a technique where the in-plane camepb of polarization is detected as
lateral motion of the cantilever due to bias-indlisarface shearing. The in-plane component
of the polarization can be observed by following thteral deflection of the AFM cantilever,
and applying this technique can help to reconstthet three-dimensional distribution of
polarization within domains of ferroelectric singleystals. It is possible to apply this method
in order to differentiate 90° and 180° domain shiibg in BaTiQ or PbTiQ thin films.

Provided that the vertical and lateral PFM sigraks properly calibrated, the complete
electromechanical response vector can be determameapproach referred to as vector PFM.
Finally, electromechanical response can be probedfanction of dc bias of the tip, providing
information on polarization switching in ferroelacs, as well as more complex

electrochemical and electrocapillary processes.
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Appendix C  XRD

X-Ray Diffraction (XRD) is a technique widely apgdi for the characterization of crystalline
materials. In this technique, interaction of X-raygh the sample creates secondary diffracted
beams of X-rays related to interplanar spacingthécrystalline sample according to Bragg's

Law.

C. 1 Principle

Figure AC.1 shows the principle of the XRD-Bragtasv. When parallel X-rays strike a
pair of parallel lattice planes, every atom withine planes acts as a scattering centre and
emits a secondary wave. All of the secondary waeesbine to form a reflected wave. The
same occurs on the parallel lattice planes for ey little of the X-ray wave is absorbed
within the lattice plane distancet. For a certain angle (Bragg angle), the ampliftcat

condition (phase difference equals to a whole plgtof wavelengthsgZ = nl) is satisfied.

1 ACB = 2d sin®

I

Figure AC.1 Bragg’s law

Under amplification conditions, parallel, coher&natay light (rays 1, 2) falls on a crystal
with a lattice plane distanced d and is scattesddvibthe anglé (rays 1', 2'). The proportion
of the beam that is scattered on the second plaseahphase difference (ACB| to the
proportion of the beam that was scattered at tisé fflane. Following the definition of sine:
|AC|=d sird. The phase differenceACB| is twice of that, so|ACB| = 2d si®. The
amplification condition is fulfilled when the phaskfference is a whole multiple of the
wavelengtht, so|ACB| = nl. Thus we obtain Bragg’s lad sirf= ni (n=1, 2, 3...)

Figure AC.2 shows a typical setup of a four-cimti#ractometer.
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Figure AC. 2 Four-circle diffractometer.

C. 2 X-ray reflectivity measurement

X-ray reflectivity is one of the methods used talgme thin film thickness, density and
roughness. In this method, x-ray beams strike @m@pte surface at a glancing angle.
Reflected x-ray intensity is measured while varythg angle of incidence. Analysis of the
resulting profile enables analysis of the strudtperameters of the sample thin film. Figure
AC.3 shows the relationship between the reflegtipiiofile and structure parameters (density,
film thickness, roughness).

Critical angle — Density

-

Period of oscillations — Film thickness -

Amplitude of oscillations
e — Difference of density between
layers

Surface/interface roughness

Reflectrvity{arb unit)

Intensity attenuation

— Surface/interface

roughness
Ll

DHI 1 2 3 4 5 [ - 7 3
28 fin(deg)

Figure AC.3 Relationship between the reflectivityfie and structure parameters.

C. 3 Rocking curve measurement

Rocking curve measurement is an x-ray techniquantyze the alignment of crystal
lattices. It assesses changes in diffracted x#gnsity when a sample is rocked over a range
of omega values. It is based on a gi&hreflection from a thin film, and provides the spht
distribution the lattice orientation, called mozlic To accomplish a rocking curve

measurement, the detector is set to thedlue of the targeted reflection. The receivingasp
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slits are set comparatively wide in order to meashbe changes in intensity when the omega
axis is scanned. Figure AC.4 shows the operatiotipte and the information obtained from

the rocking curve scan.
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Figure AC. 4 (a) Rocking curve measurement diagrand (b) relationship between

measurement results and structural parameters.

C. 4 Reciprocal Space Mapping Measurement (RSM)

The Reciprocal Space Mapping (RSM) measuremergad to analyze the orientation of
the substrate crystal phase as it related to thiedglane of the epitaxial thin film. A RSM
measurement acquires a two-dimensional intensstyildution by performing a series /@
scans at stepped valueswofAll diffraction peaks occurring in this scanngéaare indicated
by increased intensity in the map. Measuring subhirensity distributions enables us to
analyze peak distributions. We can determine whiddominates: peaks spreading in éhe
direction (spatial distribution of lattice) or peagpreading in thed2w direction (dispersion of

the lattice constant), as shown in Figure AC.5.

of lattice (crystal lattice constant

(a) Spatial distribution 4 (b) Dispersion of 2-theta/omega scan
]
orientation) '

Omega scan

/_
|t
t—]

Thin film >

A

Y

Substrate

A

Figure AC.5 Factors causing spread in the peakritgtion: (a) Mosaic spread and (b)

Spread due to lattice distortion.
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C. 5 Pole Figure Measurement

Pole figure measurement is a method to analyzeréferred orientation type, directional
relationships and degree of orientation in the damfi is performed using a constant
diffraction angle and the sample is rotated indaéctions. A semi-spherical pole figure is
scanned by rotating the sample through two predeor@entation axes: alpha (tilt) and beta
(in-plane rotation). For a four-axis goniometepha and beta correspond to the chi and phi
axes respectively. Figure AC.6 illustrates the figlere measurement.

Projection of
intensity N < - .
\@ / distribution a=0".p=0
Sphere with
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length

£=190 B 270°

p=180°

a=0°

Pole figure measurement Pole figure
(reciprocal space)

Figure AC.6 Pole Figure measurement
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Epitaxy of crystalline oxides for functional materials
integration on silicon

Abstract

Oxides form a class of material which covers almadkthe spectra of functionalities:
dielectricity, semiconductivity, metallicity sup@rmductivity, non-linear optics, acoustics,
piezoelectricity, ferroelectricity, ferromagnetisnin. this thesis, crystalline oxides have been
integrated on the workhorse of the semiconductdustry, the silicon, by Molecular Beam
Epitaxy (MBE).

The first great interest of the epitaxial growthooystalline oxides on silicon consists in
the application of “high-k” dielectric for futureub-22nm CMOS technology. Gadolinium
oxide was explored in detail as a promising cartdidaf the alternative of SiO The
pseudomorphic epitaxial growth of o on Si (111) was realized by identifying the optima
growth conditions. The G@; films show good dielectric properties and parteciyl an EOT
of 0.73nm with a leakage current consistent with riquirements of ITRS for the sub-22nm
nodes. In addition, the dielectric behavior of,Ggl thin films was further improved by
performing PDA treatments.

The second research interest on crystalline oxid@éform results from its potential
application for the “More than Moore” and “Heterogeus integration” technologies. The
SrTiOs/Si (001) was intensively studied as a paradigmthef integration of oxides on
semiconductors. The crystallinity, interface andaee qualities and relaxation process of the
STO films on silicon grown at the optimal conditsowere investigated and analyzed. Several
optimized growth processes were carried out andpaoed. Finally a “substrate-like” STO
thin film was obtained on the silicon substratewgbod crystallinity and atomic flat surface.

Based on the G@s/Si and SrTiQ/Si templates, diverse functionalities were intégpa
on the silicon substrate, such as ferro-(piezoe)etaty (BaTiO;, PZT and PMN-PT),
ferromagnetism (LSMO) and optoelectronics (Ge). sEhéunctional materials epitaxially
grown on Si can be widely used for storage memgplasgrs and solar cells, etc.

Key words

Crystalline oxides; high-k oxides; functional oxéleGermanium; heteroepitaxy; EOT; Post-deposition
Annealing (PDA); MOS capacity; hysteresis loops;l&tolar Beam Epitaxy (MBE); RHEED; AFM; XRD;
XPS:; TEM:; IR;



Epitaxie d'oxydes cristallins pour [lintégration de
materiaux fonctionnels sur silicium

Résumeé

Les oxydes forment une classe de matériaux qui reotivun vaste spectre de
fonctionnalités: diélectricité, semiconductivité étallicité, supraconductivité, optique non
linéaire, acoustique, piézoélectricite, ferroéledt, ferromagnétisme... Dans cette théese
nous avons réalisé l'intégration d’oxydes sous forde couches minces cristallines sur
silicium, en utilisant I'épitaxie par jets molécuks (EJM).

Le premier objectif de la croissance d’oxydes aliists sur silicium est de réaliser des
isolateurs de grille a forte constante diélectriquorir les technologies CMOS avancées
« sub-22nm ». L'utilisation de I'oxyde de gadolimyGd.03) a été explorée en détail comme
un candidat tres prometteur pour remplacer I'oxgéegrille traditionnelle qu’est la silice
(SiOy). La croissance épitaxiale de &4 sur le substrat Si (111) a été réalisée en identif
les conditions de croissance optimale pour obtdaitbonnes propriétés diélectriques avec
notamment 'obtention d'une valeur d’'EOT de 0,73atmdes courants de fuite compatibles
avec les spécifications de I''TRS pour les nceudsib«22nm ». En outre, les propriétés
diélectriques de G€; ont pu étre améliorées en effectuant des recagtsgepots.

Lautre intérét d’avoir un empilement d’oxydesstailins sur silicium repose sur leurs
applications potentielles dans les technologieslus Rjue Moore » ainsi que pour [
« Intégrations hétérogenes». Le systeme SYBIO001) a été étudié comme un systeme
modéle de lintégration des oxydes sur semi-comductLa cristallinité, la qualité de
I'interface oxyde-semiconducteur, I'état de surfatele processus de relaxation de STO
déposé sur silicium ont été examinés et analysFmgitant de déterminer des conditions de
croissance optimales. Plusieurs processus de anmssont été réalisés et compareées.
Finalement, une couche mince de STO de méme qugplitéh substrat massif a pu étre
obtenue sur silicium avec une bonne cristallinitéree surface atomiquement lisse.

A partir des empilements de &¥/Si et SrTiQ/Si, il a été possible d'intégrer sur
silicium des oxydes possédant des fonctionnaligggegs comme la ferro-(piézo-)électricité
(BaTiOs, PZT et PMN-PT), le ferromagnétisme (LSMO) et tofectronique (Ge). Ces
couches minces fonctionnelles sur Si peuvent élives a largement utilisées pour des
applications de stockage mémoire, les lasers eelades solaires, etc.
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